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Abstract  27 

Fibro-adipogenic progenitors (FAPs) are resident mesenchymal progenitors in adult skeletal muscle 28 

that support muscle repair, but also give rise to fibrous and adipose infiltration in response to disease 29 

and chronic injury. FAPs are currently identified using cell surface markers that do not distinguish 30 

between quiescent FAPs and FAPs actively engaged in the regenerative process. We have shown 31 

previously that FAPs are derived from cells that express the transcription factor Osr1 during 32 

development. Here we show that adult FAPs express Osr1 at low levels and frequency, however 33 

upon acute injury FAPs reactivate Osr1 expression in the injured tissue. Osr1
+
 FAPs are enriched in 34 

proliferating and apoptotic cells demonstrating that Osr1 identifies activated FAPs. In vivo genetic 35 

lineage tracing shows that Osr1
+

 activated FAPs return to the resident FAP pool after regeneration as 36 

well as contribute to adipocytes after glycerol-induced fatty degeneration. In conclusion, reporter 37 

LacZ or eGFP-CreERt2 expression from the endogenous Osr1 locus serves as marker for FACS 38 

isolation and tamoxifen-induced manipulation of activated FAPs.   39 
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Introduction 40 

The remarkable regenerative potential of skeletal muscle relies on myogenic stem cells (satellite 41 

cells), however other interstitial populations play a critical supportive role (Bentzinger et al., 2013; 42 

Pannerec et al., 2012; Uezumi et al., 2014b). Amongst these, fibro-adipogenic progenitors (FAPs) 43 

have attracted immense attention in the past years. FAPs are muscle-interstitial resident 44 

mesenchymal progenitor cells that have the capacity to provide a pro-myogenic environment for 45 

muscle regeneration (Joe et al., 2010) but also contribute directly to fibrotic degeneration and fatty 46 

infiltration in diseased or degenerating muscle (Lemos et al., 2015; Uezumi et al., 2010; Uezumi et al., 47 

2011). As such, FAPs are important cell targets for therapeutic approaches (Contreras et al., 2016; 48 

Gonzalez et al., 2017; Lemos et al., 2015; Mozzetta et al., 2013). FAPs are activated upon injury to 49 

proliferate (Joe et al., 2010; Uezumi et al., 2010) and are cleared by apoptosis in the course of 50 

regeneration (Lemos et al., 2015). The intrinsic mechanisms of activation and pro-myogenic function 51 

as well as the mechanisms that promote fibrotic or adipogenic conversion are not well understood. 52 

Murine FAPs were characterized using different cell surface marker combinations. Joe et al. (2010) 53 

used the combination of linˉ;Sca1
+

;CD34
+

 or equivalently linˉ;α7-integrinˉ;Sca1
+

 to isolate FAPs, 54 

while Uezumi et al (2014a; 2010) used linˉ;PDGFRα+

 to isolate FAPs from mouse and human muscle. 55 

Both, the Sca1
+

 and PDGFRα+

 populations appear to largely overlap (Uezumi, Ikemoto-Uezumi and 56 

Tsuchida, 2014b). In addition, FAPs show overlap with Tcf4
+

 cells originally defined as muscle 57 

connective tissue fibroblasts (Murphy et al., 2011; Vallecillo-García et al., 2017) as well as with the 58 

PDGFRα+

 subpopulation of PICs (PW1
+

 interstitial cells). PICs are Sca1
+

 and CD34
+

 and are marked by 59 

expression of the paternally imprinted gene PW1 (Peg3), which is a general stem cell / progenitor cell 60 

marker (Berg et al., 2011; Besson et al., 2011). PICs were originally characterized as an interstitial 61 

multipotent population distinct from satellite cells (Mitchell et al., 2010). Later it was shown that PICs 62 

can be divided into PDGFRαˉ myogenic PICs and PDGFRα+

 adipogenic PICs that completely overlap 63 

with FAPs (Pannerec et al., 2013). The above mentioned markers label tissue-resident quiescent FAPs 64 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2018. ; https://doi.org/10.1101/249003doi: bioRxiv preprint 

https://doi.org/10.1101/249003
http://creativecommons.org/licenses/by-nc/4.0/


 4

as well as FAPs activated upon injury or disease. To date, no molecular marker has been found to 65 

identify injury-activated FAPs, and no tool exists to specifically purify or manipulate this population, 66 

precluding analyses as well as genetic manipulation or in vivo lineage tracing of injury-activated FAPs. 67 

