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Abstract

Background: Heterotopic ossification (HO), either acquired (aHO) or hereditary, such as fibrodysplasia ossificans
progressiva (FOP), is a serious condition without effective treatment. Understanding of the core process of
injury-induced HO is still severely limited.

Methods: Double-pulse thymidine analog labeling was used to explore the distinctive domains evolved in injury-induced
lesions in an animal model of HO (Nse-BMP4). Histological studies were performed to see whether a similar zonal pattern is
also consistently found in biopsies from patients with aHO and FOP. In vivo clonal analysis with Rainbow mice, genetic
loss-of-function studies with diphtheria toxin A (DTA)-mediated depletion and lineage tracing with Zsgreen reporter mice
were used to obtain further evidence that Tie2-cre-, Gli1-creERT-, and Glast-creERT-labeled cells contribute to HO as
niche-dwelling progenitor/stem cells. Immunohistochemistry was used to test whether vasculature, neurites, macrophages,
and mast cells are closely associated with the proposed niche and thus are possible candidate niche supportive cells.
Similar methods also were employed to further understand the signaling pathways that regulate the niche and the
resultant HO.

Results: We found that distinctive domains evolved in injury-induced lesions, including, from outside-in, a
mesenchymal stem cell (MSC) niche, a transient domain and an inner differentiated core in an animal model
of HO (Nse-BMP4). A similar zonal structure was found in patients with aHO and FOP. In vivo clonal analysis
with Rainbow mice and genetic loss-of-function studies with DTA provided evidence that Tie2-cre-, Glil-
creERT-, and Glast-creERT-labeled cells contribute to HO as niche-dwelling progenitor/stem cells; consistently,
vasculature, neurites, macrophages, and mast cells are closely associated with the proposed niche and thus
are possible candidate niche supportive cells. Further mechanistic study found that BMP and hedgehog (Hh)
signaling co-regulate the niche and the resultant HO.

Conclusions: Available data provide evidence of a potential core mechanism in which multiple disease-specific
cellular and extracellular molecular elements form a unique local microenvironment, i.e,, an injury-induced stem cell
niche, which regulates the proliferation and osteogenic differentiation of mesenchymal stem cells (MSCs). The
implication for HO is that therapeutic approaches must consider several different disease specific factors as parts of a
functional unit, instead of treating one factor at a time.
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* Correspondence: |-kan@northwestern.edu

fChen Kan, Na Ding and Jiazhao Yang contributed equally to this work.
'School of Basic Medical Sciences, Anhui Medical University, 81 Meishan
road, Hefei 230032, China

*Department of Neurology, Northwestern University, Ward Building 10-233,
303 East Chicago Avenue, Chicago, IL 60611-3008, USA

Full list of author information is available at the end of the article

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided 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 Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-018-1107-7&domain=pdf
mailto:l-kan@northwestern.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Kan et al. Stem Cell Research & Therapy (2019) 10:14

Background

Heterotopic ossification (HO), acquired or hereditary, is the
formation of true bone in extraskeletal soft tissue [1-3].
Acquired HO (aHO) is usually associated with musculoskel-
etal trauma, spinal cord injury, or central nervous system in-
jury [4], whereas hereditary HO, such as fibrodysplasia
ossificans progressiva (FOP) [5], is caused by rare genetic
mutations. Regardless, all forms of HO are serious medical
conditions that are often closely associated with local abnor-
mal injury/inflammatory responses (AIR) [3]. HO forms
mainly through a process called intracartilaginous endochon-
dral ossification (or endochondral ossification), meaning that
ossification is preceded by cartilage, similar to the bones of
the limbs. However, in the context of injury-induced HO,
cartilage formation is preceded by a series of stereotyped se-
quential events, ie., early injury-induced inflammation (in-
flammatory stage), fibroproliferation (fibroproliferative stage),
and condensation (condensation stage) [1]. The specific
pathological mechanisms leading to HO are still largely un-
known, although many different factors have been implicated
in the process [6-9].

