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Tppp3+ synovial/tendon sheath progenitor cells contribute to
heterotopic bone after trauma
Ji-Hye Yea 1, Mario Gomez-Salazar1, Sharon Onggo1, Zhao Li1, Neelima Thottappillil1, Masnsen Cherief1, Stefano Negri1,2, Xin Xing1,
Qizhi Qin 1, Robert Joel Tower 3, Chen-Ming Fan4, Benjamin Levi3 and Aaron W. James 1✉

Heterotopic ossification (HO) is a pathological process resulting in aberrant bone formation and often involves synovial lined
tissues. During this process, mesenchymal progenitor cells undergo endochondral ossification. Nonetheless, the specific cell
phenotypes and mechanisms driving this process are not well understood, in part due to the high degree of heterogeneity of the
progenitor cells involved. Here, using a combination of lineage tracing and single-cell RNA sequencing (scRNA-seq), we investigated
the extent to which synovial/tendon sheath progenitor cells contribute to heterotopic bone formation. For this purpose, Tppp3
(tubulin polymerization-promoting protein family member 3)-inducible reporter mice were used in combination with either Scx
(Scleraxis) or Pdgfra (platelet derived growth factor receptor alpha) reporter mice. Both tendon injury- and arthroplasty-induced
mouse experimental HO models were utilized. ScRNA-seq of tendon-associated traumatic HO suggested that Tppp3 is an early
progenitor cell marker for either tendon or osteochondral cells. Upon HO induction, Tppp3 reporter+ cells expanded in number and
partially contributed to cartilage and bone formation in either tendon- or joint-associated HO. In double reporter animals, both
Pdgfra+Tppp3+ and Pdgfra+Tppp3- progenitor cells gave rise to HO-associated cartilage. Finally, analysis of human samples showed
a substantial population of TPPP3-expressing cells overlapping with osteogenic markers in areas of heterotopic bone. Overall, these
data demonstrate that synovial/tendon sheath progenitor cells undergo aberrant osteochondral differentiation and contribute to
HO after trauma.
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INTRODUCTION
Heterotopic ossification (HO) is a pathological process involving
the formation of heterotopic endochondral and intramembranous
bone in muscles, tendons, ligaments, and other soft tissues.1–3 HO
occurs at a higher frequency with certain conditions, including
traumatic tissue injury such as arthroplasty, fractures, and severe
burns.4–6 HO after hip arthroplasty is particularly common and is
thought to be induced by trauma and local inflammation.
However, HO induced by burns may be triggered by a
combination of factors, including local trauma tissue damage
and systemic inflammation.4 Ultimately, HO formation is char-
acterized by abnormal differentiation of tissue resident mesench-
ymal progenitor cells undergoing endochondral and
intramembranous ossification7,8 and occurs at high frequency in
synovial lined tissues such as around joints and in tendoligamen-
tous tissues.4,9

Several studies have examined which specific mesenchymal
progenitor subsets are the main contributors to HO and have used
reporter mice to assess Prx1,10 Pdgfra,11 Dermo1,12 Mx1,13 Scx and
Gli1.14 One limitation of these reporter animals is that these
molecules are generally expressed by a wide variety of cell types.
For instance, Pdgfra is a canonical mesenchymal progenitor cell
marker15 expressed in many cells involved in tissue healing,

indicating it is a nonspecific marker. Indeed, a detailed cellular
layout of the heterogeneous mesenchymal progenitor cell
population would substantially improve our understanding of
aberrant stem cell differentiation during HO. Recently, a site-
specific HO progenitor was identified using the Hoxa11-CreER
lineage tracing system.11 However, further elucidation of the
subpopulations of HO progenitors in different tissue types is
necessary. One crucial stem cell niche in the tendon is the
peritenon, where tendon stem/progenitor cells (TSPCs) reside.16

For example, Nestin+ TSPCs reside in the peritenon in the
perivascular areas,17 which may correlate with another tendon
progenitor cell expressing CD146.18 More recently, tubulin
polymerization-promoting protein family member 3 (Tppp3)-
expressing cells have been identified as tendon sheath/peritenon
progenitor cells that contribute to tendon repair.19 This study
demonstrated the progenitor potential of Tppp3+ TSPCs and the
different cell fates of these progenitors depending on the
coexpression of Pdgfra-segregating tendon progenitors from
fibro-adipogenic progenitor cells.19 Extending these findings, we
investigated how Tppp3+ TPSCs and other cells may contribute to
aberrant cell differentiation during HO.
Here, we utilized a combination of Tppp3 inducible reporter

mice and single-cell RNA sequencing analysis to determine the
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extent to which Tppp3+ synovial/tendon sheath progenitors are
involved in HO formation. Two previously validated HO trauma
models were utilized: an Achilles tendon HO model and a hip
postarthroplasty HO model.1,20 After arthroplasty surgery, HO can
occur in up to 40% of patients.
Briefly, Tppp3+ cells are restricted to the synovial membranes, a

specialized type of connective tissue around tendons such as the
tendon sheath, which upon traumatic injury prominently expand
in number and were found to partially contribute to HO.
Importantly, transcriptomic evidence suggests that Tppp3+ cells
not only represent primitive mesenchymal progenitor cells but
may also have regulatory effects on HO formation by releasing
soluble molecules that promote osteogenic differentiation.

RESULTS
Tppp3+ progenitor cells in the tendon sheath expand after HO
induction in the Achilles tendon
To investigate the contribution of Tppp3+ cells to heterotopic
ossification, we first used our validated model of burn/tenotomy
to induce traumatic HO in Tppp3ECE/+;R26RtdT (Tppp3-tdT) reporter
mice, which have a knock-in allele of ERT2 (Fig. 1a, b). After HO
induction was performed in the Achilles tendon, samples were
harvested at 0, 1, 3 and 9 weeks corresponding to the uninjured,
fibroproliferative, chondrogenic and osteogenic phases of HO,
respectively (Fig. 1b). In uninjured conditions, 87% of Tppp3-
immunoreactive cells showed tdT+ expression in the Achilles
tendon (Fig. S1). Moreover, Tppp3-tdT+ cells had limited distribu-
tion, primarily in the tendon sheath, and minimal activity within
the tendon body (Fig. 1c; a and Fig. S2). Characterization of FACS-
isolated Tppp3-tdT+ cells demonstrated multipotentiality, includ-
ing adipogenic, osteogenic, chondrogenic and tenogenic differ-
entiation potential (Fig. S3). After HO-induced injury, a rapid
increase in the number of tdT+ cells was observed in the injury
site at 1 wk (21.09% of the injury area) (Fig. 1c; a′, b′, d). Cells
marked by tdT persisted within the injury site across all timepoints
but were slightly reduced at both 3 and 9 weeks (18.93% and
17.76% of HO site cells at 3 and 9 weeks, Fig. 1c; c′, d′, d). However,
the cells within the tendon area (uninjured area) slightly increased
at 1 week and decreased at 3 weeks (Fig. 1e).
To better understand the cellular dynamics upon HO induction,

