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Abstract

Heterotopic ossification (HO) is a pathological process where bone forms in connective tissues 

such as skeletal muscle. Previous studies have suggested that muscle-resident non-myogenic 

mesenchymal progenitors are the likely source of osteoblasts and chondrocytes in HO. However, 

the previously identified markers of muscle-resident osteoprogenitors label up to half the 

osteoblasts within heterotopic lesions, suggesting other cell populations are involved. We have 

identified alpha smooth muscle actin (αSMA) as a marker of osteoprogenitor cells in bone and 

periodontium, and of osteo-chondro progenitors in the periosteum during fracture healing. We 

therefore utilized a lineage tracing approach to evaluate whether αSMACreERT2 identifies 

osteoprogenitors in the muscle. We show that in the muscle, αSMACreERT2 labels both 

perivascular cells, and satellite cells. αSMACre-labeled cells undergo osteogenic differentiation in 

vitro and form osteoblasts and chondrocytes in BMP2-induced HO in vivo. In contrast, 

Pax7CreERT2-labeled muscle satellite cells were restricted to myogenic differentiation in vitro, 

and rarely contributed to HO in vivo. Our data indicate that αSMACreERT2 labels a large 

proportion of osteoprogenitors in skeletal muscle, and therefore represents another marker of 

muscle-resident cells with osteogenic potential under HO-inducing stimulus. In contrast, muscle 

satellite cells make minimal contribution to bone formation in vivo.
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Introduction

Heterotopic ossification (HO) refers to formation of skeletal tissue in soft tissues such as 

muscle and subcutaneous tissues. It is a feature of the rare genetic diseases fibrodysplasia 

ossificans progressiva (FOP) and progressive osseous heteroplasia[1]. FOP is caused by 

mutations that result in abnormal activation of ACVR1, a bone morphogenetic protein 

(BMP) receptor, in response to Activin A, a ligand that is normally inhibitory, thereby 

implicating dysregulation of BMP signaling as an important player in formation of HO[2, 3]. 

HO is also a complication associated with high impact orthopedic injuries, such as those 

sustained in combat, and neurological damage, in particular spinal cord injury[4]. Most HO 

lesions undergo a process similar to endochondral ossification, and analogous with fracture 

healing. HO lesions are initiated in areas of tissue damage, and begin with inflammation and 

infiltration of cells of the immune system. Formation of fibrocartilage occurs, followed by 

ossification, and infiltration of bone marrow[5]. Once formed, lesions generally persist 

unless removed surgically, and there is currently no proven pharmacological treatment for 

prevention or removal of HO lesions.

Muscle contains multiple populations of progenitor cells: satellite cells, non-satellite 

mesenchymal progenitors present within the interstitium, as well as perivascular cells. 

Satellite cells are characterized by their location below the muscle fiber basal lamina, and by 

expression of Pax7, and are critical for muscle fiber regeneration. Most studies suggest that 

in vivo, satellite cells are lineage-restricted self-renewing muscle stem cells[6–11]. 

Interstitial cells characterized by expression of PDGFRα, or Sca1 and CD34, act as fibro/

adipogenic progenitors, and their in vivo differentiation potential is dictated by the muscle 

microenvironment[7, 8, 12]. Perivascular cells constitute a third muscle-resident population 

and may have multiple potential fates. Perivascular cells can contribute to the satellite cell 

pool in rare circumstances such as during early postnatal growth, or upon transplantation 

into diseased muscle[13, 14]. In addition, perivascular cells derived from many tissues 

including muscle are capable of osteogenic differentiation under appropriate conditions[15].

In order to better understand the pathophysiology of HO, numerous studies have 

investigated the source of cells within muscle that differentiate into chondrocytes and 

osteoblasts. Studies from FOP patients have suggested that both circulating cells and 

endothelial cells contribute to osteogenesis[16, 17]. However, studies using Cre-directed 

lineage tracing in murine models have indicated that hematopoietic, endothelial, and smooth 

muscle lineages do not contribute to bony elements within lesions formed in BMP-induced 

HO[18–21]. In addition, myogenic lineages make little or no contribution to osteoblasts or 

chondrocytes in HO based on studies using Myf5-Cre and MyoD-Cre[18, 19]. Studies with 