Based on long-term observations, we hypothesized
that multiple disease-specific cellular and extracellular
molecular elements form a unique and relatively stable
local microenvironment, i.e., an injury-induced mesen-
chymal stem cell niche (MSC niche), which regulates the
proliferation and subsequent osteogenic differentiation
of mesenchymal stem cells (MSCs) and the downstream
HO process. This study was designed to directly test this
hypothesis. One commonly accepted approach for iden-
tifying and localizing stem cells in the niche is through
the label-retaining cell (LRC) technique, which normally
depends on administration of a marker that is incorpo-
rated into the DNA of proliferating cells and retained by
stem cells for long periods of time after the labeling
period because of the slow-cycling, quiescent nature of
stem cells. To maximize the temporal-spatial resolution
of the LRCs, we used a dual-pulse CldU and IdU label-
ing (dual LRC) protocol [10] at different stages of the
HO process in this study.

We also took advantage of the high spatial-temporal
resolution afforded by Rainbow reporter mice to provide
a way for in vivo clonal analyses of stem cells that con-
tribute to HO. The R26R-Confetti allele in these mice
acts as a stochastic multicolor Cre recombinase reporter
of multiple fluorescent proteins from a single genomic
locus [11]. Previous studies have identified a number of
populations of cells that contribute to HO including
Tie2, Glast, and Glil-expressing mesenchymal stem/pro-
genitor cells (MSCs) [7-10], and validated Tie2-cre [12,
13], Glast-creERT [14], and Glil-creERT [15] mouse
lines are commercially available. These Cre lines allowed
us to establish the functional role of these different pop-
ulations of cells using Cre-induced diphtheria toxin A
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(DTA) expression to specifically deplete individual target
MSC subpopulations [16].

Numerous prior studies have implicated various
signaling pathways, such as bone morphogenetic protein
(BMP) BMP, wnt/B-catenin, fibroblast growth factor
(FGF), hedgehog (Hh) signaling, and probably other con-
served pathways that participate in the HO process [17].
The BMP signaling pathway is the most extensively
studied one, and it is generally accepted that BMP
signaling is crucial for the osteogenic and chondrogenic
processes [18]. There also is evidence that implicates Hh
and wnt/B-cat signaling in HO [19]; however, it is still
largely unknown how these signaling pathways interact
and co-regulate the HO process, or whether these
signaling pathways play roles in the proposed MSC
niche. The tools that we developed allowed us to explore
the role of these signaling molecules in regulating MSC
proliferation and differentiation in HO lesions.

Overall, this proof-of-concept study provides evidence of
a potential core mechanism in which multiple disease-spe-
cific cellular and extracellular molecular elements form a
unique local microenvironment, i.e., a MSC niche, where
BMP and Hh signaling co-regulate this process. The
insights gained from this study have broad implications not
only for prevention and treatment of HO, but also for
potential translational applications of MSCs in a variety of
injury or regenerative-related disorders.

Materials and methods

Animals and injury models

The Nse-BMP4 transgenic mice used in this study
have been described previously [14, 20]. This line
overexpresses bone morphogenetic protein 4 (BMP4)
under the control of neuron-specific enolase (Nse)
promoter and develops injury-induced HO robustly.
The Gli1™3(e/ERTDAL /1 (Gli1-creERT) [21], Tg(Slcla
3-cre/ERT)1Nat/] (Glast-creERT), B6.Cg-Tg(Tek-cre)l
Ywa/] (Tie2-cre) [22], Gt(ROSA)26Sor™! PTAIPmb/)
(ROSA26-eGFP-DTA) [16], B6.129P2-Gt(ROSA)26-
Sortm1(CAG-Brainbow2.)Cle/] (RogR_Confetti, also called
Rainbow mice) [23], and the B6.Cg-Gt(ROSA)26-
SortmO(CAG-ZsGreenl)Hze 1) 1inag [24] (Zsgreen reporter)
were from the Jackson Laboratory (Bar Harbor, ME).
To conditionally induce Glil-creERT or Glast-creERT
expression, 100 pl of tamoxifen (TAM, 10 mg/ml) was
injected intraperitoneally into adult (>1 month) mice
as previously reported [14].

The Zsgreen reporter mouse has a loxP-flanked STOP
cassette that prevents transcription of the downstream
enhanced green fluorescent protein (ZsGreenl) in the
absence of Cre. However, when bred to mice that
express Cre, the STOP cassette is permanently deleted
in Cre-expressing cells resulting in constitutive expres-
sion of ZsGreenl in those cells and all of their progeny.
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This is a gold standard approach for lineage tracing;
however, Zsgreen reporter lines, or other unicolored
reporter lines, are generally not suitable for clonal ana-
lysis, since the clonal resolution is too low, especially in
long-term tracing.