we analyzed our previously published scRNA-seq dataset of
Achilles tendon HO20 in which 9 cell clusters were identified based
on the expression of known markers (Fig. 1f, g). In particular, we
focused on the expression profile of Tppp3 in uninjured tendons
and at 7 and 21 d post-injury (Fig. 1h, i). We found that Tppp3 is
expressed primarily by mesenchymal cells, as well as several
smaller cell clusters, such as pericytes, skeletal muscle cells, and
Schwann cells (Fig. 1g–i). However, upon HO induction, the
expression of Tppp3 was increased in the mesenchymal clusters,
accompanied by an expansion of this cell cluster (Fig. 1l). Next, the
mesenchymal and pericyte cell clusters were subsetted, reinte-
grated, and further stratified into 4 clusters based on the
expression of Tppp3 and Aggrecan (Acan) to follow the cartilage
formation phase of endochondral ossification (Fig. 2a). The
expression of canonical mesenchymal (Pdgfra) and pericyte
markers (Pdgfrb, Mcam, Acta2) corroborated their identity, and
variable expression of Tppp3 was observed among clusters
(Fig. 2b). To further determine the hierarchy of these cell
subclusters, we performed pseudotime trajectory analysis
(Fig. 2c), showing that Cluster 1 (Tppp3+Acan-) went into a
common branch toward a differentiated state where Clusters 0
and 3 were overrepresented (Fig. 2d). Analysis of the expression of
Tppp3 over pseudotime showed that Tppp3 is present in early
pseudotime among the different time points (Fig. 2e), again
indicating its expression in progenitor cells. The expression of
tendon (Scx, Acan, Tnmd) and bone-related markers (Runx2) was
higher in late pseudotime (Fig. 2f). Altogether, our data support a

primitive/progenitor cell phenotype for Tppp3-expressing cells,
which is reduced upon differentiation.
Subsequently, we performed analysis of differential expression

across pseudotime between pericytes, mesenchymal cells, and the
common branch, named here “osteochondrogenic” (Fig. 2g). The
expression of Acta2, Mcam, Pdgfa and Des was enriched in
pericytes, among other genes. However, mesenchymal cells
expressed higher levels of Cd34, Pdgfra, Apod and Cxcl14. Next,
with the differentially expressed genes in every cluster across
pseudotime, GO term analysis was performed (Fig. 2h), which
showed enrichment of renin secretion and angiogenesis in
pericytes, whereas in mesenchymal cells, the main processes
overrepresented were extracellular matrix organization and
fibroblast proliferation. In the case of the osteochondrogenic
branch, GO terms related to ossification, tissue remodeling and
BMP signaling were enriched.
Finally, analysis of the expression of secreted ligands of

molecules reported to promote osteochondrogenic differentiation
in HO and other biological processes was performed among the
cell clusters (Fig. 2l). The majority of the pro-ossification ligands
(such as Bmp4, Bmp7, Vegfa, Fgf2, Fgf9 and Fgf18) were expressed
in Cluster 1, which is high in Tppp3 and low in Acan expression,
suggesting a regulatory role. Pericytes also expressed genes that
promote ossification, such as Bmp2 and Pdgfa. However, Clusters 0
and 3 expressed other molecules, such as Timp1, Mmp2, Mmp9, Il-
10 and Il-1a, to a lesser degree. Overall, these data indicate that
Cluster 1 is more involved in the regulation of ossification than the
more differentiated clusters, thus suggesting a regulatory role in
HO formation among some Tppp3+ cells.

Tppp3+ cells contribute to heterotopic cartilage formation after
HO induction in the Achilles tendon
To investigate the contribution of Tppp3+ cells to the formation of
heterotopic cartilage matrix during HO, we analyzed Tppp3-tdT
reporter mice at 3 weeks after HO-inducing injury. Saf-O/fast-green
staining showed cartilage formation in the region of interest
(Fig. 3a). Immunofluorescence staining was then used to corrobo-
rate the expression of cartilage markers. Indeed, Sox9 and Acan
showed positive expression in the injured tissue area, overlapping
with our previous histological staining results. Moreover, coex-
pression of Tppp3-tdT and cartilage markers was observed, which
demonstrated that Tppp3+ cells accounted for 20.58% and 18.70%
of Sox9+ and Acan+ cells, respectively (Fig. 3b–e).
Notably, only one-fifth of cartilage cells (Sox9+/Acan+) were

descendants of Tppp3+ cells, suggesting a diverse cellular origin
during endochondral ossification. To further investigate the type
of Tppp3+ cells in our model, we crossed Tppp3-tdT reporter mice
with constitutive Pdgfra-GFP reporter mice (Fig. 3f) to corroborate
the mesenchymal origin of cells contributing to endochondral
ossification. As expected, the majority of Sox9+ and Acan+ cells
showed Pdgfra reporter activity (Fig. 3g, h) at 94.83% and 95.29%,
respectively, and 20% of these Pdgfra-expressing cells showed
Tppp3-tdT (Fig. 3i, j). These results demonstrate the mesenchymal
origin of heterotopic cartilage formation and depict the cellular
complexity of contributors to HO formation, in which Tppp3+ cells
represent a subset of mesenchymal cells forming abnormal tissue.