The identification of an activated FAP-specific molecular marker promises to greatly facilitate our 68 

understanding of the intrinsic mechanisms of FAP activation, function, and differentiation under 69 

normal or pathological conditions. Here we show that FAPs become positive for the transcription 70 

factor Osr1 (Odd skipped-related 1) in response to injury and that Osr1 expression can be used to 71 

follow, isolate, and genetically mark activated FAPs during the pathological and as normal muscle 72 

repair.   73 
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Results and Discussion 74 

Osr1 is expressed in a small number of adult FAPs  75 

During development, Osr1 marks a lateral plate mesoderm-derived population of fibro-adipogenic 76 

cells that is also a source for adult Sca1
+

 and PDGFRα+

 FAPs (Vallecillo-García et al., 2017). However, 77 

Osr1 expression declines during development and early postnatal life in mice, and eGFP expressed 78 

from the Osr1 locus (Osr1GCE mouse line; Mugford et al., 2008) is only detectable in situ by antibody 79 

staining during early postnatal life but is below detectable levels in adults (Vallecillo-García et al., 80 

2017). To increase detection sensitivity, we inserted a β-galactosidase (β-Gal) reporter into the Osr1 81 

locus (Osr1
LacZ

, Fig. S1A), which allows for enzymatic signal amplification. The expression of the 82 

Osr1
LacZ allele recapitulated the developmental expression pattern of Osr1 (Fig. S1B). Using the 83 

Osr1LacZ line, we observed the presence of a low number of Osr1
+

 cells in the interstitium of several 84 

muscles examined (Fig. 1A). We noted that these cells are also positive for PDGFRα (Fig. 1B). FACS-85 

cytospin of FAPs (linˉ;α7-integrinˉ;Sca1
+

) isolated from whole hindlimb muscle of Osr1
LacZ

 mice 86 

revealed that approx. 4.5% of adult FAPs were Osr1-β-Gal
+

 (Fig. 1C, Fig. S2). No β-Gal Signal was 87 

detected in linˉ;α7-integrinˉ;Sca1ˉ cells (double negative, DN cells) or linˉ;α7-integrin
+

;Sca1ˉ cells 88 

(satellite cells, SC) (Fig. 1C). We complemented this approach by isolating FAPs from PW1
LacZ animals 89 

(linˉ;PW1
+

;PDGFRα+

); this protocol yielded a population that completely overlapped FAPs (Pannerec 90 

et al., 2013). Low abundance of Osr1 mRNA in adult FAPs was confirmed by semiquantitative PCR 91 

(Fig. 1D). This suggests that Osr1 is expressed in a small proportion of adult FAPs and is consistent 92 

with deep RNA sequencing data from adult resident FAPs showing low Osr1 mRNA expression 93 

(Ollitrault et al. in preparation).  94 

 95 

Osr1 expression is induced to high levels upon acute injury 96 

Freeze-pierce injury performed on Osr1
LacZ tibialis anterior (TA) muscle led to an accumulation of 97 

Osr1
+

 cells in the injured region 3 and 5 days post injury (dpi) (Fig. 2A). We used both Osr1
GCE and 98 
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Osr1
LacZ

 alleles to analyze which cells initiated Osr1 expression. First, FAPs were FACS isolated from 99 

Osr1
GCE mice as linˉ;α7-integrinˉ;Sca1

+

 (Joe et al., 2010; Fig. S3A, B) and analyzed for Osr1-eGFP 100 

expression. Using this allele, we found that in uninjured muscle approx. 3.3% of FAPs expressed Osr1-101 

eGFP (Fig. 2B), in agreement with results obtained from the Osr1
LacZ

 line (Fig. 1C). The numbers of 102 

Osr1-eGFP
+

 FAPs increased upon injury to 17 – 19% (approx. 5 – 6 fold increase) at 3, 5 and 7 dpi (Fig. 103 

2B). At 10 dpi, the fraction of Osr1-eGFP
+

 FAPs decreased (8,5%; Fig. 2B). We note that isolation of 104 

FAPs from the whole TA muscle yields FAPs from non-injured and injured regions, whereas the 105 

concentration of activated FAPs in the injured region is higher. Osr1-eGFP was exclusively expressed 106 

in linˉ;α7-integrinˉ;Sca1
+

 FAPs and not detected in linˉ;α7-integrin
+

;Sca1ˉ SCs or linˉ;α7-107 

integrinˉ;Sca1ˉ DN cells at 5 dpi (Fig. S3C). Cytospin analysis of all linˉ;α7-integrinˉ;Sca1
+

