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Abstract

Efficient tissue regeneration is dependent on the coordinated responses of multiple cell types. 

Here, we describe a new subpopulation of fibro/adipogenic progenitors (FAPs) resident in muscle 

tissue but arising from a distinct developmental lineage. Transplantation of purified FAPs results 

in the generation of ectopic white fat when delivered subcutaneously or intramuscularly in a 

model of fatty infiltration, but not in healthy muscle, suggesting that the environment controls 

their engraftment. These cells are quiescent in intact muscle but proliferate efficiently in response 

to damage. FAPs do not generate myofibres, but enhance the rate of differentiation of primary 

myogenic progenitors in co-cultivation experiments. In summary, FAPs expand upon damage to 

provide a transient source of pro-differentiation signals for proliferating myogenic progenitors.

Skeletal muscle consists of postmitotic multinucleated myofibres. Satellite cells, which are 

found juxtaposed to myofibres beneath the basal lamina, contribute to the growth and 

regeneration of postnatal muscle by fusing with damaged myofibres or by producing new 

myofibres1–7. Progression from quiescent satellite cell to mature postmitotic myofibre 

proceeds through discrete cellular intermediates, collectively called myogenic progenitors 

(MPs), which can be distinguished using molecular markers8.
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In vivo, this stepwise process is coordinated by specific extracellular signals. After satellite 

cell activation, paracrine or autocrine engagement of Notch results in myoblast expansion, 

partly by direct inhibition of terminal differentiation9. Following expansion, pro-

differentiation signals are required to induce myoblast maturation. The precise nature of 

these signals is the object of intense debate in the field, and several candidate molecules 

have been proposed for this role, including Wnt family members, IL-6 and insulin-like 

growth factors (IGFs)10–13, suggesting that multiple factors may be involved in promoting 

myogenic differentiation. Importantly, the sources of these factors within healing muscle 

tissue have yet to be determined.

In the context of healing muscle tissue, expanding myoblasts interact with inflammatory and 

stromal cells. It seems likely that these interactions are important in regulating their activity. 

The role of inflammatory cells in muscle regeneration has been explored recently14–16; 

however, nothing is known about the contributions of other tissue-resident populations. 

After chronic injury, muscle is often replaced by a mix of fibrous tissue and white 

adipocytes in a process termed fatty degeneration. This fibro/adipogenic infiltration 

compromises muscle function and alters the tissue environment, potentially limiting the 

success of regenerative approaches17. Thus, the cells responsible for fibro/adipogenic 

infiltration probably constitute an important part of the physiological context in which 

satellite cells function.

It has been suggested that fibrocytes and adipocytes develop from myogenic cells due to 

alternative lineage choice, which takes place when myogenic differentiation is impaired by 

cell-autonomous defects or by environmental changes associated with ageing and 

disease12,18–20. Here, we report the identification of a new population of bipotent FAPs 

present in skeletal muscle, but developmentally distinct from myogenic progenitors. We 

show that FAPs are abundant in healthy muscle, and that they rapidly enter the cell cycle in 

response to acute muscle damage, suggesting a role for this population during regeneration. 

Indeed, we found that FAPs are a source of signals inducing the differentiation of primary 

myoblasts. Our results suggest that FAPs proliferate in response to muscle injury to 

transiently establish an environment that enhances myogenic differentiation.

RESULTS

Purification of MPs with distinct developmental potential from skeletal muscle

To identify progenitor lineages from dissociated skeletal muscle, we used flow cytometry to 

detect CD34, which is expressed by satellite cells21, and Sca-1, which is expressed by 

progenitor populations of multiple tissues and whose expression in skeletal muscle 

progenitors is controversial22–24 (Fig. 1; Supplementary Information, Fig. S1). Although it 

has been suggested that haematopoietic (CD45+) and/or endothelial (CD31+) cells might be 

induced to acquire myogenic potential, their role in physiological muscle regeneration is 

unclear23,25. Therefore, we focused on the following CD45−CD31− lineage-negative (lin−) 

cell populations: Sca-1−CD34−, Sca-1−CD34+ and Sca-1+CD34+ (Fig. 1b). The proliferative 

and developmental potentials of cells sorted from undamaged muscle were analysed invitro 

under growth, osteogenic, chondrogenic myogenic and adipogenic conditions (Figs 1c–e and 

2; Supplementary Informtion, Fig. S2 and Table S1) and invivo after transplantation (Fig. 3).
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Cultures of double-sorted lin−Sca-1−CD34− cells failed to generate myosin heavy chain 

(MyHC)-positive structures under any of the conditions tested, but generated mineralized 

bone nodules and alcian blue-positive cartilage when cultured under osteogenic or 

chondrogenic conditions, respectively (Fig. 1c). In addition, they generated adipocytes when 

cultured in adipogenic medium containing PPARγ (peroxisome proliferator-activated 

receptor γ) activators (Supplementary Information, Fig. S2). Due to the rarity of clonogenic 

cells within this subset (1 in 757 sorted cells, Supplementary Information, Fig. S3), we 

excluded lin−Sca-1−CD34− cells from further analysis.

The lin−Sca-1+CD34+ cell subset spontaneously generated adipocytes under all culture 

conditions, but failed to give rise to mineralized nodules or cartilage (Fig. 1d; 

Supplementary information, Figs S2, S4 and Table S1). These cells were abundant, 

representing up to 15% of lin− cells in undamaged muscle, and upregulated the expression of 

mature adipocyte markers upon differentiation (Supplementary Information, Fig. S5). 

Adipogenic progenitors expressing identical surface markers were recently isolated from 

white adipose depots26–28, suggesting that similar cells may be present in multiple tissues.