Tppp3+ cells contribute to bone formation after HO induction in
the Achilles tendon
Next, the contribution of Tppp3+ cells to the osseous phase of HO
was investigated. First, 3-D µCT reconstructions of a representative
Achilles tendon showed abundant HO formation at 9 weeks after
injury (Fig. 4a). All injured Achilles tendons had heterotopic
ossification, and the mean volume of the newly formed bone was
0.44mm3, whereas the uninjured Achilles tendon (contralateral
side) showed no bone formation (Fig. 4a, b). Second, H&E staining
showed the structure and the degree of aberrant bone formation
within the tendon (Fig. 4c). Finally, immunofluorescence staining
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Fig. 1 Tppp3+ tendon sheath progenitors expand at the heterotopic ossification (HO) induction site after Achilles tendon injury. a Schematic
representation of HO induction, including complete Achilles tenotomy (left) and dorsal burn (right). b Tppp3ECE/+;R26RtdT animals were
administered tamoxifen (TMx) for three continuous days, followed by a 10-day washout period before HO induction. Reporter activity was
examined at 1, 3 and 9 weeks after injury. c tdT+ (Tppp3) cells (red) in the defect area were visualized using sagittal sections of the distal
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d Fraction of tdT+ cells in the injured area. e Fraction of tdT+ cells in the residual tendon area (under dashed white line). f UMAP visualization
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for the bone marker osteocalcin (OCN) was performed together
with visualization of Tppp3 reporter activity (Fig. 4d). The results
showed that 23% of OCN-immunoreactive cells showed Tppp3+

reporter activity (Fig. 4d, e). These results showed that heterotopic
cartilage at 3 weeks differentiated into bone at 9 weeks and that
Tppp3+ cells contributed to a minority of the total osteoblasts
within HO of the injured Achilles tendon.

Tppp3+ cells contribute to tendon formation after HO induction in
the Achilles tendon
As mentioned, Tppp3 is primarily considered a marker of tendon
progenitor cells.19,21 In the context of HO formation, the role of
Tppp3+ cells in tendon remodeling is unknown. Using inducible
Tppp3-tdT reporter mice crossed with mice with the constitutive
reporter for Scx,19 a tendon marker, we performed an analysis of the
contribution of Tppp3+ cells during tendon remodeling
(Fig. 5a). After HO-induced injury, a newly formed tendon-like
matrix defined by the expression of Scx-GFP was observed in the
tenotomy site at 3 weeks (Fig. 5b). A tendon-like matrix was formed
most prominently at the middle aspect of the Achilles tendon
defect, whereas heterotopic cartilage formation was formed closer
to the ends of the residual tendon. Quantification showed that
23.27% of Scx-GFP cells within the injury area were descendants of
Tppp3+ cells (Fig. 5c). Tenomodulin (TNMD) staining was also
performed to validate the tendon phenotype of the newly formed
tissue (Fig. 5d). Similar to Scx-GFP reporter activity, 24.47% of TNMD-
immunoreactive cells showed Tppp3 reporter activity (Fig. 5e). Given
the above findings, we next returned to our scRNA-seq data and
evaluated genes associated with the regulation of tenogenic
differentiation among Tppp3-expressing and nonexpressing cell
clusters (Fig. S4).22 Transcriptomic analysis showed that both Cluster
0 (Tppp3-, Acan+) and Cluster 1 (Tppp3+Acan-) expressed genes
encoding soluble molecules that promote tendon differentiation,
such as Gdf5, Ctgf and Tgfb3 (Cluster 0), as well as Gdf6, Fgf2 and
Tgfb2 (Cluster 1). These results implicate autocrine and paracrine
signaling derived from Tppp3+ and other cells (Tppp3-) in the
regulation of tendon repair versus HO formation within a
traumatized microenvironment.

Tppp3+ cells contribute to heterotopic cartilage formation at an
intracapsular site after HO induction in a hip postarthroplasty HO
model
Given the potential of Tppp3+ cells to contribute to HO formation
in the Achilles tendon, a model of hip postarthroplasty HO was
next assessed,1 where the cellular and structural context differs.
Here, dislocation of the femur and unilateral acetabular reaming
were performed, mimicking the initial steps in femoral head
arthroplasty, followed by analysis after 3 weeks (Fig. 6a, b). Saf-O/
Fast Green staining showed that cartilage tissue (red color) was
limited to the articular surface of the femoral head under normal
conditions. Upon injury, cartilage was formed in the synovium in
the acetabulum area after 3 weeks (Fig. 6c). Next, Tppp3 reporter
activity as well as expression of Sox9 was assessed (Fig. 6d),
showing that Tppp3 expression is restricted to the capsule and to a
lesser degree in the acetabulum area. Under control conditions,
Sox9 expression was limited to the articular cartilage of the
femoral head. After HO induction, Tppp3+ cells were expanded in
number and were noted to express the cartilage markers Sox9 and
Acan (Fig. 6e, g). Specifically, Tppp3-tdT+ cells gave rise to 49.76%
and 46.67% of Sox9+ and Acan+ cells, respectively (Fig. 6f, h).

Tppp3+ cells contribute to heterotopic bone in a hip
postarthroplasty HO model
Next, the osseous phase of HO formation and Tppp3 contribution
were analyzed in the hip arthroplasty model. First, HO formation
was corroborated by high-resolution µCT (Fig. 7a). Indeed, clear
aberrant bone formation was found, showing a significant
increase of 1.62-fold in volume at the site of injury (injured hip

joint; 15.97 mm3 and uninjured hip joint; 9.86 mm3) (Fig. 7b). H&E
staining showed a change in morphology and formation of
ectopic bone within the femoral and acetabular periosteum after
injury compared to that of the uninjured control (Fig. 7c).
Assessment of Tppp3 tdT reporter activity in uninjured tissue
showed no expression in bone tissue, and its expression was
restricted to the synovial area (Fig. 7d). After injury, an expansion
of Tppp3-tdT+ cells in the synovium and periosteum was observed,
accompanied by the expression of Runx2 in a subset of Tppp3-tdT+
cells (Fig. 7e, f). Indeed, Tppp3-tdT+ cells were present in 40% of
Runx2+ osteoblastic cells within the HO site. Further confirmation
of this finding was performed by coimmunostaining for Tppp3
and Runx2, in which clear colocalization was observed in the HO
site (Fig. S5).
Finally, human pathological samples with aberrant ectopic bone

formation were analyzed to investigate the patterns of TPPP3
expression. First, H&E staining was used to identify typical
histological features consistent with human HO (Fig. 7g). Next,
tissue slides were stained with antibodies against TPPP3 and
RUNX2 (Fig. 7h, i), and coexpression of these two markers was
determined: TPPP3+ immunoreactivity was present in 26% of
RUNX2+ osteoblastic cells within the HO site. Altogether, these
data suggest that synovial/tendon sheath progenitor cells
expressing Tppp3 acquire an osteoprogenitor phenotype trig-
gered by traumatic injury, resulting in aberrant stem cell
differentiation in soft tissues. Moreover, the contribution of
Tppp3+ cells seems to be conserved across anatomical sites of
HO and found in both mouse and human tissues.