 FAPs (i.e. 108 

GFP
+

 and GFPˉ) followed by immunolabeling for PDGFRα confirmed that after injury 18 – 20% of 109 

PDGFRα+
 FAPs were Osr1-GFP

+

 at 3, 5 and 7 dpi , while this ratio declined to 8,5% at 10 dpi (Fig. 2C). 110 

In contrast, Osr1
+

 FAPs were almost completely positive for PDGFRα at all time points analyzed (Fig. 111 

2C, Fig. S4A). Both the Osr1
+

 and the Osr1ˉ fraction of Sca1
+

 FAPs overlapped partly with Tcf4 112 

expression (Fig. 2C, Fig. S4A). We note that adult resting FAPs highly overlapped with the Tcf4
+

 113 

population (Murphy et al., 2011; Vallecillo-García et al., 2017), while this was not the case after injury 114 

in our analysis. Moreover, the expression of Tcf4 did not correlate with Osr1 expression in FAPs after 115 

acute injury, suggesting dynamic changes in the FAP population during regeneration. We further 116 

noted expression of Tcf4 in α7-integrin
+

 myogenic cells (Fig. S4B), in agreement with Tcf4 expression 117 

in a fraction of developmental myoblasts (Mathew et al., 2011).  118 

To corroborate these findings, FAPs were isolated from Osr1
LacZ animals as linˉ;Sca1

+

;CD34
+

 and 119 

analyzed via FACS for LacZ and PDGFRα expression (Fig. S5). Since LacZ staining can generate high 120 

background, we gated conservatively likely leading to exclusion of positive cells (Fig. S5B). 121 

Regardless, we could confirm Osr1-LacZ expression in 3 dpi linˉ;Sca1
+

 FAPs, and that LacZ
+

;Sca1
+

 122 
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FAPs strongly overlapped with PDGFRα expression (Fig. S5C). Adult FAPs originate from a 123 

developmental Osr1
+

 lineage (Vallecillo-García et al., 2017). Consequently, progeny of developmental 124 

Osr1
+

 cells expanded in the injury region upon acute injury (Fig. 2D). Taken together, these data 125 

show that Osr1 expression is induced upon muscle injury specifically in FAPs within the injured 126 

region. 127 

 128 

Osr1 expression identifies injury-activated FAPs that contribute to adipogenic infiltration and post-129 

injury resident FAPs 130 

An initial rapid induction of proliferation is a hallmark of FAP activation in response to injury (Joe et 131 

al., 2010; Lemos et al., 2015; Uezumi et al., 2010) which is followed by apoptosis (Lemos et al., 2015). 132 

Following injury, we noted Ki67-stained Osr1
+

 cells in tissue sections from Osr1
LacZ animals (Fig. 3A). 133 

Next, FAPs were isolated (linˉ;α7-integrinˉ;Sca1
+

) from Osr1
GCE

 animals at 3, 5 and 7 dpi. Osr1
+

 FAPs 134 

showed a significantly higher fraction of Ki67
+

 cells than Osr1ˉ FAPs (Fig. 3B). In addition, apoptotic 135 

cells detected by immunolabeling for cleaved caspase 3 were exclusively found in the Osr1
+

 FAP 136 

population at 7 dpi (Fig. 3C) consistent with the proposal that Osr1
+

 cells are activated in response to 137 

injury to undergo cell cycle entry as well as apoptosis.  138 

We next tested the suitability of the Osr1GCE allele to trace the fate of activated FAPs. We genetically 139 

labelled Osr1
+

 cells in Osr1
GCE

;R26
mTmG mice for five consecutive days beginning with the day of injury 140 

(Fig. 3D). Since the Osr1
+

 FAP population expands in the injured region during this period, we would 141 

anticipate labeling of the activated FAP pool as compared to FAPs in uninjured muscle. Consistent 142 

with this prediction, we observed that pulsing Osr1
+

 cells for five days before injury resulted in low 143 

levels of labeling as compared to labeling post injury (Fig. S6). This also suggests that Osr1
+

 cells in 144 

adult uninjured muscle do not represent a specific subpopulation prone to quick expansion upon 145 

injury, rather, we propose that sporadic Osr1 expression in uninjured adult muscle results from 146 
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activated FAPs engaged in focal repair, however this requires further investigation. Lineage tracing in 147 