R26R-Confetti (Rainbow) is a reporter line that, when
bred to mice that express Cre recombinase, generate off-
spring with a recombination event that stochastically
places one of the four fluorescent proteins into a pos-
ition directly downstream of the CAG promoter within
the Cre-expressing tissues. The random nature of this
recombination event significantly increases the clonal
resolution and therefore provides a high-resolution
way to follow the progeny of individual stem/progeni-
tor cells (i.e., clonal analysis) in vivo [23]. The caveat
is that, due to a variety of potential limitations, not
all recombination events can be detected unequivo-
cally with comparable efficiency, which often leads to
underestimation, or even severe underestimation, of
recombination efficiency; fortunately, for clonal ana-
lysis, relatively low detection efficiency is actually
beneficial.

ROSA26-eGFP-DTA is a mouse line useful for con-
ditional depletion of specific subpopulations of cells.
Once bred to mice that express Cre recombinase
under the control of a promoter of interest, the
loxP-flanked EGFP and stop sequence are removed,
and diphtheria toxin (DTA) expression is activated,
resulting in the specific ablation of Cre-expressing
cells [16]. The deletion efficiency can be estimated by
calculating the ratio of GFP™ (recombined)/GFP* cell
population (unrecombined).

The standard muscle injury procedure was per-
formed according to previous reports [14, 20]. Adult
mice, both males and females, were used in this study.
All animals were randomly allocated to groups that
each contained at least five mice at each time point.
All mice were house in standard (pathogen free) condi-
tions and were fed with standard chow (Irradiated
Teklad LM-485 Mouse/Rat Diet, Catalog# 7912.15 or
Catalog# 7904.15, Envigo), ad libitum. In all experi-
ments, the investigators performed all analyses blinded
to the identity of the animals. For each mouse (either
from control or experimental groups), at least 10
random sections were obtained through the lesions.
All animal experiments in this study were approved by
the Animal Care and Use Committees at Anhui
Medical University and at Northwestern University.

Patients and clinical data summaries

We retrospectively examined the histological features
both in FOP (3 patients) and aHO (8 patients) (see
Additional file 1: Table S1 for overall summary of
clinical data, Additional file 2: Table S2 for summary
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of the histomorphometric analysis, Additional file 3:
Figure S1 for the gross HO images and Additional file 4:
Figure S2 for the typical histological features). The biop-
sies of the lesional tissues from patients of FOP were ob-
tained as a diagnostic test before a clear FOP diagnosis
being established. The biopsies from patients of aHO were
also obtained as a part of diagnostic test/resection surgery.
The histologic data from these samples were systematic-
ally studied to identify the target issues (the three domain
structure, i.e., the MSC niche, transient domain and inner
differentiated core), based on typical morphological fea-
tures. For each individual patient, at least five or more
H&E images were reviewed and analyzed. Generally, the
target issues are located on the periphery of lesional sam-
ples from the condensation stage onward; however, some
samples did not contain significant amounts of the target
tissues due to temporal (sampling too early or too late)
and/or spatial (does not contain the periphery of the le-
sions) limitations (Additional file 1: Table S1). The pre-
sented FOP data was from a 7-year-old girl whose chief
complaint was widespread unknown swelling with re-
stricted joint motion of the upper arm. The FOP
diagnosis was established later, based on histological
findings and the typical deformity of the great toe,
i.e., hallux valgus and shortened great toe. The pre-
sented aHO data was from a 56-year-old male with a
chief complaint of limited right hip joint motion due
to a total hip arthroplasty surgery. This retrospective
study used pre-existing fully deidentified clinical
samples and data, and this study was approved by
the ethics committee of Anhui provincial Hospital,
The First Affiliated Hospital of China University of
Science and Technology.