DISCUSSION
Traumatic HO is the result of an aberrant repair process in which
mesenchymal stem cells differentiate into chondrocytes and
osteoblasts that form bone, replacing the native soft tissue.1 The
formation of ectopic bone involves a complex network of
interactions between progenitor cells, immune cells, blood vessels
and even nerves.8,20,23 Although mesenchymal cells are known to
contribute to HO, the specific subsets that participate in this
aberrant process are poorly understood. Here, we determined to
what extent synovial/tendon sheath progenitor cells expressing
Tppp3 contribute to HO formation. Upon injury, these cells
proliferate, contributing to tissue remodeling, and undergo the
typical HO developmental sequence of cartilage formation and
subsequent heterotopic bone formation. Moreover, scRNA-seq
analysis identified Tppp3 (expressed in mesenchymal progenitor
cells and pericytes) as an early progenitor of bone by trajectory
analysis. Overall, this study described a newly defined population
of tendon progenitors that contribute to ectopic bone formation
in vivo, which may have therapeutic implications for preventing
HO formation.
Previous studies have shown the contribution of mesenchymal

cells to HO formation using tamoxifen-inducible mice for Gli1, Scx,
and Pdgfra.10,14,19 Nonetheless, the expression of these markers is
observed in differentiated cells such as Scx+ tenocytes or in a wide
variety of cell types such as Pdgfra+ mesenchymal cells. However,
Tppp3 expression was restricted to the synovium/tendon sheath,
representing a primitive progenitor rarely expressed by tenocytes.
Indeed, trajectory analyses showed that Tppp3+ Pdgfra+ cells
along with CD146+ cells (pericytes) were early in pseudotime,
merging into a common branch toward osteochondral differentia-
tion, losing the expression of Tppp3. Moreover, stratification of the
trajectory into timepoints showed that Tppp3 is expressed only in
undifferentiated cells. In addition, mesenchymal cells can promote
HO formation by the release of soluble molecules.8 Our group has
previously shown that Vegfa released by mesenchymal cells is
crucial for heterotopic ossification,24 which correlated with the
most undifferentiated cell cluster expressing Tppp3. These cells
express not only Vegfa but also Bmp4, Bmp7 and Fgf2, among
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others, suggesting a regulatory effect of undifferentiated Tppp3+

cells, which may promote other subsets to undergo ossification. In
addition, analysis of factors that stimulate tendon differentiation
were likewise expressed among Tppp3+ cells, such as Bmp family
members and Tgfb isoforms.22

An interesting observation in this study was the clear difference
in the contribution of Tppp3+ cells to HO in our two injury models.
The synovial membrane of the hip contains Tppp3+ progenitor
cells that comprise approximately 40%–50% of the total aberrant
bone area, while in the Achilles tendon, this represents
approximately 20% of total bone cells. One reason for this may
be the phenotype of the cells from distinct origins. For instance, in
the Achilles tendon, the cells that acquire an aberrant stem cell
phenotype are tendon progenitors that must undergo a complex

process of endochondral ossification.4 In contrast, cartilage
progenitor cells in the hip model are perhaps more primed to
become osteoblasts, which is likely the result of bypassing certain
stages of endochondral ossification due to their cartilaginous
nature when compared to tendons. This finding is in line with
studies examining the transition of chondrocytes to osteoblasts
and osteocytes during endochondral bone formation.25 Moreover,
the tissue-specific stroma and cartilage in the hip may release
soluble molecules that further promote the expansion and
differentiation of Tppp3+ cells. Nonetheless, more studies are
needed to fully understand how Tppp3+ progenitor cells in
different anatomical depots behave.
This study has several limitations for consideration. First, our

scRNA-seq data did not contain a reporter gene that can help
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trace the differentiation trajectory of cells. Second, the contribution
and regulation of other cellular components, such as immune cells,
blood vessels and nerves, were not assessed. For instance, previous
reports from our group showed that HO is driven by coordinated
growth of blood vessels and nerves.24 Notably, in our scRNA-seq
data, blood vessel-associated pericytes and nerve-associated
Schwann cells both showed Tppp3 expression, although these
are both small cell populations in our models. In this context, there
is no information on the effect or interaction of Tppp3+ cells in the
accessory regulators of HO formation. Moreover, CD146+ cells have
been described as tendon progenitors expressing Tppp3,26 which
may indicate a more complex process regulating angiogenesis.
Finally, the Tppp3 lineage contribution was dependent on the
anatomical site, which may indicate a mechanical and functional
component as well as a progenitor phenotype with tissue
specificity that dictates their capability to differentiate.
In conclusion, this study provides evidence of the contribu-

tion and regulatory potential of synovial/tendon sheath
progenitor Tppp3+ cells to form HO across traumatic injury
models and the conserved cell identity in human HO samples.
These novel observations have implications for the mechan-
isms that drive aberrant stem cell differentiation in soft tissues

and possibly for the development and testing of new
therapeutic strategies.

MATERIALS AND METHODS
Mice
All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) of Johns Hopkins University
(MO19M366). All animals were housed at 18–22 °C, 50% (± 20%),
and a 12 h light-dark cycle with ad libitum access to food and water
in IACUC-supervised facilities. Mouse strains were made in-house or
were sourced from the Jackson Laboratory or Fan Laboratory (Table
S1). Tppp3ECE/+;R26RtdT mice were obtained by crossing Tppp3ECE

mice with R26RtdT mice. Tppp3ECE/+;R26RtdT;PdgfraH2B-eGFP mice were
obtained by crossing Tppp3ECE/+;R26RtdT mice with PdgfraH2B-eGFP

mice. Tppp3ECE/+;R26RtdT;Scx-GFP mice were obtained by crossing
Tppp3ECE/+;R26RtdT mice with Scx-GFP. Data from mixed-sex groups
were used. Mice were used at 8 weeks of age.

Tamoxifen administration
Tamoxifen (TMX; T5648, Sigma-Aldrich, St. Louis, MO) was
prepared as a 20 mg·mL−1 stock in sunflower oil and
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administered by intraperitoneal (i.p.) injection at 10 µL per g
body weight for three consecutive d, followed by a 10 d chase
period.