Osr1
GCE

;R26
mTmG

 mice induced after injury was performed at 28 days after injury, where regeneration 148 

is almost completed, however the regenerated tissue can be recognized by centrally located 149 

myonuclei. The majority of Osr1
+

 cell progeny after injury was traced to interstitial PDGFRα+ cells 150 

representing resident FAPs (Fig. 3D). Osr1
+

 cells also gave rise to interstitial Tcf4
+

 cells (Fig. 3D). This 151 

suggests that Osr1
+

 activated FAPs return to the resident FAP pool after regeneration as well as to 152 

the Tcf4
+

 muscle connective tissue fibroblasts consistent with the proposal that FAPs are a primary 153 

source for fibrosis in degenerative disease (Contreras et al., 2016; Lemos et al., 2015; Mueller et al., 154 

2016; Uezumi et al., 2011).  155 

In addition to being a source of fibrotic tissue in pathologically remodeled skeletal muscle, FAPs are 156 

also proposed to be a source of fatty infiltration (Lemos et al., 2012; Uezumi et al., 2010; Uezumi et 157 

al., 2011) although this has not been conclusively demonstrated in situ. Therefore, we tested the 158 

adipogenic potential of Osr1
+

 injury-activated FAPs, by glycerol injury in Osr1
GCE

;R26
mTmG

 mice, which 159 

results in fatty infiltration (Pisani et al., 2010) (Fig. 3E). 14 days after injury, the regenerating region 160 

contains infiltrating adipocytes which are mG positive (Fig. 3E). Taken together, these results provide 161 

a key confirmation for endogenous FAP fibrotic and adipogenic fates in situ.  162 

 163 

Osr1 marks a transient population of juvenile Sca1
+

 cells 164 

We noted previously that Osr1 expression fades in early postnatal life (Vallecillo-García et al., 2017), 165 

which is a period of still active myogenesis. Furthermore, early postnatal development represents a 166 

dynamic phase in which the transition of developmental progenitors to resident stem cells is 167 

accomplished. On this background, we finally re-analyzed Osr1 expression in juvenile mice. In young 168 

mice (p7) β−Gal from the Osr1
LacZ allele was expressed in muscle interstitial cells (Fig. 4A), most of 169 

which were PDGFRα+

 (86,1%; Fig. 4B). This indicates that Osr1 is predominantly expressed in juvenile 170 
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interstitial PDGFRα+ cells that likely are FAPs / FAP progenitors and hence should also express Sca1 171 

(Pannerec et al., 2013; Uezumi et al., 2010).  172 

Juvenile Sca1
+

 cells had been analyzed on the background of muscle interstitial PICs (Pannerec et al., 173 

2013). This study showed that juvenile Sca1
+

 cells can be subdivided into two populations: one with 174 

low/medium Sca1 expression levels (Sca1
med

) and a population with high Sca1 expression (Sca1
hi

) 175 

that persists throughout life and completely overlaps with FAPs. We therefore FACS-isolated 176 

Sca1
med

;PW1
+

 and Sca1
hi

PW1
+

 PICs from 7 day old PW1
LacZ mice as previously described (Pannerec et 177 

al., 2013) and analyzed Osr1 expression by semiquantitative PCR. Strong Osr1 expression was seen in 178 

Sca1
med

, whereas lower levels of expression were detected in Sca1
hi

 PICs. No detectable levels of 179 

expression were found in Sca1
hi

PW1ˉ cells or in satellite cells (Fig. 4C) 180 

To further characterize Osr1
+

 juvenile cells, we first FACS isolated linˉ;CD34
+

;Sca1
med

 and 181 

linˉ;CD34
+

;Sca1
hi

 cells from Osr1
LacZ mice (Fig. 4D). The majority of Sca1

med
 cells were β-Gal positive 182 

(79%), of which almost all Sca1
med

;β-Gal
+

 cells were PDGFRα positive (95%; Fig. 4E). In contrast, 183 

Sca1
med

;PDGFRα+

 cells were mostly β-Gal positive (94%; Fig. 4F). The Sca1
hi

 population contained 184 

distinct and separable β-Gal
+

 and β-Galˉ subpopulations. Interestingly, of the Sca1
hi

;β-Gal
+

 185 

population only approx. 50% expressed PDGFRα (Fig. 4G). In contrast, most of the Sca1
hi

;PDGFRα+

 186 

cells were β-Gal
+

 (78%; Fig. 4H), showing a prevalence for Osr1 expression in the PDGFRα fraction. 187 

Taken together, these results show that Osr1 is expressed primarily in interstitial Sca1
med