In vivo clonal analyses and DTA-mediated ablation of
cells

To perform clonal analyses, we first generated triple
transgenic mice, i.e., Nse-BMP4;Glil-creERT;R26R-Con-
fetti, Nse-BMP4;Glast-creERT;R26R-Confetti, and Nse-
BMP4;Tie2-cre;R26R-Confetti, respectively. We then
traced the labeled cells at different time points after
TAM induction and injury, using standard procedures
[25], except that Tie2-cre is not inducible. Briefly, we
determined cell clusters by measuring the distance
between the cells labeled with the same color through
Image]. Specifically, if the neighboring labeled cells were
of the same color (uninterrupted by cells with a different
color) and within a distance of about up 100 pm with
each other (between two nearest points of neighboring
cells), these cells were considered of the same simple clus-
ter, but the clusters with less than three cells were not
treated as an independent clone (i.e., cutoff value = 3). The
distance of 100 um was chosen based on our preliminary
studies and consideration of several crucial factors: (1)
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degree of dispersion of individual colonies, (2) the labeling
efficiency with each Cre line, and (3) minimization of both
false positivity and false negativity. In our model, the
degree of dispersion of individual colonies is relatively
large, and the labeling efficiency with R26R-Confetti is
generally low, which led to the criteria that were then
applied prospectively to all groups in this study. Under
some conditions, neighboring clusters overlapped (ie.,
some cells were located in the middle of two or more
potentially independent clones). In this case, none were
treated as independent clones, which unavoidably reduced
the clonal resolution. To quantify the clonal resolution,
we counted the number of the labeled cells within an
independent cluster and the total number of labeled cells
in the same field, and the clonal resolution = the ratio of
the number of the labeled cells within an independent
cluster/total number of labeled cells in the same field. The
labeling efficiency = the ratio of the number of all labeled
cells (from all different channels)/total cells in the same
field. The labeling efficiency is influenced by a variety of
different factors, such as the expression profile of different
Cre lines, the length and intensity of TAM induction, the
recombination efficiency of the specific Cre, and the
detection efficiency.

To study the functional consequences of conditional
depletion of Tie2*, Glast’, or Glil" stem/progenitor
cells, we generated additional sets of triple transgenic
mice, i.e., Nse-BMP4;Tie2-cre;ROSA26-eGFP-DTA, Nse-
BMP4;Glil-creERT;ROSA26-eGFP-DTA, and Nse-BMP4
;Glast-creERT;ROSA26-eGFP-DTA. TAM was adminis-
tered as described above. To gauge the effects of target
cell depletion on the proposed MSC niche, we measured
the average thickness of the MSC niche based on the im-
ages of the lesion from the TAM-treated and control ani-
mals (without TAM). Specifically, we took images around
the lesional core, i.e., we took four pictures/differentiated
core (one picture from each quadrant) for each mouse
(five mice in each group) and then measured in a blinded
fashion the average thickness of the MSC niche in each
image based on the abovementioned morphological fea-
tures. To quantify the depletion efficiency in this model,
we calculated the ratio of GFP™ cells in treated and control
animals/total cells in the same target areas.

Histomorphometric analysis was performed with soft-
ware Image Pro plus 6.0, IPP 6.0 (Media Cybernetics
Inc,, Silver Spring, MD, USA). Several parameters were
included: (1) Trabecular area/bone area is the percentage
of area occupied by calcified bone in relation to the total
area. (2) Trabecular width is the distance across individ-
ual trabeculae = (2x bone area)/bone perimeter). (3)
Trabecular number is the number of trabeculae that a
line through a trabecular compartment would hit per
millimeter of its length = (bone area/trabecular area)/tra-
becular width. (4) Trabecular separation is the distance
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between trabeculae = (1/trabecular number) - trabecular
width. (5) Niche area is the total area that matches the
criteria of the MSC niche (right location, with typical
fibrotic cell morphology).

Cldu/Idu double-pulse staining

On the day of injury, CIdU (42.5 mg/kg) was injected
intraperitoneally into adult (>1 month old) Nse-BMP4
mice three times per day. One day before sacrifice, two
IdU (57.5mg/ kg) injections were administered. The
animals were sacrificed and the tissues were harvested at
different time points. To double stain CldU and IdU,
sections were first denatured by incubating the sections
in 2N HCI for 30 min at 37 °C, neutralized with 0.1 M
sodium borate, pH 8.5, for 10 min at room temperature,
rinsed twice with PBS, and incubated with blocking solu-
tion (10% normal goat serum) at room temperature for
1h. The sections were then incubated with primary anti-
bodies diluted with 1% BSA + 0.25% Triton X-100 at 4°C
overnight. The sections were then incubated with
appropriate secondary antibodies (Alexa Fluor 488, Alexa
Fluor 594, or Alexa 647 conjugated antibodies diluted with
1% BSA +0.25% Triton X-100 in the dark at room
temperature for 2 h). Counterstaining was then performed
with 4,6-diamidino-2-phenylindole (1:5000). To quantify
the distribution of different LRC subpopulations, we
counted the CldU", IdU/CldU", and IdU" cells in different
domains, including the proposed MSC niche, the transient
domain, and the inner differentiated core, respectively.
The overall quantification was based on 75 high power
(40x) images (=5 animals x 3 sections x 5 images).