Mouse HO models
Animals were anesthetized with inhaled isoflurane (NDC 66794-
07-25, Piramal Enterprises, Limited. Telangana, India) delivered
with combined oxygen and nitrous oxide (1.5:2 ratio). The leg or

hip was prepared for surgery; hair was closely clipped, and skin
was disinfected with betadine solution (DNC 67618-155-16,
Purdue products L.P., Stamford, Ct, USA).
For the Achilles tendon HO model,20,27 a 1 cm skin incision

was made directly over the left calf to expose the Achilles from
its origin on the distal end of the gastrocnemius to the insertion
at the calcaneus. The Achilles tendon was completely transected
at its midpoint. The injured area was washed with saline, and the
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skin was sutured with 5-0 Vicryl suture (J463G, Ethicon,
Cincinnati, OH, USA). For a partial thickness burn, hair on the
mouse dorsum was removed, and a burn was made by placing a
metal brand heated to 60 °C in a water bath against the exposed
skin (30% total body surface area) for 18 s (Fig. 1a). These mice
were sacrificed at 0, 1, 3 and 9 weeks after injury for analysis
(Fig. 1b). For the hip postarthroplasty HO model,1 the right leg
was operated on in all cases. A 2 cm skin incision was made
centered on the greater trochanter and directed proximal to the

iliac crest and distally over the lateral shaft of the femur. The
joint was reached following the intermuscular plane between
the rectus femoris and gluteus medius muscles. Then, a
capsulotomy was performed. The femoral head was partially
dislocated to give access to the acetabular reamer, and the
articular cartilage was removed using a reamer 1.1.2 mm in
diameter (Cell-point Scientific, MD, USA) and a micropower drill
(Roboz Surgical Instrument Co., MD, USA). The surgical site was
washed with saline solution, and the skin was closed with 5-0

f

h

tdT tdT/Sox9Sox9e

g

tdT tdT/Sox9Sox9d

FH

A C

C

FH

A

C

FH

A

tdT tdT/AcanAcan

FH

A
C

Uninjured Injured

FH

C

A

c

Tppp3ECE/+;R26RtdT

b

a

Day 0D
ay

 -
12

D
ay

 -
11

D
ay

 -
10

TMx inj. Injury

3 weeks

Analysis

100
Cartilage formed area

Cartilage formed area

**
** ** **

*
*

** ** **

C
el
ls
/%

80
60
40
20
0

100

C
el
ls
/%

80
60
40
20
0

td
T
+ Ac

an
+

td
T
+ So

x9
+

td
T
+ So

x9
-

td
T
- So

x9
+

td
T
- So

x9
-

td
T
+ Ac

an
-

td
T
- Ac

an
-

td
T
- Ac

an
+

Fig. 6 Tppp3+ cells in heterotopic cartilage formed an area at an intracapsular site at 3 weeks after HO induction in a hip postarthroplasty HO
model. a Schematic representation of hip HO induction. b Tppp3ECE/+;R26RtdT animals were administered tamoxifen (TMx) for three d,
followed by a 10 d washout period before HO induction. Reporter activity was examined at 3 weeks after injury. c The cartilage-formed area
was visualized using Saf-O/Fast Green staining at the intracapsular site. Cartilage-like matrix appears red. d, e, g tdT+ and Sox9 or Acan
immunohistochemical staining within representative transverse sections of hips. The image in (d) is the contralateral side, and the images in
(e, g) are the injured side of the hips. A acetabulum, FH femoral head, C capsule. f, h Quantification of tdT+ and Sox9+ or Acan+ cells within
the cartilage-formed area (n= 4 animals per group). Scale bars: 500 µm. For all graphs, each dot represents a single animal, with the mean
±1 SD indicated. Statistical analysis was performed using one-way ANOVA with Tukey’s post hoc test. *P < 0.05 and **P < 0.01

Aberrant differentiation of Tppp3+ cells in HO
J-H Yea et al.

9

Bone Research           (2023) 11:39 



g

TPPP3 RUNX2TPPP3/RUNX2RUNX2

H&E
c

e f

Uninjured Injured

Uninjured Injured

a b

tdT tdT/Runx2Runx2

d tdT tdT/Runx2Runx2

B

B

S

Uninjured Injured

40

BV

*

B
V

/m
m

3

30

20

10

0

h

B

S

S

P

i

Bone formed area

Bone formed area

100

C
el

ls
/%

80

60

40

20

0

100

120

C
el

ls
/% 80

60

40

20

0

**

**
**

**

****

*

td
T
+ Run

x2
+

td
T
+ Run

x2
-

td
T
- Run

x2
+

td
T
- Run

x2
-

Tpp
p3

+ RUNX2
+

Tpp
p3

+ RUNX2
-

Tpp
p3

- RUNX2
+

Tpp
p3

- RUNX2
-

Fig. 7 Tppp3+ cell contribution to periosteal sites after HO induction in a hip postarthroplasty HO model. a µCT reconstruction of bone
formation at 3 weeks after injury. Heterotopic bone appears red, while native bone appears white. b µCT quantification of heterotopic BV
(scale bar: 1 mm, n= 4 animals per group). c The bone formed area was visualized using H&E staining at the periosteal site of the femoral
bone. The dashed black line indicates the margins of heterotopic bone. The dashed black box in the upper panels is magnified in the lower
panels (scale bars in panels: 200 µm). d, e tdT+ and Runx2 immunohistochemical staining at periosteal sites of femoral bone (scale bars in
panels: 100 µm). The image in (d) represents the contralateral control side, and the image in (e) represents the injured side. Dashed white lines
indicate margins of bone. The dashed white box in the upper panels is magnified in the lower panels. S: synovium; B: bone; P: periosteum.
f Quantification of tdT+ and Runx2+ cells within the bone area (n= 4 animals per group). g H&E staining showed human heterotopic
ossification of a human sample (scale bar in panel: 200 µm). h TPPP3 and RUNX2 immunofluorescence staining within human heterotopic
ossification in a hip joint (scale bar in panel: 200 µm). i Quantification of TPPP3+ and RUNX2+ cells within the bone area (n= 3 slides per
group). For all graphs, each dot represents a single sample, with the mean±1 SD indicated. Statistical analysis for (b) was performed using the
Mann-Whitney test. Statistical analysis for (f, i) was performed using one-way ANOVA with post hoc Tukey’s test. *P < 0.05 and **P < 0.01

Aberrant differentiation of Tppp3+ cells in HO
J-H Yea et al.