Finally, lin−Sca-1−CD34+ cells gave rise to cultures containing both differentiated 

myofibres and proliferating mononuclear cells, as expected29. Despite being cultured under 

conditions that efficiently inhibit the differentiation of pre-plating-enriched primary 

myoblasts30, sorted lin−Sca-1−CD34+ cells spontaneously generated myofibres in vitro (Fig. 

1e; Supplementary Information, Fig. S5).

CD34 surface expression is rapidly lost after MP activation, preventing the use of this 

marker to sort myoblasts from damaged tissue21. However, myogenic cells can be isolated 

with an alternative marker combination based on α7 integrin5,31. Indeed, we found that all 

myogenic activity in both undamaged and damaged muscle originates from lin−α7+Sca-1− 

cells (Supplementary Information, Fig. S6). Similarly, we found that lin−α7−Sca-1+ cells 

were as efficient as lin−Sca-1+CD34+ cells at generating adipocytes invitro (Supplementary 

Information, Fig. S6). Thus, we developed two strategies, using CD34 or α7 integrin, to 

prospectively identify identical myogenic progenitors and muscle-resident adipogenic cells, 

in both undamaged and damaged muscle (Fig. 1f).

Single lin−α7−Sca-1+ cells produce both fibroblasts and adipocytes in vitro

We used limiting dilution assays to measure the frequency of adipogenic and myogenic 

progenitors, defined as cells capable of clonal expansion and terminal differentiation into 

adipocytes or myofibres, in sorted cell populations. We found that 1 in 16 (95% confidence 

interval 12.0–21.4) double-sorted lin−α7+Sca-1− MPs were capable of forming colonies, and 

that over 95% of these colonies contained MyHC+ myofibres, suggesting that all clonogenic 

cells within this population were myogenic. Lin−α7−Sca-1+ cells formed colonies with 

similar efficiency (1 in 19; 95% confidence interval 14.2–22.3) but only 35% of these 

colonies contained adipocytes, whereas the remaining 65% contained cells that did not 

express myogenic or adipogenic markers, but were positive for the fibroblast markers ER-

TR7 (ref. 12), FSP1 (ref. 32) and α-smooth muscle actin (SMA; Fig. 2; Supplementary 

Information, Fig. S7)33. The frequency of adipogenic colonies did not significantly change 

after exposure to PPARγ activators during the last week of culture.

Joe et al. Page 3

Nat Cell Biol. Author manuscript; available in PMC 2015 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



When single lin−α7−Sca-1+ cells were directly sorted into individual wells, some of the 

resulting colonies contained both perilipin-expressing adipocytes and SMA-expressing 

fibroblasts, suggesting that this subset contains progenitors capable of producing both cell 

types (Fig. 2c). This notion is consistent with the fact that adipocytic infiltration and fibrosis 

are invariably linked during fatty degeneration of diseased skeletal muscle.

A recent report describes the development of fibrosis in skeletal muscle of adult mice in 

which PDGFRα signalling has been constitutively activated34, strongly suggesting that 

fibrocyte precursors express this receptor. Consistent with the notion that adipocyte 

infiltration and fibrosis are invariably linked in the fatty degeneration of diseased skeletal 

muscle, we found that lin−α7−Sca-1+ cells were uniformly positive for surface PDGFRα 

(Supplementary Information, Fig. S8) and that they represented over 85% of muscle-resident 

PDGFRα-expressing cells in undamaged muscle and up to 98% in damaged muscle 

(Supplementary Information, Fig. S9). Hence, we will hereafter refer to these cells as FAPs.

FAP engraftment is dictated by the environment

We tested the developmental potential of MPs and FAPs in vivo by transplantation (Fig. 3; 

Table 1). For each subset, 5 × 104 cells were purified from EGFP-expressing donors and 

immediately injected in the undamaged tibialis anterior muscle of syngeneic recipient 

animals (n = 6; Fig. 3a, b). As expected, MP cells engrafted by fusing to myofibres (Fig. 3b). 

In contrast, no donor cells were found in the muscles of animals injected with FAPs three 

weeks after transplant, despite the fact that subcutaneous delivery of cells from the same 

preparations yielded clusters of donor-derived adipocytes (n = 6; Fig. 3c, d). These data 

suggest that healthy muscle does not support FAP engraftment or adipocytic differentiation, 

consistent with the fact that fibro/adipocytic infiltration is not observed following healing of 

young healthy muscle, but only when myogenic regeneration fails due to ageing or disease. 

Next, we transplanted FAPs in tibialis anterior muscle injected with glycerol, a model of 

adipocytic infiltration35. In all transplanted animals (n = 4), we readily detected areas 

containing numerous donor-derived, perilipin-positive adipocytes (Fig. 3e). Overall, our data 

support the notion that FAP engraftment and differentiation into adipocytes is modulated by 

the environment of the recipient tissue.

FAPs and MPs have distinct developmental potentials and do not arise from a common 
progenitor

Our data suggests that FAPs and MPs are distinct, lineage-specific progenitor populations 

present in undamaged, young adult muscle. Recently, adipogenic progenitors isolated from 

white fat depots were shown to fuse with differentiating C2C12 myoblasts in vitro26. To test 

whether muscle-derived FAPs can be recruited to the myogenic lineage in this context, we 

isolated them from GFP+ animals and cultured them together with freshly isolated GFP− 

MPs for ten days (Fig. 4a; Supplementary Information, Fig. S10). Immunostaining revealed 

that none of the GFP+ FAPs acquired expression of MyHC despite being in direct contact 

with terminally differentiated GFP− myotubes (Fig. 4a). In fact, a subset of these GFP+ cells 

had clearly initiated lipid accumulation, confirming their commitment to adipogenic 

differentiation.
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To directly test whether FAPs can respond to damage by generating myofibres in vivo, we 

injected 2 × 104 double-sorted MPs or FAPs from mice ubiquitously expressing hPLAP 

(human placental alkaline phosphatase) into the tibialis anterior muscle of either undamaged 

or notexin-damaged recipients. After three weeks, we detected donor-derived myofibres in 

all animals receiving MPs, with an approximate fourfold increase in engraftment in the 

notexin-damaged group (Table 1). Conversely, no donor-derived myofibres were detected in 

any of the animals receiving FAPs (Table 1). Thus, FAPs do not undergo myogenesis or 

fuse to differentiating myogenic cells in vitro or invivo.