Tie2-Cre, which labels both endothelial, hematopoietic, and, in some Tie2-Cre lines, 

mesenchymal lineages, indicated that only the CD45−CD31−Sca1+PDGFRα+ population 
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significantly contributed to bone formation[20, 21]. However, Tie2-Cre only labeled 40–

50% of osteoblasts and chondrocytes in BMP-induced HO suggesting that other cell 

populations may be involved[19, 20]. Another recent study indicated that Glast-CreERT2, 

which predominantly labels a Tie2 negative perivascular population also contributed to 

ossification in HO, particularly in more mature lesions[22]. Together, these data imply that 

tissue resident mesenchymal subpopulations, under appropriate stimulation, can form bone 

tissue in HO. This is consistent with data from muscle tissue collected after blast injury that 

shows expansion of tissue adherent mesenchymal cells that also had increased osteogenic 

differentiation capacity[23].

We have previously identified alpha smooth muscle actin (αSMA) as a marker of osteogenic 

progenitor cells in bone and periodontium, of osteo-chondro progenitors in the periosteum 

during fracture healing, and of tendon progenitors[24–28]. We therefore hypothesized that 

αSMA expression may also label progenitors in the muscle. In this study we show that in the 

muscle, αSMACreERT2 labels both perivascular and satellite cells. αSMACre-labeled cells 

are capable of osteogenic differentiation in vitro and in vivo, while Pax7-labeled satellite 

cells show very limited osteogenic potential. αSMACreERT2 activity therefore represents a 

useful marker to track progenitor cell activity in muscle during HO, and in response to 

potential treatments.

Materials and Methods

Mouse strains and procedures

All animal procedures were approved by an institutional animal care and use committee. 

The αSMACreERT2[24] and Col2.3GFP mice[29] were previously described. Ai9 reporter 

mice (B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, stock # 007905) and Pax7CreERT2 

mice (B6.129S-Pax7tm1(cre/ERT2)Gaka/J, stock # 017763) were obtained from Jackson Labs 

(Bar Harbor, ME). In order to label cells, tamoxifen (Sigma Aldrich, St Louis, MO) 

dissolved in corn oil was administered by intraperitoneal injection at a dose of 75μg/g of 

bodyweight, either once, or twice on consecutive days. Heterotopic ossification was induced 

in 2-month-old mice. Animals were anaesthetized with isoflurane, and 2.5μg BMP2 (Infuse, 

Medtronic, Minneapolis, MN) in 50μL matrigel (Corning, Tewksbury, MA) was injected 

into the tibialis anterior muscle using a 28G insulin syringe[20]. Mice were sacrificed 11 

days after BMP2 injection and ossicles harvested. Lineage tracing in growing animals was 

initiated at 4-5 weeks of age, and mice were sacrificed at the indicated time points. Lineage 

tracing in mature animals was initiated at 4-5 months of age.

Histology

Tissue was fixed in 10% formalin for at least 1 hour, then incubated overnight in 30% 

sucrose/PBS, and embedded in Cryomatrix (Thermo Fisher Scientific, Waltham, MA). 

Sections (7μm) were obtained on a cryostat using a tape transfer system as previously 

described[24]. Sections were coverslipped in 50% glycerol containing DAPI. Imaging was 

performed using an Observer.Z1 microscope or Axioscan (Carl Zeiss, Thornwood, NY) 

using appropriate filter cubes. Consistent exposure times were maintained to allow for image 
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analysis. After fluorescent imaging, coverslips were removed and the tissue was stained with 

0.025% toluidine blue.

Immunostaining

Immunostaining was performed for CD31 (1:20, AF3628, R&D Systems, Minneapolis, 

MN), PDGFRα (1:80, AF1062, R&D Systems), PDGFRβ (1:100, MA5-15143, Thermo 

Scientific) and laminin (1:25, L9393, Sigma Aldrich). Sections for immunostaining were 

rehydrated in PBS, permeabilized in 0.03% Triton X for 10 minutes, and blocked with 

Powerblock (Biogenex, Fremont, CA) for 10 minutes. Primary antibody diluted in PBS 

0.1% BSA was applied overnight at 4°C. After washing, secondary antibodies diluted 1:500 

were applied for 1 hour at room temperature (donkey anti-goat Alexa Fluor 647, followed by 

washing then goat anti-rabbit Alexa Fluor 488; or for PDGFRβ staining, goat anti-rabbit 

Alexa Fluor 647, Life Technologies, Carlsbad, CA). A modified protocol was used for 

PDGFRβ: sections were incubated in citrate-based Antigen Unmasking Solution at 60°C 

(Vector Laboratories, Burlingame, CA) for 10 hours prior to blocking and the 

permeabilization step was omitted. Confocal imaging was performed for PDGFRα and 

CD31 immunostaining using a Zeiss LSM 780.

