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Abstract

Heterotopic ossification (HO) is the pathologic development of ectopic bone in soft tissues 

because of a local or systemic inflammatory insult, such as burn injury or trauma. In HO, 

mesenchymal stem cells (MSCs) are inappropriately activated to undergo osteogenic 

differentiation. Through the correlation of in vitro assays and in vivo studies (dorsal scald burn 
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with Achilles tenotomy), we have shown that burn injury enhances the osteogenic potential of 

MSCs and causes ectopic endochondral heterotopic bone formation and functional contractures 

through bone morphogenetic protein–mediated canonical SMAD signaling. We further 

demonstrated a prevention strategy for HO through adenosine triphosphate (ATP) hydrolysis at 

the burn site using apyrase. Burn site apyrase treatment decreased ATP, increased adenosine 3′,5′-

monophosphate, and decreased phosphorylation of SMAD1/5/8 in MSCs in vitro. This ATP 

hydrolysis also decreased HO formation and mitigated functional impairment in vivo. Similarly, 

selective inhibition of SMAD1/5/8 phosphorylation with LDN-193189 decreased HO formation 

and increased range of motion at the injury site in our burn model in vivo. Our results suggest that 

burn injury–exacerbated HO formation can be treated through therapeutics that target burn site 

ATP hydrolysis and modulation of SMAD1/5/8 phosphorylation.

INTRODUCTION

Heterotopic ossification (HO) is a complex, reactive, musculoskeletal condition 

characterized by bone formation in soft tissues and joint spaces, which frequently 

complicates trauma, burns, and orthopedic surgeries. A large number of major burn patients 

and more than 50% of soldiers sustaining blast injuries develop HO in at least one of their 

joints, often distant from the site of burn or trauma, making it difficult to target one specific 

region or cell population (1, 2). No current treatment or prophylactic measures are taken to 

prevent this clinically devastating complication.

Current treatment approaches to HO include bisphosphonates, which can cause 

osteonecrosis, glucocorticoids and external beam radiation, which impair wound healing, 

and nonsteroidal anti-inflammatory drugs, which impair fracture healing and have negative 

cardiovascular effects. Despite these treatments and surgical excision, 75% of patients have 

limited range of motion (ROM) postoperatively (3, 4).

Current therapeutics fail to target the key signaling pathway involved in trauma/burn-

induced HO: canonical SMAD-mediated bone morphogenetic protein (BMP) signaling. 

Thus, either topical treatments directed at the site of burn injury or systemic treatments that 

target canonical SMAD-mediated BMP signaling would likely improve current treatment 

strategies.

BMP ligands facilitate the assembly of BMP type I and type II receptors to activate 

downstream SMAD effector proteins 1, 5, and 8 (SMAD1/5/8), otherwise known as 

“canonical” BMP-SMAD signaling. After their phosphorylation by type II receptors, such as 

BMPRII and ACTRIIA, activated BMP type I receptors, such as ALK2, ALK3, and ALK6, 

can then phosphorylate SMAD proteins. ALK2 mutations have been well described to play a 

role in patients with fibrodysplasia ossificans progressiva (FOP), where patients develop 

progressive HO (5–7). Recent studies have implicated ALK2 as playing a more central role 

in cartilage condensation and ALK3 as playing a more central role in osteogenic 

differentiation (8). Thus, it seems logical to target ALK2 and ALK3 to inhibit both early 

cartilage deposition and subsequent endochondral bone formation.
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Trauma/burn-induced HO forms through an endochondral ossification process, which begins 

with the congregation of mesenchymal stem cells (MSCs), followed by their differentiation 

into chondrocytes (9). To understand likely key pathways involved in human tissue, we 

surveyed a repository of tissue from 244 burn patients, looking at a subset of genes related to 

BMP-mediated canonical SMAD signaling that is known to play a role in congenital HO. 

The expression of these genes was assessed by interrogation of genomic data generated to 

determine the burn-induced changes in adipose tissue after severe burn injury. We analyzed 

the genomic data from burn patients as well as the in vitro osteogenic capacity of the MSCs 

from burn patients to understand the “osteogenic environment” and effect on BMP-SMAD 

signaling created by a burn injury.

Most studies investigating HO describe recombinant BMP protein, cell implantation, or the 

use of mutant mice (10). Although valid, these models do not represent the HO that is 

formed de novo in burn and trauma patients. Thus, we used a tenotomy and remote burn 

injury model to establish the mechanism, osteogenic course, and treatments for burn-induced 

HO. We demonstrate that after Achilles tenotomy and concomitant remote burn injury, HO 

results from early inflammation and hypervascularization followed by endochondral 

ossification. Furthermore, we demonstrate that the osteogenic potential and differentiation 

capacity of MSCs from mice and humans are enhanced after remote cutaneous burn. 

Additionally, in the present study, we mitigate BMP signaling and burn-induced HO by 

directly targeting the canonical SMAD pathway with small-molecule inhibition.

Given the role of inflammation and the benefits of a topical burn treatment, we also targeted 

adenosine triphosphate (ATP) at the burn site distant from the site of HO formation. We 

demonstrate that through ATP hydrolysis at the site of burn injury, we can inhibit BMP 

signaling and bone formation at the site of HO. Apyrase is an enzyme that hydrolyzes both 

ATP and ADP (adenosine diphosphate) to AMP (adenosine monophosphate), causing an 

increase in intracellular adenylate cyclase activity and cyclic AMP (cAMP), which inhibits 

SMAD1/5/8 phosphorylation (11). We demonstrate the inhibitory effect of apyrase on HO 

formation and joint contractures through cAMP inhibition of SMAD1/5/8 phosphorylation.