Other immunostains

Immunostaining for different markers was performed as
previously described [14, 20]. Briefly, sections were
pre-fixed with 4% paraformaldehyde in PBS. Nonspecific
binding was blocked with 10% normal serum diluted in
1% bovine serum albumin (BSA; Jackson ImmunoRe-
search Laboratories, West Grove, PA) and 0.25% Triton
X-100 (Sigma) for 1h in room temperature. Thereafter
the steps were the same as described above for staining
of CldU and IdU.

Primary antibodies against CldU (Rat, Bio-Rad, #OBT0
030CX), IdU (mIgG1l, BD, 347580), S100A4 (mlIgGl,
Novus, 1F12-1G7), STRO1 (mlgM, Santa Cruz, sc-4773
3), endomucin (Rat, sc-65495, Santa Cruz), SMI312
(Covance, # SMI-312R), TRY (Abcam, Anti-Mast Cell
Tryptase antibody [AA1] (ab2378)), IBA1(Dako, S3022),
collagen IV (Abcam, ab6586), collagen VI (Abcam,
ab182744), tenascin C (Rat, SIGMA, clone MTn-12,
T3413), laminin (SIGMA, 1L9393), chondroitin sulfate
proteoglycan (IgM, SIGMA, C8035), BMP4 (Abcam,
ab39973), BMPRII (Abgent, BMPR2 antibody (N-term),
Q13873), and pSMAD1/5 (MilliporeSigma, anti-phospho
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Smadl/Smad5/Smad8 (Serd63/465), AB3848-1) were
used in this study. The specificity of all antibodies was
established by comparing the specific staining signal
with negative control (without 1st Ab) and/or in the
presence of blocking peptide (not shown).

Results

Validation of the dual-pulse CldU and IdU labeling
procedure

The label-retaining cell (LRC) technique is a commonly
accepted approach to identify different stem cell popula-
tions. To maximize the temporal-spatial resolution, we
used a dual-pulse CIdU and IdU labeling (dual LRC)
protocol [10]. To validate this procedure in our model,
we used two positive control tissues, ie., intestinal
mucosa (jejunum) and hair follicles (skin), that each has
large, well-characterized populations of tissue-specific
adult stem cells (LRC"). For the negative control, we
used uninjured adult muscle in which the turnover rate
is minimal. As expected, we observed abundant specific
staining in the positive controls including CldU*IdU~
(long-term/quiescent stem cells, red arrows), CldU"/
IdU" (short-term/active stem cells, yellow arrows). and
CldU IdU" (transient amplifying cells, green arrows)
cells (Additional file 5: Figure S3A & B). In contrast, in
uninjured adult muscle, no appreciable specific staining
was observed (Additional file 5: Figure S3C & D).
Additional file 5: Figure S3E is the schematic paradigm
of the dual-pulse CldU and IdU labeling.

The stereotyped patterns (domains) of LRCs in

developing HO suggest the existence of a stem niche

We then examined the patterns of LRCs in different
stages of HO, using the established dual-pulse labeling
procedure. The condensation stage (about 6 days after
injury) divides the HO process into early and late HO
stages, i.e., stages earlier than the condensation are
generally referred to as “early”, while stages later than
the condensation are referred to as “late”. Notably, the
definite HO process and the MSC niche begin to form
from the condensation stage onward. The rationale for
this staging is provided in our prior publications [7, 8,
20]. At each time point (stage), at least 5 mice were
examined and at least 10 random sections through the
lesion were obtained from each mouse. The quantifica-
tion of CldU" and IdU" cells at each time point was
based on CldU"/IdU" double staining in a minimum of
25 sections (5 mice x 5 images/stage).