;PDGFRα+

 188 

cells and to lower extent in Sca1
hi

;PDGFRα+

 cells in juvenile muscle. 189 

We next re-analyzed the developmental fate of perinatal Osr1
+

 cells by genetically labeling the Osr1 190 

lineage in Osr1
GCE

;R26
mTmG mice. Administration of Tamoxifen (TAM) at p0 and p1 was used to 191 

developmentally trace Osr1
+

 cells (Fig. 1I). At day p21, Osr1
+

 progenitors contributed to the muscle 192 

interstitial PDGFRα cell pool (approx. 70%; Fig. 1J) in line with our previous demonstration that adult 193 
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FAPs derive from these developmental Osr1
+

 cells (Vallecillo-García et al., 2017). Osr1 descendants 194 

were also present in cells expressing the muscle connective tissue fibroblast marker, TCF4, although 195 

at a markedly lower number (Fig. 1J). No contribution of Osr1
+

 progenitors was seen in αSMA
+

 196 

vascular smooth muscle or CD31
+

 endothelium (Fig. 1K). In addition, Osr1
+

 progenitors gave rise to 197 

muscle interstitial adipocytes (Fig. 1L). This shows that juvenile Osr1
+

 cells maintain plasticity and 198 

that interstitial fibroblasts as well as interstitial adipocytes derive from this pool in addition to FAPs.  199 

During embryonic development, Osr1 is expressed in Sca1ˉ cells whereas Sca1-expressing muscle 200 

interstitial cells arise during late fetal development, concomitant with the appearance of Sca1
+

/Osr1
+

 201 

cells (Vallecillo-García et al., 2017). While it remains unresolved whether Osr1
+

 cells acquire Sca1 202 

expression during fetal development or whether the Sca1
+

 cells arise de novo, our observation that 203 

Osr1 is predominantly expressed in a transient population of Sca1
med

 FAPs during postnatal 204 

development has interesting implications. Specifically, we note that Osr1 is expressed in muscle 205 

interstitial mesenchymal cells throughout embryonic and postnatal myogenesis, first in Sca1ˉ, later in 206 

Sca1
med

 and to a lesser degree in Sca1
hi

 cells. This pattern of expression suggests a lineage 207 

continuum in which Sca1
hi

 cells are derived from Sca1
med

 cells, and that downregulation of Osr1 208 

expression is required for this differentiation step. Interestingly, both the disappearance of Sca1
med

 209 

cells and the downregulation of Osr1 expression correlate with the termination of postnatal muscle 210 

growth driven by incorporation of new nuclei into myofibers (Pannerec et al., 2013; White et al., 211 

2010). These data together with the observation of re-activation of Osr1 expression in injury-212 

activated FAPs leads to the proposal that Osr1 expression marks FAPs or their progenitors during 213 

periods of active myogenesis. During embryonic myogenesis, Osr1
+

 cells provide a pro-myogenic 214 

niche for myogenic progenitors that promotes myogenic cell proliferation and survival. (Vallecillo-215 

García et al., 2017). Similarly, adult FAPs promote myogenesis in vitro (Joe et al., 2010) and Tcf4
+

 216 

cells, which in part overlap with FAPs, are required for efficient muscle regeneration (Murphy et al., 217 
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2011). The re-activation of Osr1 expression further suggests that adult FAPs reactivate a 218 

developmental program to support tissue regeneration. 219 

In summary, we show that Osr1 is the first specific marker identified for injury activated FAPs. Given 220 

the key role for FAPs in promoting proper muscle regeneration, the ability to lineage track these cells 221 

will be invaluable for designing approaches to optimize muscle repair and target the muscle stem cell 222 

niche.   223 
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Materials and methods 224 

Mice 225 

Mice were maintained in an enclosed, pathogen-free facility. The targeting construct for the Osr1 226 

multifunctional allele was electroporated into G4 mouse ES cells (George et al., 2007). The transgenic 227 

locus was confirmed by Southern blotting and Sanger sequencing. Successfully recombined clones 228 

were subjected to tetraploid aggregation. Mice were crossed back to wild type C57BL/6j mice for at 229 

least 6 generations before establishing the line. The following mouse lines were described before: 230 

Osr1GCE (Mugford et al., 2008); R26LacZ (Soriano, 1999); R26mTmG (Muzumdar et al., 2007). Mouse 231 

experiments were performed in accordance with European Union regulations (Directive 2010/63/EU) 232 

and under permission from the Landesamt für Gesundheit und Soziales (LaGeSo) Berlin, Germany 233 