These findings suggest that FAPs originate from a separate developmental source rather than 

arising from myogenic cells in response to pathological alterations of the environment. To 

test this hypothesis directly, we bred knockin mice carrying Cre recombinase under the 

control of Myf5 regulatory elements with mice expressing YFP in a Cre-dependent fashion. 

In this approach, transient Myf5 expression during development leads to the heritable 

activation of YFP transcription from the ROSA locus, allowing the identification of the 

progeny of the original Myf5-expressing cell (Fig. 4b). The same strategy was recently used 

to show that brown fat and muscle share developmental origins36. Fluorescence-activated 

cell sorting (FACS) analysis of skeletal muscle preparations from these mice revealed that 

60% of MPs expressed YFP (Fig. 4c). Although the frequency of YFP+ MPs in our 

experiments was lower than the previously reported 90% (ref. 4), it increased to > 85% after 

five days of culture (Fig. 4d). Conversely, Sca-1+CD34+ FAPs did not express YFP, and 

remained YFP− after culture (Fig. 4c, e). Thus, FAPs are unlikely to arise from myogenic 

cells.

FAPs are rapidly induced to proliferate upon muscle damage

In skeletal muscle, fibrosis and adipocyte infiltration in response to damage are only 

observed in ageing or disease. Yet, FAPs are abundant in young, healthy muscle. To 

investigate a potential physiological role of FAPs in the regeneration of healthy muscle, we 

analysed their response to notexin (NTX), a myotoxin which acts on terminally 

differentiated myofibres without damaging mononuclear progenitors37,38. Four days after 

NTX injection, all myogenic progenitors had downregulated CD34 (data not shown), 

confirming that they had been uniformly exposed to damage signals.

To determine whether FAPs respond to damage by entering the cell cycle, BrdU (5-

bromodeoxyuridine) was administered either continuously or as a pulse during the 24 h 

immediately before collection, and animals were collected at time 0 (no damage) and at 24-h 

intervals thereafter. We observed significant proliferation of both FAPs and MPs (Fig. 5a, 

b), with more FAPs than MPs incorporating BrdU at early time points (Fig. 5b). Pulse 

delivery of BrdU confirmed that a higher fraction of FAPs than MPs proliferated during the 

first 72 h after damage (Fig. 5c). Thus, the ratio between the two cell types should change 

substantially during the first few days after damage induction. Indeed, between 48 and 72 h 

after damage, FAPs dramatically increased, nearly equalling MPs in number (Fig. 5d). 

Between four and five days after damage, the FAP:MP ratio rapidly returned to pre-damage 

levels in the absence of differences between the proliferation rates of either population, 
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suggesting that FAPs may be actively removed from the tissue. Further work will be 

required to verify this hypothesis.

Limiting dilution analysis confirmed that MP proliferation is limited at early time points, as 

the frequencies of myogenic colony-forming cells in undamaged muscle and in muscle 48 h 

after damage were not significantly different. In contrast, FAP clonogenicity doubled after 

damage (Fig. 5e). We did not observe any MyHC-positive structures in FAP-seeded wells, 

nor any perilipin-positive adipocytes in MP-seeded wells, confirming that muscle damage 

does not alter FAP cell fate or surface phenotype.

To gain further insight in the role of FAPs in regeneration, we investigated their location 

within tissue. Previously published invitro analysis of individual myofibres conclusively 

shows that adipogenic cells are fibre-associated in undamaged muscle18. Furthermore, 

adipogenic progenitors have been localized to the vasculature in fat depots, suggesting that 

they may occupy a similar position in muscle27. We identified FAPs in situ based on their 

expression of PDGFRα as well as using CD31 and Sca-1 staining, as FACS analysis 

indicated that only FAPs and CD31+ cells are positive for Sca-1 in skeletal muscle (Fig. 1a, 

b)39. Confocal microscopy of damaged muscle indeed revealed abundant mononuclear FAPs 

associated with blood vessels and damaged myofibres (Fig. 6; Supplementary Information, 

Fig. S11). Thus, FAPs proliferate efficiently after damage and are found in close proximity 

to ailing myofibres, suggesting they may have a role in modulating myogenesis.

FAPs provide an environment favouring myogenic differentiation

The activation of FAPs in healthy muscle after damage suggests a role for these cells in 

regeneration that is independent of the formation of fibrocytes or adipocytes. To determine 

whether FAPs may be a source of signals known to enhance myogenic differentiation, we 

investigated the expression of IGF-1 (ref. 11), IL-6 (ref. 13), Wnt1, Wnt3A and Wnt5A (ref. 

12) from FAPs and MPs. We found that, compared with MPs, FAPs expressed similar or 

greater levels of all transcripts at all timepoints tested (data not shown). In particular, after 

NTX damage, IL-6 expression remained constant in MPs but increased nearly tenfold in 

FAPs, suggesting that FAPs represent an inducible source of IL-6 (Supplementary 

Information, Fig. S12). Thus, FAPs produce several factors known to favour myogenic 

differentiation.