Flow cytometry

Muscle cells were prepared for analysis or sorting two days after tamoxifen injections. 

Hindlimb muscles were dissected free of fat, tendon and major vasculature, and the 

perimysium was removed. Tissue was then shredded, and incubated in DMEM/0.2% 

collagenase A at 37°C with agitation. After 30 min, tissue was homogenized by passing 

through an 18G needle, followed by a further 15 min incubation. Cells were washed and 

resuspended before staining proceeded in 1× Hank's balanced salt solution, 10mM HEPES, 

2% fetal bovine serum (FBS). FACS reagents were purchased from eBioscience (San Diego, 

CA) unless otherwise stated. Cells were stained with combinations of the following 

antibodies: CD45 (clone 30-F11), CD31 (clone 390), Sca1 (D7), PDGFRα (clone APA5), 

PDGFRβ (clone APB5), CD34 (clone RAM34), αSMA (clone 1A4, Abcam, Cambridge, 

MA), SM/C-2.6 (provided by S. Fukada[30]). Avidin-APC eFluor 780 was used as a 

secondary. Dead cells were excluded using SYTOX green (Life Technologies). Cell sorting 

and analysis was performed using a FACSAria II (BD Biosciences, San Jose, CA). Voltages 

and gates were set based on unstained cells from Cre negative and Cre positive animals. Cell 

surface marker analysis was performed on cell preparations from both single animals and up 

to 4 animals pooled, aged 6–10 weeks, αSMA: n=17, Pax7: n=6. Both sexes were used, and 

no difference between sexes was evident. For intracellular staining, cells were stained with 

Live-Dead UV Blue, then surface marker antibodies, followed by fixation with 3% 

paraformaldehyde and permeablization with Permeablization Buffer. The samples were split 

up and stained with either αSMA-FITC antibody, or isotype control (FITC-conjugated 

mouse IgG2a kappa), which was used for determining gates.

Tissue culture

Muscle cell suspensions were prepared from 3–8 mice as described above. Cells were sorted 

into tdTomato+ and tdTomato− fractions, and unsorted cells were also cultured. Cells were 

seeded at a density of 1.5 × 104 cells/cm2. For myogenesis, cells were seeded on matrigel 
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coated plates in muscle growth medium (HAMS F-10, 20% FBS, 5ng/ml FGF2). Once cells 

reached approximately 70% confluence (7–10 days), medium was switched to DMEM 2% 

horse serum for 3 days, and formation of myotubes was determined visually and by 

immunofluorescence for Myosin Heavy Chain (MyHC). Following fixation with 4% 

paraformaldehyde for 15 minutes, cells were permeabilized and blocked as described for 

tissue immunostaining. MyHC antibody conjugated with Alexa Fluor 488 (1:500, 

eBioscience) was applied for 2h at room temperature, then mounted in 50% Glycerol/PBS/

Dapi. For osteogenesis and adipogenesis, cells were cultured in basal medium (αMEM 10% 

FBS) until confluence (7–9 days). Osteogenesis was induced by addition of osteogenic 

medium (basal medium + 50μg/mL ascorbic acid + 4mM β-glycerophosphate) containing 

100ng/ml BMP2. After 14 days of differentiation, cells were harvested in Trizol (Life 

Technologies) for RNA extraction followed by gene expression analysis. Adipogenesis was 

induced by addition of adipogenic differentiation medium (basal medium + 1μM insulin + 

0.5μM rosiglitazone). After 3–5 days of differentiation, cells were imaged, then harvested in 

Trizol for RNA extraction or fixed for perilipin immunostaining (anti-Perilipin A antibody, 

1:500 (Abcam) for 2h at room temperature followed by goat anti-rabbit Alexa Fluor 488). 