(Permission numbers ZH120, G0240/11, G0114/14, G0209/15, G0268/16).  234 

Cell lineage tracing 235 

Lineage tracing of neonatal Osr1
+

 cells was performed in Osr1GCE/+;R26lacZ/+ neonates by 236 

subcutaneous injection of Tamoxifen (Sigma Aldrich; solved in 90 % (v/v) sunflower oil/ 10 % (v/v) 237 

ethanol) into the neck fold (75 µg/ g body weight). Lineage tracing of injury-activated Osr1
+

 FAPs was 238 

performed in Osr1
GCE/+

;R26
mTmG/+

 or Osr1
GCE

;R26
lacZ

 mice by intraperitoneal injection of Tamoxifen at 239 

the day of injury and the next 4 following days (3 mg per injection time point). For lineage tracing of 240 

Osr1
+

 cells before injury, Osr1
GCE/+;R26R

LacZ/+ and Osr1
GCE/+;R26R

mTmG/+ animals were injected with 241 

3mg Tamoxifen for 5 consecutive days one week before injury. 242 

Muscle injury 243 

Injury was applied to the tibialis anterior muscle of 3-5 months old Osr1
GCE

, Osr1
lacZ

, Osr1
GCE

;R26
mTmG

 244 

or Osr1GCE;R26lacZ mice using the freeze-pierce technique. Mice were anesthetized by intraperitoneal 245 

injection of 10 % (v/v) ketamine / 2 % (v/v) xylazine (Rompun® 2%) in sterile PBS (5 µl / g body 246 

weight). Mice were kept on a heating plate warmed to 37°C throughout the procedure. The skin 247 

above the Tibialis anterior muscle was opened and the muscle was longitudinally pierced 5 times 248 

using a 0.7 mm liquid nitrogen cooled syringe needle.  249 
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For glycerol injury mice were anesthetized as described above. Skin above the Tibialis anterior 250 

muscle was opened and 25μl of 50% v/v glycerol/sterile PBS were injected into the muscle. 251 

Histology, antibody labeling 252 

Muscle was dissected, immediately embedded in 6 % (w/v) gum tragacanth (Sigma Aldrich) dissolved 253 

in H2O and snap frozen in liquid nitrogen cooled isopentane (-160 °C). Frozen tissue was sectioned at 254 

7 µm and fixed using 4 % (w/v) PFA in PBS for 5 min at RT.  255 

Permeabilization of sections was performed in 0.3% (v/v) Triton X-100 (Sigma Aldrich) in phosphate 256 

buffer (PBS) for 10 min. Sections from adult tissues were blocked with 5% (w/v) bovine serum 257 

albumin (Sigma Aldrich) in PBS. Sections then preincubated with 5% horse serum, 5mg mL-1 blocking 258 

reagent (Perkin Elmer) and 0.1% Triton X-100 in PBS for 1h at RT. Primary antibodies were applied in 259 

the same solution and incubated at 4 °C overnight, followed by secondary antibody staining for 1h at 260 

room temperature. Antibodies are listed below. Counterstaining was performed with 5µg µL-1 4',6-261 

diamidino-2-phenylindole (DAPI; Invitrogen), slides were mounted with FluoromountG 262 

(SouthernBiotech). Antibodies are listed in Additional file 1, Supplementary tables 1 and 2.  263 

For beta galactosidase detection, sections or cells were fixed as above and incubated at 37°C 264 

overnight in X-Gal (0.16 % (w/v) X-Gal, 5mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2 in PBS). Beta 265 

galactosidase development was stopped by washing in PBS. For whole-mount X-Gal stainings 266 

embryos were fixed in X-Gal fixing solution (1 % (w/v) Formaldehyde, 0.2 % (w/v) Glutaraldehyde, 267 

0.02 % (v/v) NP-40, 1 % (v/v) PBS in bidest H2O) for 1 h at 4°C, then stained for 24 h at 37°C in X-Gal 268 

staining solution.  269 

Cell isolation and flow cytometry 270 

Cell isolation and labeling was essentially performed as described in (Vallecillo-García et al., 2017). 271 

Isolation of cells from Osr1GCE/+ mice was performed as follows: Briefly, whole hind limb or tibialis 272 

anterior muscles were carefully isolated, roughly minced and digested in high-glucose DMEM 273 

medium containing 10% fetal calf serum (FCS, Biochrom), 1% Penicillin Streptomycin solution (P/S; 274 

10000 U/ml) and 2,5 mg/ml Collagenase A (Roche) for 75 min at 37°C with vigorous shaking. 2 IU/ml 275 

of Dispase II (Sigma Aldrich) were added to the digestion solution and muscle lysates were digested 276 
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for further 30 min. Muscle slurries were passed 10 times through a 20G syringe (BD Bioscience) and a 277 