To test whether FAPs regulate the differentiation of myogenic progenitors, we exposed MPs 

to GFP+ FAPs invitro and measured the effect of co-culture on the spontaneous generation 

of myofibres ten days later (Fig. 7a). The frequency of differentiated cells was calculated as 

the percentage of GFP+ myonuclei (nuclei present in terminally differentiated MyHC+GFP+ 

structures) relative to total GFP+ cell nuclei. As shown in Fig. 4a, FAPs do not fuse with 

differentiating primary myofibres, and therefore should not contribute directly to the number 

of myonuclei. GFP− MPs fuse with GFP+ myotubes as syncitial myofibres are generated, 

thus potentially biasing our analysis toward an overestimation of the number of GFP+ 

myonuclei in control co-cultures. Nevertheless, the frequency of GFP+ myonuclei was 

drastically increased in the presence of FAPs (Fig. 7a). Thus, FAPs increase the terminal 

differentiation of myogenic progenitors.
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One striking observation from our invivo studies was that the FAP:MP ratio changed 

considerably, with FAP numbers peaking 2–3 days after damage, and rapidly falling 

thereafter. We reasoned that such a change in progenitor numbers might be important if the 

effects of FAP-derived signals on myogenic cells were dose dependent. To test this 

hypothesis, we repeated the co-cultivation experiments using 0.1:1, 0.5:1 and 1:1 ratios of 

GFP− FAP to GFP+ MP. We used flow cytometry to separate GFP+ MP cells from co-

cultured FAP or control cells after ten days in culture and measured myogenic 

differentiation markers by quantitative reverse transcription-PCR (qRT-PCR). Increasing 

numbers of FAPs correlated with higher expression of late markers Myogenin, Mrf4 and 

MyHC, revealing a dose-dependent effect of FAPs on MP differentiation (Fig. 7b).

Next, we tested whether FAPs may influence the commitment of proliferating myoblasts to 

terminal differentiation. To this end, we analysed changes in expression of myogenic 

markers by MPs after seven days of co-culture, a time point that precedes the appearance of 

myofibres. We observed a reduction in the expression of early markers Pax3 and Pax7, and 

an increase in myoblast markers MyoD and Myogenin in the presence of FAPs (Fig. 7c). 

These results suggest that signals originating from FAPs increase the frequency of 

proliferating primary myoblasts that commit to terminal differentiation.

Potentially, an increase in progenitor differentiation could be secondary to an increase in 

culture density and thus to an effect on proliferation. However, no significant difference in 

proliferation was observed between test and control samples during the first five days of co-

culture (Fig. 7d). Furthermore, despite a small but significant difference in overall co-culture 

proliferation detected at day 7, the frequency of MPs engaged in a cell cycle was 

comparable in the presence or absence of FAPs (Fig. 7d, e). Overall, these data suggest that 

the increase in myogenic differentiation caused by FAPs is not secondary to an effect on MP 

proliferation.

Together, these results suggest that FAPs generate a transient pro-differentiation niche for 

MPs. Our findings strongly support a key role of these cells in muscle healing in vivo, 

suggesting that successful regeneration requires the concerted action of multiple cell types, 

forming a complex biological system.

DISCUSSION

Here we describe a new muscle-resident progenitor with adipogenic potential, and propose 

that in skeletal muscle the chondro-osteogenic, adipogenic and myogenic potentials are 

readily attributable to distinct lineage-committed cell types.

The production of cartilage and bone within muscle only occurs in the context of rare 

diseases such as fibrodysplasia ossificans progressiva40; however, fibro/adipogenic 

infiltration is a common outcome of chronic muscle disease41. It is not surprising then, that 

quiescent FAPs represent a significant fraction of the mononuclear mesenchymal cells found 

in adult skeletal muscle.

Recent literature suggests that both adipogenic and fibrogenic cells originate from myogenic 

cells through alternative lineage choice dictated by a pathological environment12,18–20. A 
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previous study used single myofibre cultures to demonstrate that myogenic and adipogenic 

cells are associated with the same fibre but stopped short of formally proving that fat and 

muscle can arise from the same cell18. Another group has recently reported that, in ageing 

mice, fibrogenic cells can arise from Pax7+ myogenic progenitors in response to altered Wnt 

signalling12. We cannot formally exclude that myogenic cells may become an additional 

source of fibroblasts when exposed to an ageing environment. However, the abundance and 

proliferative capacity of FAPs strongly suggests that they are the main source of fibroblasts 

and adipocytes in adult tissue. Thus, these cells are excellent candidates for progenitors 

involved in muscle repair, which restores tissue continuity but, unlike regeneration, does not 

restore function42. As such, their study may lead to therapeutic strategies to reduce scarring 

and fibrosis in chronic disease.

Adipogenic progenitors with a surface phenotype identical to that of FAPs were recently 

isolated from adipose depots26–28, but it is currently unclear whether FAPs represent the 

same cells. Unlike adipogenic progenitors, single FAPs efficiently generate both fibroblasts 

and adipocytes, but fail to generate other mesenchymal lineages. Furthermore, PPARγ2 

expression was very low in freshly isolated FAPs from undamaged muscle (Supplementary 

Information, Fig. S5B). This seems to be consistent with data from a previous study, where a 

transgenic PPARγ reporter was used to identify adipogenic progenitors from adipose 

vasculature, but this study was unable to detect similar PPARγ+ cells in muscle. Thus, FAPs 

may represent an earlier bi-potent progenitor that precedes the initiation of PPARγ 

expression.