In early inflammatory lesions (< 3 days after injury), we
found many quiescent stem cells (CldU'IdU", red
arrows), some active stem cells (CldU*/IdU*, yellow
arrows), but very few transient amplifying cells (CldU"/
IdU", green arrows) (Fig. la—c). In fibro-proliferative
stages (3—6 days after injury) (Fig. 1d—f), we found fewer
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quiescent stem cells, many active stem cells, and some
transient amplifying cells, which suggested the activation
of stem cells or shift of the proliferative status of stem/
progenitor cells within these two pre-HO stages.
However, there was no consistent distribution pattern of
LRCs in early pre-HO stages, or easily recognized
morphological features (typical elongated fibroblast-like
morphology was not consistently observed until well-
developed fibro-proliferative stages).

In contrast, there was an easily recognizable zonal
pattern of LRCs from the condensation stage onward
(> 6 days after injury) (Fig. 1g-1). Specifically, based
on LRC staining, three adjacent domains could be
identified in typical developing HO lesions, i.e., from
outside-in, the niche proper, a transient domain, and
an inner differentiated core. Each domain had its
own unique features. For example, the proposed
niche (i.e., N in Fig. 1g, h, and k) was a very narrow
strip (no more than a few cells in thickness) that
contained almost exclusively CldU"/IdU" cells (about
97.3% of LRC in this domain)(red arrows), which
strongly supported our hypothesis. Histologically, most
cells in the niche proper showed an elongated fibroblast-
like morphology. The transient domain (7 in Fig. 1g, h,
and k) was located between the niche proper and the
inner differentiated core. This somewhat variable domain
contained few quiescent stem cells (about 12.6% of LRC
in this domain) (red arrows), many active stem cells
(about 85.3% of LRC in this domain) (yellow arrows) and
rare transient amplifying cells (about 2.1% of LRC in this
domain) (green arrows), with a perceivable gradient (white
arrow), i.e., the closer to the center of the lesion, the fewer
LRC (less stemness). Consistently, the morphology of the
cells in the transient domain also reflected this progressive
pattern. The inner differentiated core (D in Fig. 1g, h, and
k) was mostly composed of unlabeled differentiated cells
with the typical morphology of chondrocytes or hyper-
trophic chondrocytes. Only a few LRC+ cells were
scattered in this domain. As expected, most of the LRC*
cell in this domain were not stem cells (CldU /IdU",
about 61.4% of LRC in this domain) (Fig. 1h and m).
Similar features also were found in mature HO (> 1 month
after injury) (Fig. 1j-1), except with a much narrower
transient domain (the demarcation between the niche
proper and the transient domain could be indistinct at this
stage) and a well-developed mature HO core with
trabeculae and bone marrow.

We then retrospectively examined the samples from
patients of FOP and aHO (see Additional file 1: Table S1
for overall summary of clinical data, Additional file 2
Table S2 for summary of the histomorphometric
analysis, Additional file 3: Figure S1 for the gross HO
images and Additional file 4: Figure S2 for the typical
histological features). Importantly, the typical zonal



Kan et al. Stem Cell Research & Therapy (2019) 10:14

Page 6 of 17

Quantification of LRC i the typical developing HO (cells/domain) &

Niche 1823497(87.3%)"  04:055(2.7%)" 020(0%)*
Transient 1320055(126%)  892416.07(85.3%) 221084 (21%) [P
region