RESULTS

Burn injury stimulates BMP-mediated canonical SMAD signaling and osteogenic 
differentiation of human MSCs

MSCs, which are present throughout adipose, muscle, and mesodermal tissues, are the 

primary cells responsible for HO. During burn debridements, the adipose tissue and adipose-

derived MSCs are easily accessible and present in large quantities. We analyzed adipose 

tissue from 244 burn patients within 96 hours of their burn injury. Tissue samples were 

collected from patients who had burns over at least 20% of the total body surface area 

(TBSA) and required at least one excision and grafting procedure. Gene expression of these 

patients was compared to that of 35 control patients. There was a clear correlation and up-

regulation of the canonical SMAD signaling pathway in addition to downstream up-

regulation of runt-related transcription factor-2 (RUNX2), the primary osteogenic gene 

transcription regulator (Fig. 1 and table S1). Additionally, we observed a direct link between 

SMAD1/5/8 signaling and adenosine receptors, because direct stimulation of CREBBP 
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activates the adenosine A2a receptor. These findings led us to hypothesize that the BMP 

pathway and ATP signaling both played a role in burn/trauma-induced HO.

To verify these array findings, we first compared MSCs from adipose tissue of burn patients 

within the first 3 days of their burn injury with those from sex- and age-matched control 

patients. Osteogenic-related transcription factors RUNX2 and osteocalcin (OCN) were 

markedly increased after burn injury (Fig. 2A). Furthermore, burn injury increased early 

human MSC (hMSC) osteogenic differentiation, as demonstrated by alkaline phosphatase 

(ALP) staining of cells and a greater than 10-fold increase in ALP enzyme activity after 

treatment with osteogenic differentiation medium (ODM) to quantify osteogenic induction 

(Fig. 2, B and C). Similarly, hMSCs harvested from burn patients deposited significantly 

more mineralized extracellular matrix (detected by alizarin red stain) after ODM treatment 

(P = 0.002; Fig. 2, B and D). Analysis of BMP-mediated canonical SMAD pathway with 

ODM treatment showed an increase in BMP-2 expression (Fig. 2A) and activated 

pSMAD1/5/8 in burn hMSCs, indicating an increase in BMP signaling (Fig. 2,E and F). 

Thus, burn injury increases the osteogenic capacity of hMSCs, which can be partially 

explained by an increase in canonical SMAD-dependent BMP signaling.

Burn injury increases osteogenic differentiation and BMP signaling in a mouse burn model

We performed a dorsal scald burn covering 30% surface area of the mouse and harvested 

inguinal MSCs 2 hours after burn injury. MSCs harvested from the inguinal fat pads of mice 

(mMSCs) with dorsal burn injuries showed enhanced osteogenic capacity compared to non-

burn controls (Fig. 3A). ODM-treated mMSCs from mice with burn injuries also 

demonstrated an increase in early osteogenesis by ALP stain and quantification (Fig. 3, B 

and C). End matrix mineralization, detected by alizarin red, was also increased in mice with 

burn injury compared to non-burn control (Fig. 3, B and D). BMPR1 signaling in mMSCs 

was increased after burn injury, as demonstrated by an increase in phosphorylation of 

SMAD1/5/8 by Western blot analysis (Fig. 3, E and F). The use of a dorsal burn and 

Achilles tenotomy model allowed for the evaluation of mesenchymal cell osteogenicity 

distant from the site of inflammation. Clinically, these findings correlate with the fact that 

burn patients can develop HO at sites remote from their burn injury and almost always 

develop HO in a joint that has not sustained direct trauma.

Small-molecule inhibition of BMP signaling inhibits osteogenic differentiation of mMSCs 
after burn injury

Having demonstrated the key role of BMP signaling in burn-induced MSC osteogenic 

differentiation, we next set out to target this pathway through small-molecule BMP 

inhibition. Supplementation of ODM with LDN-193189, a BMPR1 inhibitor, caused a 

substantial decrease in mMSC osteogenic differentiation and mineralization (Fig. 3, G and 

H). Thus, similar to congenital forms of HO, BMP signaling is essential to mMSC 

osteogenic differentiation (7).
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ATP hydrolysis mitigates burn-induced BMP signaling and osteogenic differentiation in 
mMSCs

Although LDN-193189 inhibition of MSC osteogenic differentiation is effective, such small 

molecules have a side effect profile that currently precludes them from clinical translation 

(12). Thus, we next set out to explore a strategy that targeted burn site inflammation using a 

compound to cleave the phosphate off ATP, and thereby deactivate it. To assess the effect of 

burn injury and ATP hydrolysis on MSC osteogenic differentiation, mMSCs were harvested 

from C57BL/6 mice after burn injury alone or burn injury plus topical application of an ATP 

hydrolyzing agent (apyrase) to the burn site. mMSCs harvested from apyrase-treated mice 

after burn injury demonstrated less expression of Runx2 and Ocn and less ALP staining and 

enzyme activity after ODM treatment (Fig. 3, A to C). This difference in gene expression 

corresponded with a decrease in bone matrix mineralization (Fig. 3, B and D). Additionally, 

phosphorylation of SMAD1/5/8 in mMSCs was abrogated by apyrase treatment (Fig. 3, E 

and F). To more fully stimulate the BMP pathway, we added recombinant BMP-2 ligand to 

ODM and found that apyrase treatment still decreased mMSC osteogenic differentiation 

(Fig. 4, A and B). These findings imply that burn site ATP hydrolysis decreases BMP 

signaling and osteogenic differentiation of mMSCs.