70-µm cell strainer. Cells were collected by centrifugation at 300g for 5 min and resuspended in 278 

staining buffer consisting of 500µl Hank´s balanced salt solution (HBSS, Thermo Fisher scientific), 0.4 279 

% bovine serum albumin (Sigma Aldrich) and 20µg/ml Gentamycin (Serva Electrophoresis). Cells were 280 

stained on ice for 30 min and washed twice with staining buffer previous to FACS sorting. Propidium 281 

iodide was used as a viability dye. 282 

Isolation of cells from Osr1LacZ/+ animals was performed as follows: freshly dissected muscle tissue 283 

was minced and digested in HBSS (Gibco) supplemented with 2.4 U/ml Dispase II (Roche), 2 µg/ml 284 

Collagenase A (Roche), 0.4 mM CaCl2, 5 mM MgCl2, 10 ng/ml DNase I (Roche) for 2 h at 37°C under 285 

agitation. Single cell suspension was obtained after 3 successive cycles of straining and washing in 286 

Washing Buffer consisting of HBSS containing 0.2% (w/v) BSA (Sigma Aldrich), 1% (v/v) penicillin-287 

streptomycin, 10 ng/ ml DNAse I and 10% (v/v) mouse serum. Cells were incubated with primary 288 

antibodies for 1 h on ice. The suspension was subjected to 2 washing steps, resuspended in Washing 289 

Buffer and to LacZ reporter staining using C12FDG (Life Technologies). For lacZ staining C12FDG was 290 

added to the cell suspension to a final concentration of 600 µM and incubated for 30 min at 37°C. 2 291 

washing steps followed before proceeding to FACS analysis.  292 

Cells purified by sorting were cytospun to coverslips. Coverslips were coated with poly-L-lysine by 293 

incubation with a 10-fold solution of poly-lysine in bidest H2O for 1 h at RT, rinsed twice in bidest H2O 294 

and air dried. Purified cells were added to prepared slides and allowed to adhere for 1 h at 4°C. 295 

Supernatant was removed by centrifugation at 50 rcf for 5 min at 4°C, cells were fixed using 4% (w/v) 296 

PFA in PBS for 5 min at RT and permeabilized with 0.3% (v/v) Triton X-100 in PBS for 5 min at RT. 297 

Antibodies are listed in Additional file 1, Supplementary tables 1 and 2. 298 

Sorts and analyses were performed on a FACS Aria II (BD Biosciences). Sorting gates were defined 299 

based on unstained controls. Data were collected using FACSDIVA software. Biexponential analyses 300 

were performed using FlowJo 10 (FlowJo LLC) software. Analysis was performed on three 301 

independent biological replicates.  302 

Cell quantification 303 
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Quantification of FACS-isolated Osr1
+
 cells after immunolabelling (cytospin) was performed on at 304 

least three independent biological replicates (i.e. cells FACS isolated from three different animals). 305 

Quantifications of cytospun cells were made from two areas of 0.81 mm
2
 per replicate.  306 

Student’s t-test was performed using Prism 5 (GraphPad) software. Error bars in all figures, including 307 

supplementary information, represent the mean ± standard error of the mean (s.e.m). 308 

Microscopy 309 

Images were acquired using a Zeiss LSM700 confocal microscope, a Leica DMR or Leica DMi8 310 

microscope. Bright field images of whole-mount embryos were taken with a Leica Leica MZ12 stereo 311 

microscope. Images were captured using Axio Vision Rel. 4.8 and Zen 2010 (Zeiss) or LAS X (Leica). 312 
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Figure Legends 420 

 421 

Fig. 1. Osr1 is sporadically expressed in adult FAPs 422 

(A) X-Gal staining on Osr1
LacZ/+ several adult mouse muscles muscle shows sporadic X-Gal

+

 cells. (B) X-423 

Gal positive cells also express PDGFRα. (C) Isolation of CD45ˉ;CD31ˉ;Ter119ˉ;α7integrinˉ;Sca1
+

 FAPs 424 

from adult uninjured tibialis anterior of Osr1LacZ mice followed by cytospin shows that only FAPs 425 

express Osr1 (n=3 animals). (D) Semiquantitative PCR on interstitial populations isolated from adult 426 

PW1LacZ mice. Faint Osr1 expression can be detected in PDGFRα+

 PICs.  427 

 428 

 429 

Fig. 2. Osr1 expression is reactivated in FAPs upon acute injury 430 

(A) X-Gal staining on Osr1
LacZ/+ adult tibialis anterior muscle 3 and 5 days post injury (dpi) shows 431 

accumulation of Osr1-LacZ positive cells in the injury region. (B) FACS analysis of FAPs isolated at 3, 5, 432 