Medium was changed three times weekly. Cultures of unsorted cells were harvested for 

RNA extraction at confluence as undifferentiated controls. Reverse transcription and real 

time PCR were performed using Taqman assays (Life Technologies) as previously 

described[25].

Image analysis

Cell contribution to HO lesions was quantified in histological sections using ImageJ (NIH). 

Individual cells within the lesion were defined using the DAPI channel, and separated using 

the watershed algorithm. Appropriate standardized thresholds for the red and green channels 

were determined, then signal levels in both channels were determined for each nuclear 

region, and used to count the number of red, green, and dual-labeled cells. The proportion of 

labeled osteoblasts was determined by calculating the proportion of green cells that were 

also red. Chondrocytes were quantified by drawing ROIs around areas of chondrocytes, as 

determined by toluidine blue staining, then calculating the proportion of red nuclei in these 

ROIs. To ensure values were representative of the entire ossicle, 2–5 sections at least 50μm 

intervals apart were analyzed per sample.

Statistics

To determine if the differences in contribution to osteoblasts and chondrocytes in HO 

lesions were different, data from different sections within a lesion were averaged. 

Differences between groups were determined using one-way ANOVA with Tukey's post 

test, or, where appropriate, Student's t test.

Results

αSMA labels satellite and perivascular cell populations in muscle

Our previous studies have indicated that Cre driven by the αSMA promoter labels 

mesenchymal progenitor populations in a number of tissues including periosteum, 

periodontium and tendon[24–28]. In order to investigate the identity of cells labeled by 
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αSMA in the muscle, we crossed αSMACreERT2 animals with the Ai9 reporter mouse. 

Cells were labeled by tamoxifen injection and we performed FACS analysis on digested 

hind-limb muscle of adult αSMACre/Ai9 mice two days later. αSMA-labeled cells were 

negative for hematopoietic (CD45) and endothelial (CD31) markers, and made up around 

1.3% of the CD45/CD31− population (Figure 1A). Approximately half the αSMA-labeled 

population expressed muscle satellite cell marker SM/C2.6. 3–6% of the αSMACre/Ai9+ 

cells expressed mesenchymal progenitor markers Scal or PDGFRα (Figure 1A), and the 

majority of these cells were within the SM/C2.6− population (Supplemental Figure S1B). 

Around 40% of αSMA-labeled cells expressed perivascular marker PDGFRβ. Histology of 

labeled muscle indicated that, like in other tissues, perivascular cells adjacent to CD31+ 

blood vessels were labeled as well as cells resident under the basal lamina, consistent with a 

satellite cell phenotype (Figure 1B). Labeled cells very rarely colocalized with PDGFRα 

immunostaining, although they were often closely associated with these cells (Supplemental 

Figure S2A). However, labeled cells with perivascular morphology were consistently 

PDGFRβ+ (Supplemental Figure S2B). In order to determine the fate of αSMA-labeled 

cells, we performed lineage tracing experiments in growing mice starting at 4-5 weeks of 

age. After 17 or 70 days, the majority of muscle fibers were labeled, and perivascular 

labeling remained (Figure 1C–D). This extensive labeling of muscle fibers was specific to 

the growth period, as lineage tracing in mature mice (4-5 months of age) showed some 

labeling of muscle fibers over time, but to a much lesser extent than during growth 

(Supplemental Figure S3). Together these results indicate that αSMA labels a mixed cell 

population in the muscle, which includes both satellite and perivascular cells. To help 

distinguish between the contribution of the perivascular and satellite cell fractions, we used 

an established satellite cell marker, Pax7CreERT2[11]. Using the same reporter strain (Ai9) 

and tamoxifen dosing, we found that Pax7-labeled cells comprised a similar proportion of 

CD45/CD31− muscle cells to αSMA, but over 90% were SM/C2.6+Sca1−PDGFRα−, 

consistent with a satellite cell phenotype (Figure 2A, Supplemental Figure S1). We did 

detect PDGFRβ expression in 13% of Pax7-labeled cells suggesting that expression of this 

receptor is not exclusive to perivascular cells. Pax7CreERT2 labeled 75.9±3.5% (mean

±SEM) of CD45−CD31−SM/C2.6+Sca1− satellite cells, while αSMACreERT2 labeled a 

smaller proportion of satellite cells (26.3±5.1%). Using CD34 as an alternative marker of 

satellite cells[8], we confirmed that the majority of Pax7-labeled cells were CD34+Sca1− 

(Supplemental Figure 1C). αSMA-labeled cells also showed a large CD34+Sca1− satellite 

cell population using this method, in addition to CD34+Sca1+ and CD34−Sca1− populations. 