Burn-mediated MSC osteogenesis is related to adenosine signaling

Recent studies demonstrated the presence and activities of adenosine and purinogenic 

receptors during bone formation (13, 14). We demonstrated significantly increased 

extracellular ATP in mMSCs 2 hours after burn injury (P = 0.038). The elevated ATP was 

reduced with topical application of apyrase at the burn site (Fig. 4C). Concurrently, 

intracellular cAMP was reduced in mMSCs from mice with burn injuries when compared to 

mMSCs from non-burn or apyrase-treated mice (Fig. 4D). Increasing cAMP reduces 

osteogenic differentiation through inhibition of SMAD1/5/8 phosphorylation (11). Our array 

of adipose tissue from burn patients implicated downstream enhancement of RUNX2 and 

type I collagen expression through adenosine 2A and 2B receptors (Fig. 1). Thus, we next 

interrogated adenosine receptors in our mouse model with and without burn injury and 

apyrase treatment. On the basis of qRT-PCR assays for adenosine receptors, we noted an 

increase in product after ATP cleavage by apyrase (Fig. 4E). By limiting extracellular ATP 

and increasing intracellular cAMP, apyrase limits the pro-osteogenic response to burn injury 

and mitigates future HO development through inhibition of SMAD1/5/8 phosphorylation 

(Fig. 4F).

HO formation from a burn injury and Achilles tenotomy occurs through endochondral 
ossification and generates a bone marrow niche

In addition to a dorsal burn injury, we also introduced an Achilles tenotomy to analyze the 

effect of burn injury on tenotomy-induced HO. Notably, inflammation has proven to be an 

important precursor to HO formation in patients with FOP (15). Similarly, in our model, a 

robust inflammatory response was seen by semiquantitative assessment of the size of the 

ankle region 1 and 3 weeks after surgery and by enzyme-linked immunosorbent assay 

(ELISA) measuring serum tumor necrosis factor–α (TNFα) hours after injury (fig. S1). 

Inflammation was followed by chondrogenesis, as demonstrated by SOX9 and collagen-2 
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signaling (Fig. 5A). Additionally, the morphology of the heterotopic bone in a pentachrome 

stain demonstrated cartilage at 3 weeks, followed by mature osteoid at 9 weeks (Fig. 5, A 

and B). In addition to the endochondral bone formation, we also observed early angiogenic 

signaling by CD31 staining at 5 days and the appearance of mature bone marrow stroma 

within mature cortical bone at 9 weeks (Fig. 5, B and C). Vascularity is also known to drive 

MSC chondrogenesis and osteogenic differentiation preceding reactive bone formation (16).

Global SMAD1/5/8 inhibition prevents HO

To verify the key role of BMP signaling through the canonical SMAD pathway for in vivo 

HO formation in our model, we injected LDN-193189 into mice immediately after their 

tenotomy and burn injury and every day thereafter. We found that this global SMAD 

blockade decreased formation of bone at the tenotomy site (Fig. 5, D and E). Additionally, 

LDN-193189 injection caused a greater percentage decrease in HO formation in those mice 

with a burn injury and tenotomy compared to a tenotomy alone (Fig. 5, D and E). This small 

molecule did not cause osteopenia of the contralateral uninjured limb (fig. S2). The 

inhibition of HO by LDN-193189 demonstrates that SMAD1/5/8 plays a key signaling role 

in trauma/burn-induced HO, which is similar to key signaling pathways present in FOP 

models (5, 7).

Apyrase treatment abrogates osteogenic and BMP signaling at sites remote from burn 
injury

To assess in vivo HO formation and its functional consequences, mouse Achilles tenotomy 

sites were analyzed with and without a remote burn injury and with and without topical 

apyrase treatment at the burn site. Osteogenic proteins RUNX2 and OCN were increased at 

the tenotomy site in the burn group compared to non-burn and apyrase-treated groups, as 

determined by immunohistochemistry (Fig. 6A). Consistent with osteogenic up-regulation, 

BMP signaling resulting in phosphorylation of pSMAD1/5/8 was also increased after burn 

injury and inhibited by apyrase treatment of the burn site (Fig. 6A). These results 

demonstrate that burn injury increases endochondral bone formation, which is inhibited by 

apyrase treatment of the burn site.

Apyrase treatment of the burn injury inhibits tenotomy site HO and improves ROM

Next, HO volume was assessed with biweekly μCT scans of the tenotomized leg as well as 

the contralateral uninjured leg. Application of apyrase to the burn site reduced HO formation 

detected by μCT at the tenotomy site when compared to the untreated burn, as early as 3 

weeks after injury (Fig. 6, B and C). We found a marked decrease in bone formation at 7 to 

9 weeks in mice treated with apyrase. Decreased bone formation correlated with ROM at the 

ankle when a constant force was applied (Fig. 6, D and E). The HO formation occurred 

remotely from surrounding muscle and periosteum, indicating a different pathogenesis than 

that of FOP, in which HO normally forms in muscle. Consistent with our μCT findings, 

histomorphometry showed that mice with burn injury had the thickest cortical bone, and 

apyrase treatment decreased the amount of heterotopic osteoid (Fig. 6, F and G).

Thus, apyrase treatment of the burn site inhibited distant joint HO and improved functional 

ROM. Apyrase treatment did not cause osteopenia (fig. S3). Because the topical use of 
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apyrase would be limited to patients who sustain burn injuries, we also assessed the efficacy 

of apyrase applied at the tenotomy site and found that local application also limited HO 

formation (Fig. 6, B and C). Furthermore, after identifying ectopic bone reduction with 

apyrase or LDN-193189 treatment in this model, we tested combination therapy with topical 

apyrase application followed by daily LDN-193189 injections and saw a reduction similar to 

the use of LDN-193189 alone (fig. S4). Finally, to test the effect of long-term, global anti-

inflammatory treatment in our model, celecoxib was injected daily into mice after tenotomy 

and burn, and showed reduced HO formation compared to mice injected with vehicle control 

(fig. S5).

