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endothelial origin of these potential progenitor cells (Lounev, et al., 2009; Medici, et 

al., 2010; Wosczyna, et al., 2012).  Although endothelium is the predominant cell 

type labeled by transgenic Tie2Cre; R26NG/+ mice, Tie2 is expressed in many non-

endothelial cell types.   

We first established the efficiency of the Cre reporter to label endothelium using 

immunohistochemistry (IHC).  Using the endothelial marker, CD31, we estimated 

the labeling efficiency by co-localization with GFP cells.  Nearly 100% of the CD31+ 

cells were also GFP+ (Fig. 3), proving highly efficient Cre-dependent endothelial cell 

labeling.  

 

Fig. 3 Cre/loxP labeling with the Tie2 reporter efficiently labels endothelial cells.  

Immunohistochemistry on TA muscle from Tie2-Cre; R26NG/+ mice using an endothelial marker 

(CD31) demonstrates this, as nearly 100% of the cells that are labeled with CD31 co-localize with 

GFP fluorescence. (Wosczyna et. al, 2012) 

Next, cells were obtained from the total hind limb musculature of Tie2-Cre; 

R26NG/+ mice by fluorescence-activated cell sorting (FACS); they were sorted for the 

expression of GFP and CD31.  The cell populations were isolated in two groups, 
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GFP+/CD31+ (Fig. 4, population A in blue) and GFP+/CD31- (Fig. 4B, population B in 

red), representing Tie2+ cells that are endothelial and non-endothelial in origin, 

respectively. 

 

Fig. 4 FACS analysis sorting the total hind limb muscles from Tie2-Cre; R26NG/+ mice into two 

populations: (A) GFP+/CD31+ (endothelial) and (B) GFP+/CD31- (non-endothelial). These 

populations were collected for analysis using a heterotopic osteogenesis bioassay to determine the 

extent of their contribution to the lesional tissue. (Wosczyna et. al, 2012) 

   

III. Heterotopic Osteogenesis Bioassay   

  

Fig. 5  Schematic of the intramuscular transplantation experimental design. (Wosczyna et. al, 2012) 
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The capacity of GFP+/CD31+ and GFP+/CD31- cells to participate in HO was 

assessed using cell transplantation experiments, followed by immunofluorescence 

analysis by IHC.  Figure 5 is a schematic of the experimental design.  To test for 

osteogenic activity, the two populations of cells were each mixed with 

BMP2/Matrigel and injected into the mid-belly of the TA muscle of SCID mice.  The 

lesional tissue was harvested 10.5d post-injection.  Fig 6 displays an example of the 

histology of a BMP2-induced heterotopic lesion, both at 8 and 15 days post-injection.  

These correspond to known time points in which there are both chondrogenic and 

osteogenic cells, which is why 10.5d was the most convenient time point to harvest 

tissue to analyze Tie2 reporter cell contribution to cartilage and bone within the 

lesion. The results of GFP+ cells of endothelial origin versus GFP+ cells of non-

endothelial origin are discussed in the next section. 

 

Fig. 6 BMP2-induced HO in a mouse TA. Two time points, 8d and 15d, demonstrate the lesion’s 

progression through the classic endochondral ossification pathway (A) A significant heterotopic 

lesion (dashed oval) is visible, shown here 15d after ossification was induced.  (B,C) Hemotoxylin and 

eosin (H&E) stained sections to show histology of a lesion 8d and 15d after ossification was induced.  
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(B) 8d lesions are well representative of cartilage (C), while (C) 15d lesions are well representative of 

bone (B). (Wosczyna et. al, 2012) 

 

IV. Tie2+ Progenitors are a Major Contributor to Heterotopic 

Ossification and are of Non-Endothelial Origin  

The heterotopic lesions within the TA muscles of the SCID mice were isolated 

by dissection, frozen for preservation, and sectioned onto slides.  Sections were 

analyzed via immunofluorescence to determine if either cell population contributed 

significantly to ossification in the lesion. Sox9 and Osterix staining was employed to 

label cartilage and bone, respectively.   In addition, CD31 staining was used to 

identify reporter cell contribution to vasculature of the lesion. The GFP+/CD31- 

population contributed to both chondrogenic (Sox9) and osteogenic (Osterix) cells 

of the BMP2-induced lesions (Fig. 7F-H, L-N).  It is important to note that nearly half 

of the cartilage and bone cells of the lesion remained unlabeled.  On the other hand, 

transplanted GFP+/CD31+ cells did not contribute to heterotopic cartilage or bone 

(Fig. 7C,E, I-K).   However, the GFP+/CD31+ cells did contribute to the vasculature of 

the lesion, consistent with their endothelial origin (Fig. 7C,E, I-K).  The evidence 

presented here demonstrates that there is a population of Tie2+ cells that are a 

significant progenitor of induced HO and are of non-endothelial origin.  
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Fig. 7 Confocal images of Sox9 (cartilage) and Osterix (bone) staining of induced heterotopic 

lesions 10.5d post-injection demonstrate that GFP+/CD31- cells from Tie2-Cre; R26NG/+ mice 

contribute to heterotopic lesions, while GFP+/CD31+ cells do not. (C-E, I-K) GFP+/CD31+ cells 

contribute to the vasculature of the lesion, evident from co-localization with CD31 staining, but do 

not co-localize with Sox9 or Osterix staining.   (F-H, L-N)  GFP+/CD31- cells co-localize with both 