Specialized environments required for differentiation have been described in tissues 

characterized by high cellular turnover. Within the thymus, for example, progression along 

the T-cell developmental cascade is spatially regulated, requiring the migration of 

progenitors to specific locations43. Here, we report an example of a transient pro-

differentiation niche. It is tempting to speculate that in tissues with very low homeostatic 

cell replacement, such as muscle, pro-differentiation signals may only be required for a short 

time after acute damage, and thus be provided by short-lived, specialized cells. Ascertaining 

the prevalence of such temporally regulated niches in low turnover tissues will require 

further investigation.

Our work describes a new population of FAPs resident in muscle tissue, and assigns to these 

cells a role in successful muscle regeneration. These findings introduce the concept of 

muscle healing as a system where the main components involved in regeneration and repair 

communicate with one another to coordinate their output. If the additional part played by 

inflammatory cells in directing these processes is considered, a picture of healing as a 

complex biological system emerges. We can only hope to understand such complex systems 

by studying them in their entirety.

METHODS

Animals

All mice were maintained in a pathogen-free facility, and all experiments were performed in 

accordance with the University of British Columbia Animal Care Committee regulations. 
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Adult C57BL/6 mice (> 8 weeks) were used in this study. C57BL/6-CMV-β actin-EGFP 

transgenic mice were a gift from I. Weissman (Stanford University, CA, USA). Invivo 

lineage tracing was performed in Myf5–Cre–R26R3–YFP mice, generated by breeding 

heterozygous Myf5–Cre (P. Soriano, Department of Developmental and Regenerative 

Biology, Mount Sinai School of Medicine, NY, USA) with ROSA26–YFP44 reporter mice. 

Muscle damage was induced by intramuscular injection of 0.15 μg notexin snake venom 

(Latoxan), into the tibialis anterior muscle.

Tissue preparation

Skeletal muscle from both hindlimbs was carefully dissected and then gently torn with tissue 

forceps until homogeneous. Collagenase type 2 (Sigma; 2ml of 2.5 U ml−1), in 10 mM 

CaCl2, was added to every two hindlimbs, and the preparation was placed at 37 C for 30 

min. After washing, a second enzymatic digestion was performed with Collagenase D 

(Roche Biochemicals; 1.5 U ml−1) and Dispase II (Roche Biochemicals; 2.4 U ml−1), in a 

total volume of 1 ml per mouse, at 37 C for 60 min. Preparations were passed through a 40-

μm cell strainer (Becton Dickenson), and washed. Resulting single cells were collected by 

centrifugation at 400g for 5 min.

Flow cytometry/FACS

Cell preparations were incubated with primary antibodies for 30 min at 4 °C in 

supplemented PBS containing 2 mM EDTA and 2% FBS at ~3 × 107 cells per ml. We used 

the following monoclonal primary antibodies: anti-CD31 (clones MEC13.3, Becton 

Dickenson, and 390, Cedarlane Laboratories), anti-CD34 (clone RAM34, eBioscience), anti-

CD45 (clone 30-F11, Becton Dickenson), anti-CD45.1 (clone A20, Becton Dickenson), anti-

CD45.2 (clone 104, eBiosciences), anti-Sca-1 (clone D7, eBiosciences) and anti-α7 integrin 

(produced in-house). Typical antibody dilutions used were: anti-CD31, 1:100–400; anti-

CD34, 1:50–200; anti-CD45, 1:200–400; anti-CD45.1, 1:200–400; anti-CD45.2, 1:200–400; 

anti-Sca-1, 1:2,000–5,000; anti-α7 integrin, 1:100–400. For all antibodies we performed 

fluorescence minus one controls by staining with appropriate isotype antibodies. Where 

necessary, biotinylated primary antibodies were detected using streptavidin coupled to 

phycoerythrin, allophycocyanin or FITC (Caltag). To assess viability, cells were stained 

with propidium iodide (1 μg ml−1) and Hoechst 33342 (2.5 μg ml−1) and resuspended at ~1 

× 107 cellsml −1 immediately before sorting or analysis.

Analysis was performed on LSRII (Becton Dickenson) equipped with three lasers. Data 

were collected using FacsDIVA software. Sorts were performed on a FACS Vantage SE 

(Becton Dickenson) or FACS Aria (Becton Dickenson), both equipped with three lasers, 

using a 100-μm nozzle at 18 psi to minimize the effects of pressure on the cells. Sorting 

gates were strictly defined based on isotype control (fluorescence minus one) stains. 

Biexponential analysis was performed using FlowJo 8.7 (Treestar) software.

Cell culture

Cells were grown in high-glucose Dulbecco’s modified eagle medium (DMEM), 

supplemented with 2.5 ng ml−1 bFGF (Invitrogen) 20% FBS and 10% heat-inactivated horse 

serum. This medium is referred to in text as ‘growth medium’. Cells were seeded in tissue-
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culture-treated plates coated with Matrigel (Becton Dickenson) or Type 1 collagen (Sigma). 

After sorting, cells were allowed to adhere for three days, after which half the medium was 

changed. Media was changed every 2–4 days thereafter. For mesenchymal differentiation, 

we used reported conditions. Briefly, we cultured cells in DMEM with 20% FBS under the 

following conditions: for osteogenic differentiation, we supplemented media with 10 nM 

dexamethasone, 5 mM β-glycerophosphate and 50 μg ml−1 ascorbic acid; for adipogenic 

differentiation, we supplemented media with 0.25 μM dexamethasone and 0.5 mM 

isobutylmethylxanthine, 1 μg ml−1 insulin and 5 μM troglitazone; for chondrogenic 

differentiation we pelleted cells by centrifugation at 400g for 5 min, and grew them in media 

supplemented with 1 ng ml−1 TGFβ1 and 50 μg ml−1 ascorbic acid. For myogenic 

differentiation, we used DMEM medium supplemented with 5% horse serum.