Raman spectroscopy detects differences in apyrase-treated mice

To elucidate the chemical composition of HO, the tenotomy sites were evaluated by high-

resolution Raman spectroscopy (10, 17). In soft tissue areas, the primary band near the 958 

cm−1 bone mineral peak occurred at a higher wave number and lower intensity when 

normalized to the 1001 cm−1 phenylalanine peak, indicating that little to no mineral was 

present (Fig. 6, H and I). Decreased mineral intensity and differences in MTMR and 

crystallinity (width of bone mineral band) for similar regions of HO development were 

observed in mice receiving apyrase to the burn site (Fig. 6, H to K).

DISCUSSION

In addition to burn and trauma patients, who are at risk for HO, more than 1 million patients 

per year receive joint replacements in the United States, and 20% of these patients will 

develop HO. After joint revision surgeries, more than 80% of patients develop HO, making 

these an enormous medical and financial burden. In addition, more than 20% of spine 

surgery and traumatic brain injury patients develop HO, and HO has even been reported to 

form outside the skeleton in regions of chronic inflammation, including the abdominal wall 

and amputation sites (18, 19). Despite the large incidence of HO in commonly performed 

operations, we currently lack an understanding of the key pathways that cause burn/trauma-

induced HO and treatment strategies that could prevent it.

Here, we noted an up-regulation in the expression of genes associated with canonical SMAD 

signaling and osteogenic gene transcription in adipose tissue from burn patients. We then 

analyzed the hMSCs from a second set of burn patients. The gene expression profile of the 

hMSCs correlated with the increased canonical SMAD signaling and osteogenic capacity in 

the adipose tissue of the first set of burn patients.

Similarly, in our burn mouse model, enhanced BMP signaling through the canonical SMAD 

pathway in mMSCs and at the tenotomy site had a marked effect on osteogenic signaling 

and HO formation. Heterotopic lesions developed from an endochondral ossification process 

and were larger in mice with a concomitant burn injury. In congenital forms of HO, such as 

FOP, a similar up-regulation of BMP-mediated SMAD signaling stimulates endochondral 

HO formation (7). Additionally, recent studies analyzing the role of nerve injury and HO 

formation implicate BMP as a central signaling pathway (20). We saw that global anti-

inflammatory treatment with celecoxib reduced HO formation in our model. Furthermore, 

targeting ATP hydrolysis at the burn wound site through apyrase or systemic inhibition of 
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canonical SMAD signaling through LDN-193189 injection decreased the osteogenic 

capacity of mMSCs and tenotomy site HO formation, and improved ankle ROM. This 

demonstrates that a small-molecule BMP inhibitor, LDN-193189, with relatively broad 

activity against ALK2 and ALK3 affects bone formation in the trauma/burn injury model of 

HO.

Although topical apyrase may have limited use outside of burn injury, LDN-193189 can be 

injected systemically or locally, and celecoxib can be taken orally and thus may offer a 

potential treatment for other forms of HO, such as those that develop after joint arthroplasty, 

nerve or spinal cord injury, or local trauma. Furthermore, direct apyrase injection might be 

an option. Even more promising is the fact that these compounds do not appear to cause 

global osteopenia or to have a negative effect on already differentiated osteoblasts.

Most animal models of HO require a genetic mutation, the implantation of pluripotent cells, 

or muscle trauma for bone to form (7). In our model, HO was completely remote from the 

local muscles (gastrocnemius and soleus) and periosteum. Further analysis of the pathway in 

other trauma-induced forms of HO, including those described by Tannous et al. (21, 22), 

might improve treatment of wounded soldiers.

Our results confirm a link between burn injury and BMP signaling in MSCs, which is 

particularly important for trauma patients (23). Additionally, we show strong evidence that 

inflammation caused by a burn injury increases osteogenic signaling specifically through 

SMAD1/5/8 signaling in MSCs. Mice that had burn injury with Achilles tenotomy and 

received LDN-193189 injection did not develop HO, suggesting that BMP signaling plays 

an important role in osteogenesis induced by inflammation.

Furthermore, we demonstrated that application of apyrase to the burn site decreases mMSC 

osteogenic differentiation, BMP signaling, and in vivo HO formation. Our results suggest 

that apyrase limits the pro-osteogenic response to burn injury by decreasing extracellular 

ATP and increasing intracellular cAMP. Increases in cAMP have been shown to inhibit 

osteogenic differentiation by inhibiting SMAD1/5/8 phosphorylation, a process that may 

occur with apyrase application as well (24). Also of note, several well-executed studies have 

used phosphodiesterase inhibitors, such as IBMX, which are capable of increasing 

intracellular cAMP to stimulate adipogenic differentiation of MSCs (25, 26). Such small 

molecules should be further investigated as potential treatment options for HO. Notably, 

apyrase applied to the burn site exerts its influence at the remote burn site, and mMSCs 

collected from the unburned inguinal fat pads are susceptible to its influence. Therefore, we 

may be able to avoid the toxicity associated with systemic drugs that have been previously 

trialed to decrease inflammation and prevent HO (27). The finding that inhibition of BMP 

signaling or ATP breakdown can each independently abrogate in vitro and in vivo bone 

production provides further evidence that ATP and BMP are both involved in bone 

development. Notably, we have previously demonstrated that apyrase treatment also 

improves burn wound healing, making it an attractive candidate for burn treatment and HO 

prevention (28). Finally, the central role of inflammation was confirmed by our findings that 

the use of celecoxib, a cyclooxygenase-2 inhibitor, markedly decreased HO formation at the 
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tenotomy site. Current clinical trials are ongoing to use celecoxib in burn and orthopedic 

patients at high risk of forming HO.

Important limitations exist in our study. First, our large human genomic analysis analyzes 

adipose tissues. Having a similar array of heterotopic bone tissues from burn patients would 

allow for further understanding of the role of burn injury on HO formation. Second, in our 

mouse in vitro model, we have chosen to analyze MSCs from adipose tissue. We prefer the 

adipose tissue because it allows the study of MSCs at a remote site from the direct injury, 

lets us compare the results to our human data, and harbors MSCs capable of multilineage 

differentiation, including bone.