Both Pax7-labeled and αSMA-labeled CD34+Sca1− satellite cell populations showed 

PDGFRβ expression on a large proportion of the cells (34–45%), and over 70% stained for 

αSMA. Histology indicated that the Pax7-labeled cells are sublaminar, and not obviously 

associated with vasculature (Figure 2B), or PDGFRα staining (Supplemental Figure S2C). 

Consistent with the FACS data, while most Pax7-labeled cells were PDGFRβ−, we were 

able to identify some PDGFRβ+ Pax7-labeled cells by immunostaining (Supplemental 

Figure S2D). Following lineage tracing, labeling was evident in the majority of myofibers 

after 17 days in a growing animal, similar to observations with αSMA (Figure 2C). We also 

saw evidence of some contribution to myofibers in adult animals, consistent with a recent 

study (Supplemental Figure S3)[31]. These data are consistent with the established findings 

that Pax7CreERT2 specifically labels satellite cells in the muscle[11].
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In vitro differentiation potential of isolated muscle derived progenitor cell populations

We evaluated the ability of the labeled cell populations to undergo differentiation into 

several lineages. Cells were isolated from muscle and sorted two days after labeling with 

tamoxifen (Supplemental Figure S4A–B). Under myogenic conditions, myofibers that 

formed in unsorted cultures from both αSMACre/Ai9 and Pax7Cre/Ai9 mice were labeled, 

and the tdTomato+ cell fractions were capable of MyHC+ myofiber formation (Figure 3A–

D). Myofibers did not form in the negative cell fractions. Osteogenic differentiation was 

induced in the same cell populations using BMP2 and evaluated by expression of osteoblast 

marker genes including bone sialoprotein and osteocalcin. Unsorted cultures showed 

minimal induction of these markers after two weeks under osteogenic conditions (Figure 3E, 

Supplemental Table S1). αSMA-labeled cells showed the highest expression of osteoblast 

marker genes, suggesting enrichment of osteoprogenitors, while Pax7-labeled cells did not 

undergo osteogenic differentiation in vitro at this BMP2 concentration, suggesting that the 

osteoprogenitors reside within the αSMA-labeled perivascular population. However, we did 

note significant induction of osteogenic markers in Pax7-labeled satellite cell cultures 

treated with a higher concentration of BMP2 (500ng/ml) suggesting that these cells can be 

directed into the osteoblast lineage with sufficient stimulation (data not shown). Negative 

cells, depleted of muscle satellite cells, showed upregulation of osteogenic markers, albeit to 

a lesser extent that αSMA+ cells, suggesting that αSMA does not label all osteoprogenitors. 

Adipogenesis, as assessed by adiponectin and adipsin expression did not occur efficiently in 

the unsorted cultures (Figure 3F, Supplemental Figure S4C–F), or the αSMA-labeled cells, 

and was totally absent in the Pax7-labeled cells, which instead showed evidence of myofiber 

formation (Supplemental Figure S4D, F). Abundant adipogenesis did, however, occur in 

both negative fractions (Figure 3D, Supplemental Figure S4C–D). Adipocyte formation was 

confirmed by perilipin staining, shown in αSMA-labeled cells (Supplemental Figure S4E).

In vivo contribution to ectopic bone formation

In order to evaluate the ability of αSMA and Pax7 labeled cells to contribute to ectopic bone 

formation in the muscle, we performed lineage tracing experiments using a model of HO 

induced by intramuscular BMP2 injection (Figure 4A). BMP2 consistently formed 

macroscopically evident ossicles as previously reported[20]. To detect the transition of 

αSMA labeled cells into osteoblasts we utilized Col2.3GFP reporter mice in which mature 

osteoblasts are GFP+. Since expression of αSMA is known to be induced or upregulated in 

fibroblasts following injury[32], we performed tamoxifen labeling both before and after 