Limiting dilution analysis

From each test population, 1–100 cells were sorted into individual wells of a Matrigel-

coated 96-well plate directly from the sorter. Cells were grown as described in the text. After 

three weeks, cultures were fixed and stained for MyHC and nuclei. Wells were scored for 

the presence of colonies (> 8 cells), cells undergoing terminal myogenic differentiation 

(MyHC-positive) and lipid laden adipocytes. A minimum of 30 replicate wells was 

generated for each cell dose. Limiting dilution analysis calculations were based on the single 

hit Poisson model (see Statistics).

Gene expression analysis

RNA isolation was performed using RNeasy mini kits (Qiagen), and RNA quantification 

was performed using a ND1000 spectrophotometer (Nanodrop). Reverse transcription was 

performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). 

Gene expression analysis was performed using Taqman Gene Expression Assays (Applied 

Biosystems), on a 7900HT Real Time PCR system (Applied Biosystems). Sequence 

information for the primers contained in the Taqman assays are not in the public domain, but 

ordering information is provided in Supplementary Information, Table S3. Data were 

acquired and analysed using SDS 2.0 and SDS RQ Manager software (Applied Biosystems).

Transplantation

Host mice (wild type) were anesthetized using isoflurane. Donor cells were isolated from 

transgenic mice ubiquitously expressing GFP+. Cells were sorted into cold DMEM and 

collected by centrifugation at 450g for 5 min. For subcutaneous transplantation, cells were 

resuspended in 25 μl Matrigel and loaded into an ice-cold needle and syringe immediately 

before injection. Cells were injected into the subscapular region, with control cells injected 

on the contralateral side. For intramuscular transplantation, sorted cells were resuspended in 

20 μl sterile PBS and injected into the tibialis anterior. Tissues were collected after three 

weeks.

Histology and imaging

Before tissue collection, animals were perfused transcardially with 20 ml PBS/2 mM EDTA, 

followed by 20 ml 4% paraformaldehyde (PFA). Tissues were processed for cryosectioning 
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or paraffin-embedding using standard methods. Immunostaining was performed using 

monoclonal antibodies against perilipin (Sigma), α smooth muscle actin (Sigma), ER-TR7 

(Novus), FSP1 (Novus) myosin heavy chain (in-house) or BrdU (Becton Dickenson). 

Briefly, samples were permeabilized in 0.3% Triton X-100 (Sigma) in PBS, and blocked for 

2 h at room temperature in PBS containing 25% normal goat serum (NGS), 0.3% Triton 

X-100, 3% bovine serum albumin (BSA) and 0.1% NaN3. Cells were stained overnight at 4 

°C using antibody diluted in 10% NGS, 0.3% Triton X-100, 3% BSA and 0.1% NaN3. 

Primary antibody was detected using goat anti-mouse IgG antibodies conjugated to Alexa 

568 or 488 (Molecular Probes), or using the anti-Mouse IgG HRP detection kit (Becton 

Dickenson).

Cells were visualized using a microscope (Axiovert 200 for inverted microscopy, Axioplan2 

for conventional microscopy; Carl Zeiss Microimaging) and images were acquired using a 

charge-coupled device camera (Retiga Exi, Axiovert 200 or Retiga Ex, Axioplan2; 

qImaging) and OpenLab4 software (Improvision). To confirm the specificity of the GFP 

signal, we compared the signal with non-specific autofluorescent background in all other 

channels45. Confocal microscopy was performed using a Nikon C1 laser scanning confocal 

microscope equipped with lasers at 488 nm, 568 nm and 633 nm. Images were captured 

using the least exposure time possible, and manipulation of brightness and contrast, 

colouring adjustments and assembly into figures were performed using ImageJ, OpenLab4 

(Improvision), Illustrator CS3 (Adobe) and Photoshop CS3 (Adobe).

BrdU-labelling studies

For in vivo studies, BrdU was administered in drinking water (0.8 g l−1 in 2% sucrose) and 

by intraperitoneal injection (100 mg kg−1). In cell culture experiments, 10 μM BrdU was 

added to culture medium. BrdU treatment regimens are described in the text. For flow 

cytometric analysis, cells were stained for surface markers as indicated. Samples were fixed 

in 2% PFA for 20 min, and membranes were permeablized in 0.2% saponin for 10 min. 

Cells were treated with 30 μg DNAse I (Sigma) for 1 h at 37 °C, after which a 1:25 dilution 

of anti-BrdU (clone PRB-1, Invitrogen) was applied to the samples for 30 min at room 

temperature.

MTT assay

Assays were performed in 96-well cell cultures. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) solution (50 μl of 5 mg ml−1 dissolved in PBS) was added to 

each well and samples were incubated at 37 °C for 4 h. The solution was removed, and the 

purple formazan salt product resulting from the reduction of the yellow MTT was solublized 

in 100 μl DMSO and quantified spectrophotometrically at 570 nm (SpectraMax 190, 

Molecular Devices).