In conclusion, our burn tenotomy model provides a system to examine the role of burn 

injury on HO formation and for testing therapeutics that target global or local inflammation. 

Burn injury increases the osteogenic potential of MSCs and HO formation at a tenotomy site 

through canonical SMAD-dependent BMP signaling. Additionally, apyrase treatment of the 

burn site decreases MSC osteogenic differentiation and SMAD1/5/8-dependent BMP 

signaling, and, most importantly, abrogates HO formation and joint contractures. Similarly, 

LDN-193189, a small-molecule inhibitor of canonical SMAD signaling, diminishes MSC 

osteogenesis and HO formation. These findings identify a possible mechanism by which HO 

forms after a major inflammatory injury such as a burn. Finally, these results also point to 

possible therapeutic approaches to prevent and treat HO in burn patients by targeting burn 

site ATP levels or global canonical SMAD signaling.

MATERIALS AND METHODS

Study design

The objective of this research was to analyze the effect of burn injury on MSC osteogenesis 

and HO. Additionally, we set out to assess the effect of ATP hydrolysis at the burn site and 

global SMAD1/5/8 signaling inhibition on MSC osteogenic differentiation and HO. 

Hypotheses that came after the initiation of the study included the endochondral nature of 

the HO formed. The research subjects included a large cohort of 244 burn and 35 control 

patients for microarray analysis. hMSCs were harvested from female burn patients within 

the first 3 days of their burn injury (n = 3) and from age-matched control patients (n = 3). 

C57BL/6 mice were used for in vivo experiments and as a source of mMSCs. Our mouse 

sample size was selected on the basis of a power analysis and previous studies of similar 

design (17). There was no change in the number of animals over the course of the study, and 

six animals were used in each group for in vivo studies (n = 6). For cell culture, MSCs were 

harvested from three mice per group, which was determined to be the required number to 

establish a successful primary culture. These cells were passaged three times to ensure a 

homogeneous distribution. Endpoints were all based on previous studies of MSCs. 

Osteogenic differentiation endpoints were 3 and 7 days for hMSCs and 7 and 14 days for 

mMSCs. Day 0 undifferentiated cells were also used as a control. The endpoints for in vivo 

experiments were selected when there were no longer significant changes noted in HO 

development, as determined by longitudinal μCT scans. The data reported here represent one 

iteration of the in vivo Achilles tenotomy model; in vitro experiments were run in triplicate. 

This study is a controlled laboratory experiment, and unbiased measurements were ensured 
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by blinding of two independent observers in procedures where visual quantification was 

required (ROM measurement, inflammation at tenotomy site). All data were included, and 

no outliers were excluded from the study.

Ethics statement

All procedures involving humans were approved by the Institutional Review Boards of the 

University of Michigan (HUM0005190), the University of Texas Medical Branch, the 

University of Florida, and Massachusetts General Hospital. All procedures involving 

animals were approved by the Institutional Animal Care and Use Committee of the 

University of Michigan (PRO0001553).

Chemicals, supplies, and animals

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and penicillin/

streptomycin were purchased from Gibco Life Technologies. BMP-2 was purchased from 

R&D Systems. All other chemicals, unless otherwise specified, were obtained from Sigma-

Aldrich. C57BL/6 mice were purchased from Charles River.

Patient enrollment and sampling for ingenuity array

Two hundred forty-four burn patients (0 to 83 years) were enrolled between 2000 and 2009 

at one of four burn centers if admission occurred within 96 hours after injury, at least 20% 

of the TBSA was affected, and at least one excision and grafting procedure was required. 

Thereafter, study participants were treated according to uniform standard operating 

procedures implemented at all participating centers. Additionally, 35 healthy control 

subjects (16 to 55 years) were recruited between 2004 and 2007. The genes that we 

examined were identified as significant with a false discovery rate (FDR) <0.001 and fold 

change ≥1.5.

Analysis of time course gene expression data

Waste adipose specimens were obtained from patients with severe burns. Infants (<1 year 

old) were not included in this study. Specimens were immediately stabilized using RNAlater 

(Ambion), and total cellular RNA was extracted using a commercial RNA purification kit 

(RNeasy, Qiagen). Biotinylated complementary RNA was generated from 1 μg of total 

cellular RNA using the 3′ IVT Express Kit and protocol from Affymetrix, and hybridized 

onto an HU133 Plus 2.0 GeneChip (Affymetrix). Details of the protocols used for stabilizing 

the tissue specimens and sample processing for gene expression analysis have been 

previously published (29).

EDGE (Extraction of Differential Gene Expression) was used to estimate the significance of 

expression changes for each gene by 1000 random permutations. Significant genes were 

selected by FDR <0.001 and fold change ≥1.5.

Cell harvest and in vitro culture assays

hMSCs were harvested from female burn patients without major comorbidities within the 

first 3 days of their thermal burn injury, which covered at least 20% TBSA (30 to 61 years, n 
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= 3). As controls, lipoaspirates derived from three age-matched female patients, with mean 

body mass index of 27.3 kg/m2 and lacking any major medical comorbidities, were used as 

previously described (21 to 53 years, n = 3) (30). Mouse MSCs were harvested from the 

inguinal fat pads at 2 hours after burn injury or burn + apyrase application [200 μl of 400 

U/ml in phosphate-buffered saline (PBS)]. Non-burn control MSCs (n = 3 per group) were 

used as previously described (30). Cells were grown in standard growth medium (DMEM, 

10% FBS, 1% penicillin/streptomycin) and passaged three times by trypsinization before 

being used for osteogenic assays. Osteogenic assays were performed in triplicate with 

exposure to ODM [DMEM, 10% FBS, 10 mM β-glycerophosphate, ascorbic acid (100 μg/

ml), 1% penicillin/streptomycin]. Early osteogenic differentiation was assessed by ALP 

stain after 3 days in ODM for hMSCs and after7 days for mMSCs, as previously described 

(31). Quantification of ALP protein concentration was also completed at the same time 

points using Pierce BCA protein assay (Thermo Fisher). Alizarin red staining for bone 

mineral deposition and photometric quantification were completed at 1 week for hMSCs and 

at 2 weeks for mMSCs as previously described (31). For select experiments, BMP-2 (200 

ng/ml), apyrase (4 U/ml), LDN-193189 (250 nM), or vehicle control (dimethyl sulfoxide for 

LDN-193189, PBS for all others) was added to ODM.