7 and 10 dpi from Osr1
GCE/+

 mice for Osr1-GFP expression (n=3 animals for each time point). (C) 433 

Quantification of cytospin analysis of GFP
+

 and GFPˉ FAPs isolated at indicated time points after 434 

injury from Osr1GCE/+ mice (n=3 animals). (D) Long-term lineage tracing using Osr1GCE;R26LacZ animals 435 

Tamoxifen pulsed at p0 and p1 shows that the progeny of Osr1
+

 developmental cells expand in the 436 

injury region upon acute muscle injury in adult animals. 437 

 438 

 439 

Fig. 3. Osr1 marks injury-activated fibro-adipogenic progenitors (FAPs)  440 

(A) X-Gal
+

 (Osr1 expressing) cells in the injury region (Osr1LacZ/+ animal; 3dpi) are positive for the cell 441 

cycle marker Ki67. (B, C) Cytospin of linˉ;α7-integrinˉ;Sca1
+

 FAPs FACS-isolated at indicated days post 442 

injury (dpi) and separated into GFP
+

 and GFP
-
 populations were stained for the proliferation marker 443 
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Ki67 (B) and the apoptosis marker cleaved caspase 3 (C) (n=3 independent experiments). 444 

Quantification shown right. (D) Lineage tracing of Osr1
+

 cells in Osr1GCE;R26mTmG animals Tamoxifen-445 

pulsed for five consecutive days after freeze-pierce injury. Contribution of Osr1
+

 cells to PDGFRα+

 446 

and Tcf4
+

 interstitial cells was analyzed 28 days post injury (dpi). Quantification is shown below (n=3 447 

animals). (E) Lineage tracing of Osr1
+

 cells in Osr1
GCE

;R26
mTmG

 animals Tamoxifen-pulsed for five 448 

consecutive days after glycerol injection injury. Contribution of Osr1
+

 cells to ectopic adipose tissue 449 

labelled for Perilipin (PLIN) was analyzed at 14 dpi. Data are represented as means +/- SEM; t-test: * 450 

= P<0,05, ** = p<0,01, *** = p<0,005, n.s. = not significant. 451 

 452 

 453 

Fig. 4. In juvenile mice Osr1 is expressed in a transient Sca1
med

 population  454 

(A) X-Gal staining on 7 day old Osr1
LacZ/+ tibialis anterior muscle shows Osr1-LacZ

+

 interstitial cells. (B) 455 

Osr1-LacZ positive cells are mostly positive for PDGFRα in situ (n=3 animals). (C) Semiquantitative 456 

PCR on interstitial populations isolated from 7 day old PW1
LacZ

 mice. Strong Osr1 expression can be 457 

detected in Sca1
med

 PICs, while faint Osr1 expression can be detected in Sca1
hi

 PICs. (D) Isolation of 458 

CD34
+

/Sca1
+

 cells from 7 day old tibialis anterior muscles; the Sca1
med

 and Sca1
hi

 populations are 459 

discernible. (E, F) Analysis of the Sca1
med

 population. (E) Sca1
med

 cells are mostly PDGFRα positive; 460 

Sca1
med

 PDGFRα+

 cells mostly express β-Gal. (F) Sca1
med

;β-Gal
+

 cells express PDGFRα. (G, H) Analysis 461 

of Sca1
hi

 cells. (G) Sca1
hi

 cells are only in part positive for PDGFRα; Sca1
hi

;PDGFRα+

 cells mostly 462 

express β-Gal. (H) Only approx. half of Sca1
hi

 cells express β-Gal; Sca1
hi

;β-Gal
+

 cells are also only in 463 

part PDGFRα+

. (I-L) Lineage analysis of perinatal Osr1
+

 cells. (I) Lineage tracing strategy. Tamoxifen 464 

was administered at p0/p1, analysis was performed at 3 weeks of age; adipogenic differentiation was 465 

analyzed at 7 weeks of age. (J) Osr1
+

 progeny majorly express PDGFRα, but in part also  TCF4. 466 
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Quantification shown right (n= 2 animals). (K) Osr1
+

 cells do not give rise to CD31
+

 endothelial cells 467 

or αSMA
+

 smooth muscle cells. (L) Osr1
+

 cells give rise to muscle interstitial adipocytes labelled for 468 

Perilipin (PLIN). Data are represented as means +/- SEM 469 

 470 
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