Sox9 and Osterix staining. (Wosczyna et. al, 2012) 
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Discussion & Future Directions 

Vascular endothelium recently emerged as the best candidate progenitor cell of 

HO.  Other experiments have previously demonstrated the contribution of Tie2+ 

cells to induced heterotopic lesions (Lounev et al., 2009; Wosczyna et. al, 2012).   In 

order to trace this cell type, we employed the Cre/loxP lineage tracing system.  Mice 

were genotyped to determine which mice were successfully recombined by PCR and 

detection of fluorescence in tail clippings.  We confirmed the efficiency of this 

reporter by IHC, demonstrating the majority of cells labeled with GFP from the 

reporter mouse were also positive for an endothelial marker, CD31. We successfully 

isolated two cell populations by FACs: Tie2+/CD31+ (endothelial) and Tie2+/CD31- 

(non-endothelial), introduced the cell populations into SCID mice, and induced HO 

by BMP2 injection.  These lesions were analyzed by immunohistochemistry for both 

chondrogenic (Sox9) and osteogenic (Osterix) marker co-localization with the Tie2 

reporter cells.   

We demonstrated that a population of Tie2+, non-endothelial cells contributed 

to the heterotopic lesions in multiple phases of the classic endochondral pathway.  

The same methods of lineage tracing and analysis demonstrated that Tie2+, 

endothelial cells do not contribute to any phases of heterotopic skeletogenesis, but 

that these cells did contribute to the vascularization of the lesional tissue, consistent 

with their endothelial origin.  This data supports that there is a Tie2+, non-

endothelial progenitor cell in acquired HO.   
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These data contradict that of recent studies by Medici, et al that demonstrated 

progenitor cells of induced heterotopic cartilage and bone were of an endothelial 

origin (Medici, et al., 2010).  Although our work has demonstrated that both 

endothelial cells in their native in vivo context and FACS-purified endothelial cells 

do not contribute to heterotopic cartilage or bone, a level of ambiguity remains 

regarding conclusions to be drawn and require further investigation.  Cells 

expressing Tie2 have been demonstrated to contribute to all stages of BMP2-

induced heterotopic lesions, including the present study, but results presented by 

Lounev, et al. and Wosczyna, et al. conflict with that presented by Medici, et al. 

regarding the endothelial origin of these cells (Lounev, et al., 2009; Medici, et al., 

2010; Wosczyna, et al., 2012).  Although endothelium is the predominant cell type 

labeled by transgenic Tie2Cre; R26NG/+ mice, Tie2 is expressed in many non-

endothelial cell types.  The Medici, et al. experiments did not delineate between 

Tie2+ cells of endothelial and non-endothelial origin, assuming that all cells 

expressing Tie2 were of endothelial origin (Medici, et al., 2010).  In addition, an 

alternative transgenic mouse that labeled endothelium, VE-Cadherin-Cre, verified 

results that endothelial cells do not contribute to heterotopic cartilage and bone 

(Wosczyna, et al., 2012), leading us to conclude that endothelial cells are not a 

progenitor of bone and cartilage of HO.  

The determination of a major resident progenitor cell for HO provides valuable 

insight into this condition, but also opens the door to research to expand on this 

knowledge.  In order to facilitate further characterization of the cellular and 

molecular mechanisms by which these cells proceed, further work must be done to 
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characterize this cell population.  Others in our laboratory have already continued 

this work, determining this cell population expresses markers also expressed by 

mesenchymal progenitors (PDGFRα and Sca-1), showing a multipotent nature for 

these cell, and defining the anatomical location of these cells (Wosczyna, et al., 

2012).  These progenitor cells were found to be local residents of the skeletal 

muscle interstitium.  The same work in our laboratory has suggested these cells are 

not restricted to skeletal muscle though, as cells with a similar marker profile were 

isolated from mouse lung and kidney tissue (Woszcyna, et al., 2012).  The marker 

profile and anatomical location further distinguished these cells from many other 

potential progenitors, including pericytes and muscle-derived stem cells (Wosczyna, 

et al., 2012).  

Despite contribution by the Tie2+, non-endothelial cell population to the lesion, 

nearly half of the cartilage and bone cells were unlabeled.  The lack of GFP 

expression suggests that there may be two or more progenitor cell populations in 

addition to the one identified in the present study.  However, this is not definitive 

because the unlabeled cells could also be due to inefficient Cre-mediated 

recombination.  Further studies must be done to determine if any other cell 

populations are contributing to the heterotopic lesion, but the similar anatomical 

location, multipotent nature, and cell marker characterization of the GFP- cells from 

the lesional tissue to our population suggests that the inefficient Cre-mediated 

recombination is the most likely scenario (Wosczyna, et al., 2012).   
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Currently, all of the work to identify this cell type has been performed in a 

model of induced HO, most similar to acquired forms of the disease.  Similar studies 

must be done in a form that recapitulates the genetic forms, which would first 

require the mouse model with the mutation in the ACVR1/ALK2 receptor to be 

further established.  Use of this model would delineate any potential differences and 

could strengthen the results of this work.  However, the identification of the 

progenitors is a crucial step in establishing any future therapeutic agents or 

treatments for HO.  Eventually, further knowledge from this research into the 

initiation of these states will aid in the development of targeted therapies for the 

treatment and prevention of HO.  
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