10

Bone Research           (2023) 11:39 



Vicryl sutures (J463G, Ethicon, Cincinnati, OH, USA). Samples
were collected at 3 weeks post-injury for analysis.

Characterization of Tppp3+ cells derived from the Achilles tendon.
Achilles tendons from n= 3 8-wk-old male Tppp3ECE/+;R26RtdT;Scx-GFP
mice were dissected and dissociated in 3mg·mL−1 Collagen I
(Worthington) and 4mg·mL−1 dispase II (Roche) in PBS for 1.5 h at
180 r·min−1 at 37 °C.20 The tissues were then lightly triturated with
sterilized Pasteur pipettes (VWR), run through a 40 μm filter (VWR) and
washed with 3mL of αMEM (Gibco) with 20% FBS. Filtered cells were
centrifuged at 300 × g for 30min at 4 °C. The cell pellet was washed
twice with 1mL of PBS, and the cells were resuspended in FACS
buffer (1% BSA, 1mmol·L−1 EDTA in PBS). Cell concentration and
viability (by Trypan blue exclusion) were confirmed using a Countess II
Automated Cell Counter (Thermo Fisher Scientific) and hemocyt-
ometer (VWR). Cells were distinguished by forward and side scatter,
and sorting was gated using FITC-A (GFP) and PE-A (tdT) filters. The
isolated Tppp3+ cells were initially expanded in growth medium
(DMEM+ 20% FBS+ 1% penicillin‒streptomycin (Gibco)). At conflu-
ence, the cells were trypsinized and seeded for subsequent
differentiation. Cells grown in growth medium served as undiffer-
entiated controls for each assay.
For adipogenic differentiation, cells were seeded at a density of

2 × 105 cells per well. At 80% confluence, the growth medium was
replaced by murine adipogenic induction medium (MesenCult
adipogenic differentiation kit, Stemcell Technologies). At d14 of
differentiation, both groups were stained with Oil Red O (Sigma-
Aldrich). Images of oil vacuole deposition were captured under a
bright field using a Leica DM ICC50W microscope.
For osteogenic differentiation, at confluence, the cells were

switched to osteogenic medium consisting of DMEM, 10% FBS, and
1% penicillin-streptomycin with 10mmol·L−1 β-glycerophosphate,
50 μmol·L−1 ascorbic acid, and 1mmol·L−1 dexamethasone. At d14,
osteogenesis was detected by staining the cells with 2% alizarin red
staining solution (Sigma-Aldrich, pH 4.2) for calcium nodules to stain
orange red. Images were captured by a Leica DM ICC50Wmicroscope.
For chondrogenic differentiation, confluent Tppp3+ cells were

changed to chondrogenic induction medium (Mesencult-ACF
chondrogenic differentiation kit, Stemcell Technologies). At d21,
the differentiated cells and controls were stained with Alcian blue
8GX (Sigma-Aldrich). Chondrogenesis was confirmed by blue color
staining, and images were taken by a Leica DM ICC50W microscope.
For tenogenic differentiation of Tppp3+ cells, tenogenic

differentiation medium consisting of aMEM, 10% FBS, 1%
penicillin-streptomycin, 50 μg·mL−1 ascorbic acid and 10 ng·mL−1

TGFβ-1 was used. At d14 of differentiation, images of Scleraxis-
GFP reporter activity were captured by a Zeiss LSM 800 confocal
microscope, and images were processed with ZEN blue software
(Zeiss, USA).

Human samples
Human hip HO specimens were identified in our surgical
pathology archives in the form of formalin-fixed, paraffin-
embedded blocks, and the use of patient pathology specimens
complied with all relevant ethical regulations. All specimens were
coded to protect the confidentiality of personal information and
obtained under Johns Hopkins University Institutional Review
Board approval with informed consent (IRB number;
NA_00028453). All specimens were reviewed by a pathologist to
verify the diagnostic accuracy (A.W.J.).

Histology and immunohistochemistry
Mouse tissues were harvested and fixed in 4% paraformaldehyde
at 4 °C for 24 h. Tissues were washed with PBS for 1 h and
decalcified in 14% EDTA (Sigma-Aldrich) for 21 d at 4 °C. For
cryosections, tissues were cryoprotected in 30% sucrose overnight
at 4 °C before embedding in OCT (Tissue-Tek 4583, Torrance, CA).
The Achilles tendon was sectioned at 12 μm or 30 µm thickness.

Sections (12 µm) were used for routine Safranin-O/Fast green (Saf-
O/Fast green)28 and hematoxylin and eosin (H&E)29,30 staining and
immunohistochemistry. For detection of fluorescent reporter
proteins, 30 µm slides were washed in PBS 3x for 10min and
then mounted with DAPI mounting solution (Vectashield H-1500,
Vector Laboratories, Burlingame, CA).
For immunohistochemistry, slides were washed in PBS 3x for

10min and permeabilized with 0.5% Triton X for 30min.
Subsequently, 5% normal goat serum was applied for 1 h and
incubated in primary antibodies overnight at 4 °C in a humidified
chamber. Next, the slides were washed in PBS, incubated in 3%
normal goat serum with secondary antibody for 1 h at 25 °C and
then mounted with DAPI mounting solution. Images were taken
using upright light and fluorescence microscopy (Leica DM6, Leica
Microsystems, Inc., Buffalo Grove. IL). Images were processed using
ImageJ software (National Institutes of Health, MD, USA).
For human samples, slides were dewaxed with xylene and

hydrated by immersion in decreasing concentrations of ethanol.
Slides were used for Saf-O/Fast Green and H&E staining. For
immunohistochemistry, antigen retrieval was performed after
dewaxing and hydration. Briefly, slides were boiled in 10mmol·L−1

citrate buffer, pH 6, for 20 min, followed by immunostaining as
described above. For detailed antibody information, see Table S2.