BMP2 administration. In all cases, αSMA labeled cells contributed to a significant 

proportion of osteoblasts and chondrocytes within the lesions, as well as labeling fibrous 

tissue, and often surrounding muscle (Figure 4B–D). This labeling was not due to 

tamoxifen-independent activation of the reporter, as there were very few labeled cells under 

these conditions (Figure 4F–G, Supplemental Figure S5A–C). Our results leave open the 

possibility that some osteoprogenitors activate or up-regulate αSMA expression after 

exposure to BMP2, as there is a trend towards increased labeling when tamoxifen is 

administered after BMP2 administration, however this difference did not reach statistical 

significance. The αSMA lineage tracing experiments were performed in male mice, but 

similar experiments in female mice with tamoxifen labeling at the time of BMP2 injection 

(Day 0) indicated that 58.9±11.1% of osteoblasts and 57.5±6.8% chondrocytes (n=3) were 
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labeled, which is not significantly different from the males. In contrast to αSMA, Pax7-

labeled cells showed little or no contribution to heterotopic bone formation (Figure 4E–G). 

There was no evidence of Pax7Cre-labeled chondrocytes, but in most cases we observed low 

numbers of labeled osteoblasts (0–6% of osteoblasts derived from Pax7+ precursors), and 

very few tdTomato+ cells within the borders of the lesion. We observed no significant 

difference in contribution to the osteoblast lineage both when satellite cells were labeled on 

the day of BMP2 administration, and when the muscle lineage was labeled more extensively 

by administering tamoxifen one month prior to BMP2 while mice were still growing (Figure 

4F). Damaging the muscle with cardiotoxin prior to BMP2 administration did not 

significantly increase the contribution of the muscle lineage to osteoblasts (Supplemental 

Figure S5D–E), consistent with previous studies using MyoD-Cre[19, 20]. These results 

indicate the αSMACre/Ai9+ perivascular cells are a significant source of osteo- and 

chondroprogenitors during HO, while muscle lineage cells make minimal contribution.

Discussion

HO is a debilitating complication of around half of severe musculoskeletal injuries sustained 

in combat zones, and a serious complication of other orthopedic injuries and procedures, for 

which no effective prevention exists[33]. Identification of the progenitor cells that 

differentiate into cartilage and bone within the lesions will enable targeted evaluation of 

potential treatments. In agreement with previous studies in mice, our data indicates that non-

hematopoietic, non-endothelial, non-myogenic muscle-resident mesenchymal cells are the 

main contributor to bone and cartilage in heterotopic lesions[18, 20, 22]. αSMACreERT2 

labels a mixed population of cells in the muscle, composed of satellite cells in addition to 

perivascular cells, some of which show a phenotype characteristic of fibro/adipogenic 

progenitors[8]. Pax7CreERT2 was used in parallel to rule out the satellite cell fraction as the 

major contributors to the HO tissue mass. Pax7CreERT2 targets satellite cells very 

efficiently[11, 31], and over 70% of Pax7-labeled cells were αSMA+, meaning that the 

αSMA-labeled satellite cells are most likely also labeled by Pax7Cre. In contrast to the 

Tie2-Cre-labeled population that contribute to HO demonstrated by Wosczyna et al[20], the 

αSMA-labeled, non-satellite cell fraction are primarily Sca1− and PDGFRα−, and mainly 

reside in a perivascular, rather than interstitial, location. It is unclear whether αSMA+ cells 

overlap with the Glast-CreERT2 labeled cells that also contribute to HO, but were shown to 

be αSMA−, and Glast expression generally labels a different population of perivascular cells 

than αSMA[22, 34]. Dysregulation of BMP2 signaling is thought to be important in most, if 

not all forms of HO, and a recent study showed inhibition of burn-induced HO by 

administration of a BMP receptor inhibitor[35]. For our studies we used intramuscular 

injection of BMP2 to model the HO process. While this is not directly clinically relevant, it 

provides a reliable means to monitor cell contribution during HO lesion formation, and is 

similar to methods of inducing HO used in many other studies[19−22].

In vivo and in vitro, αSMA-labeled cells are capable of osteogenesis, while Pax7-labeled 

cells generally are not, suggesting the perivascular αSMA+ fraction is enriched for 

osteoprogenitors. On average, less than half the osteoblasts and chondrocytes in the lesions 

were labeled by αSMACreERT2, and the αSMA− fraction also showed some evidence of 

osteogenesis in vitro, suggesting that there is also an αSMA− population contributing to 
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osteogenesis. Our previous data has suggested that αSMA expression is activated in cells 

that undergo osteo-chondrogenic differentiation in the early stages after injury, so we 

therefore evaluated labeling when tamoxifen was administered both before and after BMP2. 