Quantification of cAMP and ATP signaling in mMSCs

To quantify extracellular ATP and intracellular cAMP in mMSCs, bioluminescent 

(BioAssay) or colorimetric (Cell Biolabs) kits were used, respectively, according to the 

manufacturers’ specifications.

Polymerase chain reaction

RNA was harvested from cells after 7 days of exposure to ODM with RNeasy Mini Kit 

(Qiagen). RNA (1 μg) was reverse-transcribed to complementary DNA using TaqMan 

Reverse Transcription Reagents (Applied Biosystems). qRT-PCR was completed using 

SYBR Green PCR Master Mix (Applied Biosystems) as previously described (32, 33). 

Specific primers for these genes corresponded to their PrimerBank sequences and can be 

found in table S2.

Western blot analysis

After 7 days of exposure to ODM, mMSCs and hMSCs were collected and assayed with 

standard immunoblotting technique as previously described (32). Primary antibodies were 

chosen as follows: anti–phospho-SMAD1/5/8, anti-SMAD5, and anti–α-tubulin (Cell 

Signaling), and applied in a 1:1000 dilution. Secondary, horseradish peroxidase–conjugated 

antibody was applied at 1:2000 dilution (Cell Signaling). Enhanced chemiluminescence 

substrate (SuperSignal West Pico, Thermo Scientific) was used for visualization, and 

densitometry analysis was completed with bands normalized to the loading controls (α-

tubulin).

Burn injury and Achilles tenotomy models

Partial-thickness scald injury was performed as previously described (17). In brief, mice 

received a 30% TBSA partial thickness burn injury with exposure to 60°C water for 18 s. 
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Apyrase treatment groups received topical application of 200 μl of apyrase (400 mU/ml) in 

PBS immediately after burn injury. In our in vivo model, all mice received an Achilles 

tenotomy on the left leg after burn, burn + apyrase, or non-burn injury (n = 6 per group) as 

previously described (17). A second cohort also received Achilles tenotomy with or without 

concurrent burn injury and then received daily intraperitoneal injection of LDN-193189 [6 

mg/kg of suspension (1.5 mg/ml) in normal saline] or vehicle control (n = 6 per group). A 

third cohort received Achilles tenotomy, burn injury, and one of the following treatments: 

topical apyrase + daily LDN-193189 injection, local application of apyrase at the tenotomy 

site before incision closure, or daily intraperitoneal injection of celecoxib (30 mg/kg) (n = 3 

per group).

Histologic processing and analyses

At 5 days (n = 3 per group) and 9 weeks (n = 6 per group) postoperatively, animals were 

euthanized and histology was performed as previously described (17). Decalcification of 

whole lower limbs was completed with 19% EDTA solution for 28 to 42 days or until there 

was radiographic evidence of decalcification by x-ray at 4°C, and then paraffin-embedded. 

Sagittal or transverse sections with a width of 5 mm were mounted on Superfrost Plus slides 

(Fisher Scientific). Aniline blue, H&E, and pentachrome staining were performed for 

histologic and histomorphometric analysis (33).

Immunohistochemistry of osteogenic proteins and SMAD pathway

Rehydrated slides were blocked with 10% goat serum; the primary antibodies used included 

rabbit polyclonal anti-pSMAD1/5/8, anti-OCN, anti-RUNX2, anti-SOX9, and anti–

collagen-2 in 1% rabbit serum (1:80 dilution, Santa Cruz Biotechnology). The appropriate 

biotinylated secondary antibodies were used in 1:1000 dilution (Vector Laboratories). 

Visualization was performed with diaminobenzidine (Zymed Laboratories), as previously 

described (33).

Analysis of ankle ROM

Nine weeks after tenotomy, mice were briefly anesthetized and assessed for ROM at the 

tenotomy site by extending the ankle with a 75-g weight attached to the hindpaw to ensure 

full, uniform extension. Photographs were taken with the extended ankle centered on a disk 

of standardized size and distance. The angle of maximum extension was then assessed by 

two independent, blinded observers using the ruler tool in Adobe Photoshop.

μCT imaging

μCT scan (Siemens Inveon) images were obtained with the following settings: 80 kV, 500 

μA, and 1300-ms exposure. Three hundred sixty projections of 48-mm voxel size were taken 

after calibration with known density standards. The region of interest (ROI) corresponding 

to the location of HO formation was segmented on the basis of anatomical landmarks, 

Hounsfield units, and observer identification to define and subtract the volume of original 

cortical bone structures from the ROI. The remaining bone mineral in the soft tissues was 

quantified for HO bone volume using standard protocols (17).
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Raman spectroscopy

Spectroscopic measurements were taken 9 weeks after tenotomy using a previously 

described microprobe system (10). Briefly, cross-sections at the tenotomy site were made 

with a diamond-tipped exact bandsaw without any fixation or embedding. Spectra of these 

fresh tissue samples were taken on an ex vivo Raman microscopy platform over 100-mm 

areas selected according to μCT scans for areas containing or not containing ectopic bone.