Statistics

Preliminary analysis and data collation was performed using Microsoft Excel. Statistical 

tests, including Student’s t-test, ANOVA and regression analyses were performed using 

Prism 4 (GraphPad Software). Analysis of limiting dilution data were performed using a 

web application made available by the Walter and Eliza Hall Institute of Medical Research, 
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Melbourne, Australia (http://bioinf.wehi.edu.au/software/limdil/)46. This software tests 

departures from the single-hit Poisson model using a generalized linear model. Error bars in 

all figures, including Supplementary Information, represent the mean ± s.e.m., with the 

exception of Fig. 7a, which represent the mean ± s.d. Raw data points for all experiments 

presented as averages in the main figures are available in Supplementary Information, Table 

S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Prospective isolation of progenitor populations from skeletal muscle. (a) Viable cells were 

identified based on forward/side scatter, Hoechst staining to exclude anuclear debris and low 

propidium iodide (PI) staining to exclude dead cells. Haematopoietic (CD45) and 

endothelial (CD31) cells were also excluded from analysis. (b) Expression of CD34 and 

Sca-1 in Hoechstmid PIlo CD45−CD31−(lin−) cells. Sca-1− CD34−, Sca-1−CD34+ (MP) and 

Sca-1+CD34+ cells were sorted and characterized. PE, phycoerythrin. (c) Lin−Sca-1−CD34− 

cells contain osteogenic and chondrogenic activity. Mineralized, multilayered nodules in 

cultures grown in osteogenic conditions for 10 weeks, and stained with alizarin red (left, 
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scale bar, 100 μm). Alcian blue-positive cartilage in cryosections of cell pellets grown in 

chondrogenic conditions (right; scale bar, 25 μm). (d) Lin−Sca-1+CD34+ cells contain 

adipogenic progenitors. Sorted cells spontaneously gave rise to multilocular adipocytes 

(centre). Triglycerides were detected by oil red O staining in unilocular mature adipocytes 

after 30 days (right). Scale bars, 50 μm (left and centre) and 100 μm (right). (e) MP cells 

spontaneously differentiate in culture. MyHC-expressing myotubes were observed after 15 

days in culture (centre and right). Scale bars, 50 μm (left) and 100 μm (centre and right). (f) 
Sca-1−CD34+ cells (MP; red), but not Sca-1+CD34+ adipogenic cells (blue), express α7 

integrin. The specificity of the α7 staining was confirmed by the ‘fluorescence minus one’ 

(FMO) control.
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Figure 2. 
Lin−Sca-1+CD34+ cells generate both fibroblasts and adipocytes. (a–c) Lin−α7−Sca-1+ 

cultures were grown for three weeks in growth media and then immunostained using 

antibodies against fibroblast markers FSP-1 (a) and ER-TR7 (b). Scale bars, 50 μm (a) and 

100 μm (b). (c) Single lin−Sca-1+α7− cells were deposited into individual wells of a 96-well 

plate directly from the sorter. After three weeks culture in growth medium, cells were 

immunostained for smooth muscle actin (SMA) and perilipin (a mature adipocyte marker). 

Scale bar, 50 μm.
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Figure 3. 
Developmental potential of sorted progenitor populations in vivo. (a) Lin−Sca-1−CD34+ 

(MP; red) and Lin−Sca-1+CD34+ (FAP; blue) cells were isolated from transgenic mice 

ubiquitously expressing GFP. (b) MP cells engraft in skeletal muscle. Freshly isolated MP 

cells (5 × 104) from GFP-expressing mice were injected into the tibialis anterior muscle of 

syngeneic hosts. Three weeks later, we observed GFP-expressing myofibres along the 

needle tract (n = 6). Laminin staining identified the basement membranes of myofibres. (c) 

Subcutaneous transplantation of FAP cells. Freshly isolated FAP cells (4 × 104) from GFP-

expressing mice were injected subcutaneously into syngeneic GFP− recipients (n = 6). Three 

weeks later, confocal microscopy revealed GFP+, perilipin-expressing adipocytes located 

between the skeletal muscle (muscle) and dermis. GFP expression was detected by 

immunostaining. (d) High magnification image of transplanted GFP+ FAPs shows 

colocalization of GFP with the mature adipocyte marker perilipin. A maximum intensity 

projection image from a confocal optical stack is shown. (e) FAPs from a donor ubiquitously 

expressing membrane-bound human alkaline phosphatase (hAP) were transplanted in 

skeletal muscle that was previously injected with glycerol to induce adipocytic infiltration (n 

= 4). In these conditions FAPs efficiently engrafted and gave rise to differentiated 

adipocytes. All scale bars, 50 μm.
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Figure 4. 
Skeletal muscle-derived FAPs and MPs have distinct developmental potentials and do not 

arise from a common progenitor. (a) FAP and MP co-cultivation confirms that their 

developmental potentials are non-overlapping. FAPs (a) or MPs (Supplementary 

Information, Fig. S6) sorted from transgenic GFP+ animals were co-cultivated for 14 days 

with equal numbers of GFP− MPs. Confocal microscopy revealed no contribution of GFP+ 

FAPs to MyHC+ cells, and no contribution of GFP− MPs to lipid-laden adipocytes (n = 6; 

a). Scale bar, 100 μm. (b) Schematic of the lineage tracing strategy. Myf5–Cre–R26R3–YFP 

mice were generated by crossing Myf5-Cre mice with a reporter strain carrying YFP 

integrated into the ROSA26 locus downstream of a floxed transcriptional stop sequence. 

CRE expression results in the heritable and irreversible expression of YFP under control of 

the ROSA26 locus. (c) MPs, but not FAPs, arise from a Myf-5-expressing precursor cell. 
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Analysis of MPs and FAPs from Myf5–Cre–R26R3–YFP mice revealed YFP expression in a 

large proportion of MPs (top), whereas over 99% of FAPs were YFP-negative (bottom). (d, 

e) YFP expression in sorted MPs and FAPs from Myf5–Cre–R26R3–YFP mice after five 

days in culture. Over 85% of cultured MPs expressed YFP (d); in contrast, no YFP was 

detected in FAP cultures (e). Scale bars, 50 μm
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Figure 5. 
FAPs proliferate in response to muscle damage. (a) Detection of BrdU incorporation in 

endogenous FAPs. Myofibre damage was induced by intramuscular injection of notexin into 

the tibialis anterior muscle. Starting 12 h before damage, BrdU was administered by 

intraperitoneal (IP) injection (100 mg kg−1 every 12 h) and in drinking water (0.8 mg ml−1 

in 2% sucrose). After two days, BrdU incorporation in FAPs was detected by flow 

cytometry. Graphs show overlaying of BrdU+ events (blue dots) onto Sca-1/CD34 plots 