Labeling after BMP2 administration tended to result in a higher contribution of αSMA-

labeled cells in HO lesions, in some instances up to 85% of osteoblasts and 75% of 

chondrocytes, suggesting that the majority of cells that contribute to bone formation express 

αSMA at some point during the osteogenic commitment phase. The variable labeling 

suggests that the Cre recombination efficiency is less than 100%. αSMACreERT2 labeling, 

particularly if combined with methods to exclude satellite cells, may therefore represent a 

powerful tool to selectively identify osteochondroprogenitors and fibroblasts in early 

lesions.

In vivo lineage tracing studies using both αSMA and Pax7 as markers of satellite cells 

suggested incorporation of satellite cells into the majority of muscle fibers within 17 days in 

growing animals (4-5 weeks of age). Many authors have suggested that satellite cells are a 

major contributor to postnatal muscle growth, however there is little direct evidence for this 

phenomenon[36, 37]. Extensive labeling of muscle was specific to the growing animals, 

consistent with the gradual conversion of most satellite cells to quiescence during the 

postnatal period[36]. Interestingly, we observed labeling of a selection of muscle fibers 

within a relatively short timeframe in 4-month-old animals. This suggests that satellite cells 

continue to incorporate into muscle fibers in adult animals under normal homeostatic 

conditions, even though their function at this stage appears to be dispensable for tissue 

homeostasis unless there is major tissue damage, as evidenced by a number of recent studies 

using models of satellite cell ablation[38–40]. This agrees with the results of Fry et al. who 

showed a small contribution of BrdU-labeled nuclei to myotubes after a two-week pulse in 

adult mice, which was abrogated with satellite cell ablation[39]. It also replicates the recent 

findings of Keefe et al. that demonstrated contribution of satellite cells to muscle fibers of 6-

month-old animals over the following 6 months or more[31]. Our results and others suggest 

that satellite cells, when present, contribute to muscle growth and homeostasis throughout 

postnatal life.

It is clear from many studies that the fate of mesenchymal progenitor cells in the muscle 

microenvironment is tightly regulated, as bone, fat or fibrous tissue generally only invade 

muscle in disease states, such as Duchenne muscular dystrophy, chronic inflammation, or 

the conditions leading to HO described[41]. In our in vitro studies, the unsorted cultures 

showed little evidence of osteogenic differentiation, even in the presence of BMP2, and low 

levels of glitazone-induced adipogenesis, however αSMA− and Pax7− fractions underwent 

both differentiation programs much more readily suggesting the satellite cells and their 

progeny were producing signals that inhibited differentiation. A recent study showed similar 

effects of myotube conditioned media in vitro[42]. Despite this, HO in FOP and other 

settings is confined to a limited range of tissues including the muscle. Many other tissues 

and organs have resident MSC-like cell populations capable of osteogenic differentiation in 

vitro suggesting that specific changes induced by injury and other factors in the muscle 

microenvironment are required for heterotopic ossification to occur, however further studies 

are required to identify these mechanisms[15].
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In conclusion, we have shown that αSMA labels progenitor cell populations within the 

muscle that include both satellite cells, and perivascular cells. The perivascular αSMA-

labeled cell population is capable of osteogenic differentiation both in vitro and in vivo, and 

makes a significant contribution to heterotopic bone lesions. In contrast, Pax7-labeled 

satellite cells appear to be restricted to the myogenic lineage under most conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• αSMACreERT2 labels both satellite cells and perivascular cells in murine 

muscle.

• αSMA-labeled muscle cells are capable of BMP2-induced osteogenic 

differentiation.

• Pax7-labeled satellite cells rarely form osteoblasts.

• Perivascular αSMA+ cells form about half the osteoblasts and chondrocytes in 

BMP2-induced lesions.

• Satellite cells are rapidly incorporated into muscle fibers during adolescent 

growth and adulthood.
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Figure 1. Cell surface marker expression and localization of αSMA labeled cells
(A) αSMACre/Ai9 mice were injected with tamoxifen to label cells, and two days later, 

hindlimb muscles were processed for FACS analysis. The labeled population represented 

around 1.3% of the non-hematopoietic, non-endothelial cell fraction (CD45/CD31−). 