Micro computed tomography (µCT) imaging and analysis
Mouse hindlimbs and hips were harvested and imaged at 9 weeks
and 3 weeks postinjury, respectively, using a Skyscan 1275 scanner
(Bruker MicroCT, Kontich, Belgium) with the following settings:
65 kV, 153 µA, 1 mm aluminum filter in 180°, 6 frames per 0.3° with
a 10 µm voxel size. Images were reconstructed using NRecon and
exported as DICOM files. DataViewer software was used to realign
the images, and quantitative parameters were assessed using
Skyscan- CTan software (SkyScan, Kontich, Belgium). Cylindrical
regions of interest (ROI) of 3.5 mm in diameter and 3mm in
thickness were used for Achilles tendon-associated HO samples.
For hip postarthroplasty HO samples, cylindrical regions of interest
(ROI) of 4.5 mm in diameter and 3mm in thickness were used. A
threshold value range of 80–255 was used. After global thresh-
olding was carried out, a 3-dimensional (3D) data analysis
including bone volume (BV) was performed. Three-dimensional
reconstructions were performed using Dragonfly (ORS, Inc.,
Montreal, Canada).

Single-cell RNA sequencing (scRNA-seq) analysis. scRNA-seq data
were obtained from a published dataset from our group
(accession number: GSE126060), in which the tendon injury
model of HO20 was examined at 0, 7 and 21 d after injury. n= 3
mice per timepoint were used (6–10 weeks male C57BL/6 J mice),
which included a total of 10 119 cells (3 815 from 0 d, 3 144 from 7
d, and 3 160 from 21 d). Downstream analysis steps were
performed using Seurat as previously described.24,31 Briefly, cells
with fewer than 500 genes, with more than 60 000 UMIs, or
expressing a fraction of mitochondrial UMIs higher than 0.1 were
filtered for quality control. Genes present in fewer than 3 cells
per set were discarded. Unsupervised clustering (Louvain algo-
rithm) was used to identify cell populations. Trajectory analysis
was performed using Monocle2.32 DAVID Bioinformatics was used
for enrichment analyses.33

Statistics
Quantitative data are expressed as the mean±1 SD with individual
datapoints shown. The number of samples is shown in the figure
legends. A Shapiro‒Wilk test for normality was performed for all
datasets. Parametric data were analyzed using two-sided Student’s t
test when comparing two groups or one-way ANOVA with post hoc
Dunn’s multiple comparisons test when comparing more than two
groups. Nonparametric data were analyzed with a Mann-Whitney
U test when comparing two groups or a Kruskal‒Wallis one-way
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analysis with post hoc Tukey’s test when comparing more than two
groups. All statistical analyses were performed with GraphPad
Software 8.1 (GraphPad Software, San Diego, California, USA).
*P < 0.05 and **P < 0.01 were considered significant.

ACKNOWLEDGEMENTS
A.W.J. was funded by the NIH/NIAMS (R01 AR070773, R01 AR068316, R01 DE031028,
R21 AR078919), USAMRAA through the Peer Reviewed Medical Research Program
(W81XWH-18-1-0121, W81XWH-18-1-0336), the Peer Reviewed Orthopaedic Research
Program (W81XWH-20-10795) and Broad Agency Announcement (W81XWH-18-
10613), the American Cancer Society (Research Scholar Grant, RSG-18-027-01-CSM),
and the Maryland Stem Cell Research Foundation. B.L. was funded by the NIH (R01
AR079171, R01 AR078324, and R01 AR071379). The content is solely the responsibility
of the authors and does not necessarily represent the official views of the National
Institute of Health or Department of Defense.

AUTHOR CONTRIBUTIONS
J-H.Y.: conception and design, collection and assembly of data, data analysis and
interpretation, manuscript writing. M.G-S.: conception and design, collection and
assembly of data, data analysis and interpretation, manuscript writing. S.O.:
conception and design, collection and assembly of data, data analysis and
interpretation, manuscript writing. Z.L.: collection and assembly of data, data analysis
and interpretation. N.T.: collection and assembly of data, data analysis and
interpretation, manuscript writing. M.C.: collection and assembly of data, data
analysis and interpretation. S.N.: collection and assembly of data, data analysis and
interpretation. X.X.: collection and assembly of data, data analysis and interpretation.
Q.Q.: data analysis and interpretation. R.J.T.: data analysis and interpretation. C-M.F.:
provision of study material. B.L.: provision of study material. A.W.J.: conception and
design, financial support, provision of study material, data analysis and interpretation,
manuscript writing, final approval of manuscript (awjames@jhmi.edu).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41413-023-00272-x.

Competing interests: Ji-Hye Yea (N), Mario Gomez-Salazar (N), Sharon Onggo (N),
Masnsen Cherief (N), Zhao Li (N), Stefano Negri (N), Robert Joel Tower (N), Chen-Ming
Fan (N), Benjamin Levi (N), Aaron W. James (Scientific advisory board, Novadip LLC;
Consultant, Lifesprout LLC and Novadip LLC; Editorial Board, Bone Research,
American Journal of Pathology).

REFERENCES
1. Negri, S. et al. Acetabular reaming is a reliable model to produce and characterize

periarticular heterotopic ossification of the hip. Stem Cell Transl. Med. 11, 876–888
(2022).

2. McCarthy, E. & Sundaram, M. Heterotopic ossification: a review. Skeletal Radiol.
34, 609–619 (2005).

3. Lin, L., Shen, Q., Xue, T. & Yu, C. Heterotopic ossification induced by Achilles
tenotomy via endochondral bone formation: expression of bone and cartilage
related genes. Bone 46, 425–431 (2010).

4. Meyers, C. et al. Heterotopic Ossification: A Comprehensive Review. JBMR Plus. 3,
e10172 (2019).

5. Wittenberg, R. H., Peschke, U. & Botel, U. Heterotopic ossification after spinal-cord
injury-epidemiology and risk-factors. J. Bone Joint Surgery-British Volume 74,
215–218 (1992).

6. Garland, D. E. Clinical observations on fractures and heterotopic ossification in
the spinal-cord and traumatic brain injured populations. Clin. Orthop. Relat. R 233,
86–101 (1988).

7. Kan, C. et al. Microenvironmental factors that regulate mesenchymal stem cells:
lessons learned from the study of heterotopic ossification. Histol. Histopathol. 32,
977–985 (2017).

8. Nelson, E. R., Wong, V. W., Krebsbach, P. H., Wang, S. C. & Levi, B. Heterotopic
ossification following burn injury: the role of stem cells. J. Burn Care Res. 33,
463–470 (2012).

9. Zhang, Q., Zhou, D., Wang, H. T. & Tan, J. Heterotopic ossification of tendon and
ligament. J. Cellular Mol. Med. 24, 5428–5437 (2020).