Spectra were preprocessed for removal of cosmic spikes, grating-induced anamorphic 

magnification (curvature), and correction of spectrograph/ detector alignment. Low-order 

polynomial fitting was used to correct for fluorescence background. Mineral content was 

defined as corresponding to the height of the intense PO4
−3 ν1 stretch (958 cm−1), and 

crystallinity was measured as the width of this band. The height of the amideI band (1660 

cm−1) was used as the measure of matrix content.

Statistical analysis

Mean values are represented as bars in graphs; error bars signify 1 SD. A two-sided t test or 

one-way ANOVA was used to compare means and determine significance, which was 

defined as P < 0.05. Levene’s test was used to exclude inequality of SDs. Post hoc analysis 

to compare more than two groups included Tukey’s honestly significant difference test or 

Games-Howell analysis if Levene’s test indicated inequality of variance. The original data 

for all figures are in table S3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Burn injury alters gene expression in adipose tissue
Schematic shows regulation and expression relationships between genes related to canonical 

SMAD signaling after burn injury. Within adipose tissue, 28 of 75 genes within the BMP-

mediated SMAD canonical signaling pathway were up-regulated after burn injury (n = 244 

burn patients, n = 35 control patients). Genes that were up-regulated at least twofold 

compared to controls are noted by red, whereas down-regulation of at least twofold 

compared to controls is indicated by green, with the actual ratio of up- or down-regulation 

indicated by the numbers below the gene names.
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Fig. 2. Burn injury promotes the osteogenic differentiation of hMSCs
(A) Gene expression in hMSCs was assessed with quantitative reverse transcription 

polymerase chain reaction (qRT-PCR) of mRNA collected from human adipose-derived 

MSCs. Cells were derived from burn patients within the first 3 days of their burn injury (n = 

3) and from age- and sex-matched control patients (n = 3). mRNA was harvested from the 

cells after 7 days of exposure to ODM and assessed for relative expression of osteogenic 

genes RUNX2, OCN, and BMP-2. Data are means ± SD. RUNX2, P = 0.008; OCN, P = 

0.017; BMP-2, P = 0.005 (t test). (B) Micrographs of ALP and alizarin red staining of 

hMSCs after 7 and 14 days of exposure to ODM, respectively. Scale bar, 200 mm. (C) 

Quantification of ALP enzyme activity in burn and control hMSCs after 7 days of exposure 

to ODM. ALP activity was measured colorimetrically and normalized to total protein 

content for each group. Data are means ± SD (n =3 per group). P = 0.002 (t test). (D) 

Quantification of osteoid with alizarin red stain. Deposits were solubilized with 

cetylpyridinium chloride and analyzed colorimetrically. Data are means ± SD (n =3 per 

group). P = 0.001 (t test). (E and F) Western blot image (E) and analysis (F) of protein 

content in hMSCs after 7 days of exposure to ODM. Images were analyzed by densitometry 

and normalized to loading controls (α-tubulin). The ratio of phosphorylated (activated) 

SMAD protein (pSMAD1/5/8) to non-activated SMAD5 protein was increased in hMSCs 

from burn patients. Data are means ± SD (n = 3 per group). pSMAD1/5/8, P = 0.024; 

SMAD5, P = 0.490 (t test). *P < 0.05, **P < 0.01.
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Fig. 3. Apyrase application at the burn site abrogates the osteogenic potential of mMSCs
(A) Gene expression in mMSCs was assessed by qRT-PCR of mRNA collected from 

mMSCs harvested 2 hours after burn injury, burn injury with immediate application of 

topical apyrase (Apy) solution, or exposure to room temperature water (non-burn control). 

mRNA was harvested from the cells after 7 days of exposure to ODM and assessed for the 

relative expression of osteogenic genes Ocn and Runx2. Data are means ± SD (n = 3 per 

group). Ocn, P = 0.037; Runx2, P = 0.042 [analysis of variance (ANOVA)]. (B) 

Micrographs of ALP and alizarin red staining of mMSCs after 7 and 14 days of exposure to 

ODM, respectively. Scale bar, 200 μm. (C) Quantification of ALP enzyme activity in burn, 

burn + apyrase, and non-burn control mMSCs after 7 days of exposure to ODM. ALP 

activity was measured colorimetrically and normalized to total protein content for each 

group. Data are means ± SD (n = 3 per group). P = 0.018 (ANOVA). (D) Quantification of 

osteoid deposition with alizarin red stain. Data are means ± SD (n = 3 per group). P = 0.001 

(ANOVA). (E and F) Western blot image (E) and analysis (F) of protein content in mMSCs 

after 7 days of exposure to ODM. Images were analyzed by densitometry and normalized to 

loading controls (α-tubulin). Data are means ± SD (n = 3 per group). pSMAD1/5/8, P = 

0.047; SMAD5, P = 0.682 (ANOVA). (G and H) Alizarin red stain (G) and quantification of 

osteoid deposition (H) of burn and non-burn mMSCs exposed to ODM for 2 weeks with or 

without supplementation with LDN-193189. Scale bar, 200 mm. Data are means ± SD (n = 

3 per group). P = 0.001 (ANOVA). *P < 0.05, **P < 0.01.
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Fig. 4. Apyrase mitigates burn injury–induced osteogenic differentiation of MSCs by modulating 
ATP signaling
(A and B) Alizarin red stain (A) and quantification of osteoid deposition (B) of mMSCs 

collected from adipose tissue of untreated C57BL/6 mice and exposed to ODM with or 

without supplementation with recombinant BMP-2 ligand (200 ng/ml) and/or apyrase (4 U/

ml). Scale bar, 200 μm. Data are means ± SD (n = 3 per group). P = 0.030 (ANOVA). (C) 