(right). The specificity of BrdU staining was confirmed by staining cells from non-BrdU-

treated animals (left). (b) Comparison of FAP and MP proliferation kinetics after damage. 
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BrdU was administered as in a. Tibialis anteriors were collected every 24 h after damage 

induction, up to 96 h. The data are presented as BrdU+ events (blue) overlaid onto Sca-1/α7 

integrin plots. Percentages indicate the frequency of BrdU+ cells within the gate. PE, 

phycoerythrin. (c) Daily analysis of damage-induced progenitor cell proliferation. Damage 

was induced at day 0 in all animals. BrdU was administered by IP injection (100 mg kg−1, 

24 h pulse) at 24 and 12 h before collection. Time after damage indicates the period over 

which BrdU was administered. Data were analysed by flow cytometry as in b. (d) Dynamic 

changes in the ratio of FAP to MP cells after muscle damage. Ratios were determined by 

comparing the number of events falling into FAP or MP gates using flow cytometric 

analysis. Day 0 represents undamaged animals. Error bars in c and d represent the mean ± 

s.e.m., n = 45 (c) or 18 (d). (e) Regression analysis of limiting dilution data from FAPs and 

MPs sorted from undamaged and damaged tibialis anteriors. The indicated numbers of cells 

were deposited in replicate wells of 96-well plates directly from the FACS sorter. After 21 

days, wells were scored for the presence of colonies. Data from damaged tibialis anteriors 

are highlighted in red. Data were analysed based on the single-hit Poisson model for limiting 

dilution analysis. 95% confidence intervals are represented by dashed lines and are located 

in brackets in the legend. *P < 0.05, **P < 0.01 (Student’s t-test).
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Figure 6. 
FAPs are in close proximity to myofibres after damage. (a) CD31−Sca-1+ cells are found 

adjacent to both regenerating myofibres and blood vessels after NTX damage. Tissues were 

collected three days after damage induction, fixed, cryosectioned and then immunostained 

for CD31 and Sca-1. A single optical slice from a confocal z-stack is shown. Background 

autofluorescence from myofibres is shown in the blue channel. White arrowheads indicate 

Sca-1+CD31− cells. Scale bar, 25 μm. (b) PDGFRα-positive cells surround the myofibres 

three days after damage. Scale bar, 50 μm. (c) Detail of the boxed area in b. (d) Single 

confocal optical section clearly confirms that PDGFRα (white arrowheads) is expressed on 

the surface of myofibre (m)-associated cells. Scale bar, 25 μm.
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Figure 7. 
FAPs enhance myogenic differentiation. (a) Immunohistological analysis of co-cultures 

revealed increased MP differentiation in the presence of FAPs. MPs (5,000) were isolated 

from GFP+ mice and co-cultivated with 5,000 GFP− FAPs or GFP− MPs. After ten days, 

cultures were fixed and stained for MyHC. Data are expressed as the ratio of nuclei in 

GFP+MyHC+ cells (myonuclei) to total nuclei in GFP+ cells. (b) FAPs induced MP 

differentiation in a dose-dependent manner. GFP+ MPs were co-cultivated with increasing 

numbers of GFP− FAPs and re-isolated by FACS after ten days. The expressions of markers 

of myogenic differentiation were analysed by qRT-PCR using Taqman probe and primer 

sets spanning exon–exon boundaries. TBP, TATA-binding protein. P values were 

determined using ANOVA. (c) FAPs increase MP commitment to terminal differentiation. 

GFP+ MPs were co-cultivated with equal numbers of GFP− FAPs or GFP− MPs and re-

isolated by FACS after seven days. qRT-PCR analysis was performed as described in b. 

Gene expression is presented in arbitrary units. (d) MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) proliferation assay revealed little difference in proliferation 

between MP-only or MP-FAP co-cultures. Assays were performed on freshly sorted cell 
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cultures containing either 5,000 MPs, or 2,500 MPs co-cultured with 2,500 FAPs for seven 

days. Data are expressed as absorbance at 570 nm (A570). (e) No difference in BrdU 

incorporation in MPs exposed to equal numbers of GFP+ MPs or GFP+ FAPs. GFP− MPs 

(5,000) were co-cultivated with either 5,000 GFP+ MPs or 5,000 GFP+ FAPs for a total of 

seven days. BrdU (10 μM) was applied during the last 24 h of co-culture. GFP+ cells were 

removed using FACS and immunostaining for BrdU was performed on the remaining GFP− 

MPs. Error bars in a–e represent the mean ± s.e.m., n = 3 (b, c and e), 4 (d) or 6 (a). *P < 

0.05, ***P < 0.001 (Student’s t-test).
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Table 1

FAP cells do not contribute to skeletal muscle in vivo

Donor cells Recipient TA Animal ID Number of hPLAP+ myofibres detected

2 × 104 hPLAP+ MP Undamaged 1 77

2 62

3 55

4 35

2 × 104 hPLAP+ MP NTX-damaged 1 202

2 129

3 192

2 × 104 hPLAP+ FAP Undamaged 1 0

2 0

3 0

2 × 104 hPLAP+ FAP NTX-damaged 1 0

2 0

3 0

2 × 104 FAPs or MPs were isolated from hPLAP transgenic mice and injected into the undamaged or damaged tibialis anterior (TA) of syngeneic 
wild-type animals. Damage was induced by notexin (NTX) injection 48 h before cell transplantation. Tissues were collected after three weeks, and 
myogenic engraftment was enumerated by histochemistry.
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