Expression of cell surface markers of muscle satellite cells (SM/C2.6) and mesenchymal 

progenitor markers in the tdTomato+ population is indicated. (B) αSMACre/Ai9 muscle two 

days post labeling was immunostained for CD31 (green) and laminin (white). Some labeled 

cells are perivascular (arrowheads), while others reside below the basal lamina (indicated by 

laminin staining) consistent with a muscle satellite cell phenotype (arrows). Lineage tracing 

initiated in 4-5 week old mice indicates that after (C) 17 days, and (D) 70 days, the majority 

of muscle fibers are labeled. Images representative of tracing in at least 6 animals are shown, 

and similar results were seen in male and female mice. Scale bars indicate 20μm (B) or 

50μm (C,D).
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Figure 2. Cell surface marker expression and localization of Pax7 labeled cells
(A) Pax7Cre/Ai9 mice were injected with tamoxifen to label cells, and two days later, 

hindlimb muscles were processed for FACS analysis. The labeled population represented 

around 1.5% of the CD45/CD31− cell fraction, and the presence of cell surface markers of 

muscle satellite cells (SM/C2.6) and mesenchymal progenitor markers in the tdTomato+ 

population is indicated. (B) Pax7Cre/Ai9 muscle two days post labeling was immunostained 

for CD31 (green) and laminin (white). All labeled cells resided below the basal lamina 

consistent with a muscle satellite cell phenotype (arrows). (C) Lineage tracing initiated in 

4-5 week old mice indicates that after 17 days the majority of muscle fibers are labeled. 

Images representative tracing in 4 animals are shown. Scale bars indicate 20μm (B) or 50μm 

(C).
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Figure 3. In vitro differentiation potential of αSMA and Pax7 labeled muscle cells
αSMACre or Pax7Cre-expressing cells were labeled in vivo, then muscle cells harvested. 

tdTomato+ and tdTomato− cell fractions were sorted and unsorted cells were also cultured. 

Myogenic differentiation was evaluated visually in (A) αSMA-labeled cultures and (B) 

Pax7-labeled cultures. Muscle phenotype was confirmed by immunostaining of αSMA+ 

cells (C) Pax7+ cells (D) for myosin heavy chain (E) Osteogenic differentiation in the 

presence of BMP2 was evaluated by expression of bone sialoprotein and osteocalcin. (F) 

Adipogenic differentiation was evaluated by expression of adiponectin and adipsin. Scale 

bars indicate 100μm. Real time PCR data was normalized to GAPDH expression, then to 

expression levels of the genes in unsorted cultures harvested at confluence before the 

addition of differentiation medium. Results from a culture representative of 3–4 biological 

replicates are shown. NE, not expressed.
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Figure 4. Contribution of endogenous αSMA and Pax7 labeled muscle cells to heterotopic 
ossification
(A) Heterotopic ossification was induced by intramuscular injection of BMP2, with cell 

labeling initiated at different time points by tamoxifen (Tmx) injection(s). Cell contribution 

was evaluated histologically after 11 days. (B) αSMA-labeled cells contribute to multiple 

lineages within the ossicle. tdTomato expression is evident in osteoblasts (C), indicated by 

co-expression of Col2.3GFP (arrowheads), and chondrocytes (D), indicated by toluidine 

blue staining and morphology (D'). Fibrous tissue is also labeled. (E) Pax7 labeled cells 

contribute to muscle, but not heterotopic bone or cartilage tissue. Both images are from 

animals that received tamoxifen on the day of BMP2 injection. Quantification of the 

contribution of labeled cells to (F) osteoblasts and (G) chondrocytes in heterotopic bone 

indicates that αSMACreERT2 labels a significant proportion of bone lineage cells, while 

Pax7 labels very few. The days on the x-axis indicate the timing of tamoxifen administration 

in relation to BMP2 administration (Day 0). The n values on (F) represent the number of 

ossicles analyzed (1 ossicle/mouse) in each group, and also apply to (G). Scale bars 

represent 100μm (B, E) or 50μm (C, D). Abbreviations: ch, chondrocytes; f, fibrous tissue; 

m, muscle; ob, osteoblasts.
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