ATP assay for extracellular ATP concentrations in mMSC cultures harvested from the 

adipose tissue of mice 2 hours after burn injury, burn injury + topical apyrase treatment, or 

non-burn control (exposure to room temperature water). Data are means ± SD (n = 3 per 

group). P = 0.038 (ANOVA). (D) cAMP assay for intracellular cAMP from the same cells, 

showing that intracellular cAMP is reduced in MSCs from burn mice and up-regulated with 

apyrase treatment. Data are means ± SD (n = 3 per group). P = 0.018 (ANOVA). (E) Gene 

expression for the adenosine receptors A2a and A2b in the same mMSCs, assessed by qRT-

PCR of mRNA collected after 7 days of exposure to ODM. Both adenosine receptors were 

down-regulated after burn injury, but this effect was absent in mice that received apyrase 

treatment or no burn. Data are means ± SD (n = 3 per group). A2a receptor, P = 0.011; A2b 

receptor, P = 0.004 (ANOVA). (F) Schematic showing BMP and ATP signaling interactions 

in HO formation after burn injury. Apyrase application after burn injury limits ATP and 

BMP signaling, thereby reducing the otherwise up-regulated osteogenicity of MSCs. *P < 

0.05, **P < 0.01.
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Fig. 5. Trauma-induced HO develops through an endochondral pathway and requires BMP 
signaling
(A) Photomicrographs of transverse sections of the tenotomy site 3 weeks after injury in 

mice with or without concurrent burn. Pentachrome (top) stains cartilage tissue in blue. 

Immunohisto-chemistry for SOX9 (middle) and collagen-2 (bottom) demonstrates positively 

staining cells in brown. Scale bar, 100 μm. (B) Pentachrome stain (top) of transverse 

sections through HO at the tenotomy site 9 weeks after injury from burn, burn + apyrase 

treatment, and non-burn control demonstrates mature bone (bright yellow), with cortical 

bone morphology most evident in burn mice. Cartilage appears blue. Scale bar, 100 μm. 

Hematoxylin and eosin (H&E) stain of transverse sections through HO (middle) at 9 weeks 

after injury demonstrates the development of mature bone marrow cavity (white 

arrowheads), suggesting its development from a multipotent precursor lineage. Scale bar, 

100 μm. Vasculogenic signaling was assessed with CD31 (PECAM) immunohistochemistry 

on tangential sections through the tenotomy site before HO formation at 5 days after injury 

(bottom). Positively staining cells are brown (black arrowheads). Increased CD31 staining 

corresponded with the location of increased future HO development. Scale bar, 200 μm. (C) 

CD31 staining was quantified with Adobe Photoshop on five sequential tangential sections 

through the tenotomy site 5 days after injury. Data are mean CD31+-stained pixels 

normalized between groups to show fold change ± SD (n = 3 per group). P = 0.001 

(ANOVA). (D) Representative, reconstructed micro–computed tomography (μCT) scan 

images of the tenotomized legs of burn and non-burn mice, which received LDN-193189 (6 

mg/kg, daily intraperitoneal injections) or vehicle control. Serial scans were completed at 5 

days and 3, 5, 7, and 9 weeks after injury. Reconstructed images show new, ectopic bone 

formation in blue. (E) Quantification of non-native heterotopic bone in the lower extremity 

was performed at each scan time point. Data are means ± SD (n = 6 per group). P = 0.001 at 

7 and 9 weeks (ANOVA). *P < 0.05, **P < 0.01.
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Fig. 6. Apyrase treatment decreases SMAD signaling and burn-induced ectopic bone mineral 
deposition
(A) Immunohistochemical staining in tissue sections harvested 5 days after injury from the 

region where μCT showed the most robust HO development at later time points. Arrows 

indicate positively staining cells for OCN (left), RUNX2 (middle), and pSMAD1/5/8 (right). 

Scale bar, 100 μm. (B) Representative, reconstructed μCT scan images of the tenotomized 

legs of burn, burn + apyrase (topical), burn + apyrase (local application at tenotomy), and 

non-burn mice shown at 5 days and 3, 5, 7, and 9 weeks after injury. Gray areas indicate 

regions of new, ectopic bone development; red circle indicates nidus of HO development. 

(C) Quantification of non-native heterotopic bone in the lower extremity was performed at 

each scan time point. Data are means ± SD (n = 6 per group, except for local apyrase group, 

for which n = 3). P = 0.037 at 5 weeks, P = 0.001 at 7 and9 weeks (ANOVA). (D and E) 

Images (D) and quantification (E) of the ROM, defined as maximum angle of extension, for 

the tenotomized leg 9 weeks after injury. Data are means ± SD (n =6 per group). P = 0.004 

(ANOVA). (F and G) Representative transverse micrographs stained with aniline blue (F) of 

the tenotomy site 9 weeks after injury. Images were recolored to show gray pixels 

representing native bone and black pixels designating HO, which was quantified (G) at 

every 75 sections along the longitudinal axis of the tenotomized limb. Data are means ± SD 

(n =3 per group). P = 0.038 (ANOVA). (H and I) Ex vivo Raman spectroscopic analysis of 

cross-sections of the tenotomy site 9 weeks after injury. Blue curve indicates cortical bone, 

red curve indicates areas of predicted HO formation based on μCT scan images, and black 

curve indicates areas of soft tissue from mice receiving Achilles tenotomy + burn injury (H) 
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or tenotomy + burn with apyrase treatment at the burn site (I). Black arrows indicate 

intensity of the signal at the 958 cm−1 phosphate band. (J and K) Crystallinity (J) and 

mineral to matrix ratios (MTMR) (K) were significantly higher in the region of HO 

formation in untreated burn mice compared to burn mice receiving apyrase treatment. Data 

are means ± SD (n = 6 measurements, each measurement consisting of 10 spectra averaged 

over a 100-μm area of interest on cross-sections). Crystallinity, P = 0.015; MTMR, P = 

0.021 (t test). *P < 0.05, **P < 0.01.
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