10. Agarwal, S. et al. Scleraxis-lineage cells contribute to ectopic bone formation in
muscle and tendon. Stem Cells 35, 705–710 (2017).

11. Pagani, C. A. et al. Novel lineage-tracing system to identify site-specific ectopic
bone precursor cells. Stem Cell Rep.16, 626–640 (2021).

12. Regard, J. B. et al. Activation of hedgehog signaling by loss of GNAS causes
heterotopic ossification. Nat. Med. 19, 1505–1512 (2013).

13. Dey, D. et al. Two tissue-resident progenitor lineages drive distinct phenotypes of
heterotopic ossification. Sci. Transl. Medicine 8, 366ra163 (2016).

14. Kan, C. et al. Gli1-labeled adult mesenchymal stem/progenitor cells and hedge-
hog signaling contribute to endochondral heterotopic ossification. Bone 109,
71–79 (2018).

15. Farahani, R. M. & Xaymardan, M. Platelet-derived growth factor receptor alpha as
a marker of mesenchymal stem cells in development and stem cell biology. Stem
Cells Int. 2015, 362753 (2015).

16. Bi, Y. et al. Identification of tendon stem/progenitor cells and the role of the
extracellular matrix in their niche. Nat. Med. 13, 1219–1227 (2007).

17. Lee, C. H. et al. Harnessing endogenous stem/progenitor cells for tendon
regeneration. J. Clinical Invest. 125, 2690–2701 (2015).

18. Gumucio, J. P., Schonk, M. M., Kharaz, Y. A., Comerford, E. & Mendias, C. L.
Scleraxis is required for the growth of adult tendons in response to mechanical
loading. JCI Insight 5, e138295 (2020).

19. Harvey, T., Flamenco, S. & Fan, C. M. A Tppp3(+)Pdgfra(+) tendon stem cell
population contributes to regeneration and reveals a shared role for PDGF sig-
nalling in regeneration and fibrosis. Nat. Cell Biol. 21, 1490–1503 (2019).

20. Lee, S. Y. et al. NGF-TrkA signaling dictates neural in growth and aberrant osteo-
chondral differentiation after soft tissue trauma. Nat. Commun. 12, 4939 (2021).

21. Staverosky, J. A., Pryce, B. A., Watson, S. S. & Schweitzer, R. Tubulin poly-
merization‐promoting protein family member 3, Tppp3, is a specific marker of
the differentiating tendon sheath and synovial joints. Dev. Dyn. 238, 685–692
(2009).

22. Zhang, Y.-J. et al. Concise review: stem cell fate guided by bioactive molecules for
tendon regeneration. Stem Cell Transl. Med. 7, 404–414 (2018).

23. Convente, M. R., Wang, H. T., Pignolo, R. J., Kaplan, F. S. & Shore, E. M. The
immunological contribution to heterotopic ossification disorders. Curr. Osteo-
poros. Rep. 13, 116–124 (2015).

24. Hwang, C. et al. Mesenchymal VEGFA induces aberrant differentiation in het-
erotopic ossification. Bone Res. 7, 36 (2019).

25. Yang, L., Tsang, K. Y., Tang, H. C., Chan, D. & Cheah, K. S. Hypertrophic chon-
drocytes can become osteoblasts and osteocytes in endochondral bone forma-
tion. Proc. Natl. Acad. Sci. 111, 12097–12102 (2014).

26. Tarafder, S. et al. Tendon stem/progenitor cells regulate inflammation in tendon
healing via JNK and STAT3 signaling. Faseb J. 31, 3991–3998 (2017).

27. Hsu, G. C. Y. et al. Endogenous CCN family member WISP1 inhibits trau-
mainduced heterotopic ossification. JCI Insight 5, e135432 (2020).

28. Yea, J.-H., Bae, T. S., Kim, B. J., Cho, Y. W. & Jo, C. H. Regeneration of the Rotator
Cuff Tendon-to-Bone Interface using Umbilical Cord-Derived Mesenchymal Stem
Cells and Gradient Extracellular Matrix Scaffolds from Adipose Tissue in a Rat
Model. Acta Biomater. 114, 104–116 (2020).

29. Yea, J.-H. et al. Regeneration of a full-thickness defect of rotator cuff tendon with
freshly thawed umbilical cord-derived mesenchymal stem cells in a rat model.
Stem Cell Res. Ther. 11, 1–13 (2020).

30. Yea, J. H. et al. Regeneration of a full-thickness defect in rotator cuff tendon with
umbilical cord-derived mesenchymal stem cells in a rat model. PLoS One 15,
e0235239 (2020).

31. Qin, Q. Z. et al. Neuron-to-vessel signaling is a required feature of aberrant stem
cell commitment after soft tissue trauma. Bone Res. 10, 43 (2022).

32. Qiu, X. J. et al. Reversed graph embedding resolves complex single-cell trajec-
tories. Nat. Methods 14, 979–982 (2017).

33. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–57 (2009).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Aberrant differentiation of Tppp3+ cells in HO
J-H Yea et al.

12

Bone Research           (2023) 11:39 

https://doi.org/10.1038/s41413-023-00272-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Tppp3&#x0002B; synovial/tendon sheath progenitor cells contribute to heterotopic bone after trauma
	Introduction
	Results
	Tppp3&#x0002B; progenitor cells in the tendon sheath expand after HO induction in the Achilles tendon
	Tppp3&#x0002B; cells contribute to heterotopic cartilage formation after HO induction in the Achilles tendon
	Tppp3&#x0002B; cells contribute to bone formation after HO induction in the Achilles tendon
	Tppp3&#x0002B; cells contribute to tendon formation after HO induction in the Achilles tendon
	Tppp3&#x0002B; cells contribute to heterotopic cartilage formation at an intracapsular site after HO induction in a hip postarthroplasty HO model
	Tppp3&#x0002B; cells contribute to heterotopic bone in a hip postarthroplasty HO model

	Discussion
	Materials and methods
	Mice
	Tamoxifen administration
	Mouse HO models
	Characterization of Tppp3&#x0002B; cells derived from the Achilles tendon

	Human samples
	Histology and immunohistochemistry
	Micro computed tomography (&#x000B5;CT) imaging and analysis
	Single-cell RNA sequencing (scRNA-seq) analysis

	Statistics

	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