Differentiated 0£0(0%) 644114(38.6%)  102+192(61.4%)
core

Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 The patterns of LRCs in different stages of HO. a-c In the early inflammatory stage (< 3 days after injury) (a low power, b high power, and
¢ H&E staining of the adjacent section), typical images showed many CldU*/IdU™ cells (quiescent stem cells, red arrows), some CldU*/IdU* (active
stem cells, yellow arrows), but very few CldU™/IdU" (transient amplifying cells, green arrows). Inserted box is a partial enlarged target area of
panel a that highlights the staining pattern at this time point; note that no recognized regional pattern can be identified. d—f In the
fibroproliferative stage (3-6 days after injury) (d low power, e high power, and f H&E staining of the adjacent section), typical images showed few
CldUu*/1dU™ cells (red arrows), many CldU*/IdU* (yellow arrows), and some CldU™/IdU* (green arrows). Inserted box is a partial enlarged target
area of panel d that highlights the staining pattern at this time point; note that no recognized regional pattern can be identified. g-i In
developing HO (> 6 days after injury) (g low power, h high power, and i H&E staining of the adjacent section), the lesion could be roughly
divided based on the consistent LRC pattern into three adjacent domains with a perceivable gradient from outside to the middle of the lesion
(white arrows), i.e, the MSC niche (N), the transient domain (7), and the inner differentiated core (D). Inserted box is a partial enlarged target area
of panel g that highlights the niche and the adjacent transient region; note the significant difference of staining pattern in these two different
regions. (Also note the diffuse non-nuclei green staining is the background signal). Histologically, the MSC niche (N in g and h) was a very narrow
strip. LRCs in this domain were almost exclusively CldU*/IdU™ cells (red arrows). The transient amplifying domain (T in g and h), that was located
between the MSC niche and the inner differentiated core, contained both CldU*/IdU" (active stem cells, yellow arrows) and CldU™/IdU" (transient
amplifying cells, green arrows), with a perceivable gradient (white arrow), and the inner differentiated core (D in g and h) was composed of
differentiated cells without significant thymidine analog label. j-I In mature HO (> 1 month after injury) (j low power, k high power, and | H&E
staining of the adjacent section), the lesion could be similarly divided into three adjacent domains, except that the transient domain was often
absent in the mature HO. Inserted box is a partial enlarged target area of panel j that highlights the narrow niche that contains almost exclusive
the quiescent CldU*/IdU™ cells and the adjacent region. m Quantification of different types of LRC in different domains of developing HO (2
weeks after injury). Average cell number/domain area in high-power image + SD was shown (n = 5); percentages in parentheses represent the
percentages of different subpopulations (CldU*, CldU*/IdU*, or IdU™) over the total LRC" cells within each domain); statistics compared the
percentages of positive cells in MSC domain vs. other domains, *Differ at p < 0.05 by ANOVA with Bonferroni post hoc testing. Note that in the
proposed niche, 97.3% of total LRCs are CldU" quiescent stem cells. In contract, in proposed transient region, most (89.2%) of LRCs are CldU"/
IdU™ active stem cells, and in terminal differentiated core, the majority (61.4%) of LRCs are IdU™ transient amplifying cells. n, o A similar zonal
pattern could be identified in human FOP (n) and aHO (o) samples, based on cell morphology (typical images of H&E staining shown). a, d, g,

scale, bar =100 um

and j are on the same scale; b, e, h, and k are on the same scale; ¢, f, i, and | are on the same scale, bar =50 um. n and o are on the same

pattern was identified in all samples that contain target
tissues, both in FOP (Fig. 1n) and aHO (Fig. 1o0) samples,
though some sections did not contain enough target
tissues to make a definite judgment (see Additional file 1:
Table S1 and Additional file 2: Table S2 for details). This
zonal pattern mimics stem cell niches in other organs,
such as the neural stem cell niche in adult brain, suggest-
ing the existence of an injury-induced stem cell niche.
Furthermore, many of the CldU"/IdU" cells (quiescent
stem cells) in the proposed niche co-labeled with the
candidate MSC markers, Strol and S100A4 [26], in both
the early inflammatory stage and in developing HO
(Additional file 6: Figure S4), suggesting a MSC identity of
MSC for at least a subpopulation of LRC. Partial co-
localization with MSC markers was consistent with the
idea that MSC, a heterogeneous adult mesenchymal stem
population, could be the niche-dwelling stem cells.

In vivo clonal analysis suggests that Tie2-cre-, Glast-
creERT-, and Gli1-creERT-labeled progenitor/stem cells
might be niche-dwelling stem cells and contribute to HO
through the MSC niche

To further characterize how the stem/progenitor cells
contribute to HO, we generated triple transgenic mice,
i.e., Nse-BMP4;Glil-creERT;R26R-Confetti, Nse-BMP4;
Glast-creERT;R26R-Confetti and Nse-BMP4;Tie2-cre;
R26R-Confetti, and clonally analyzed the labeled sub-
populations at different stages of injury-induced HO.
The underlying rationale is that the rainbow reporter

mice could provide high enough clonal resolution to
enable in vivo analysis of stem cell behavior; however,
since prolonged subsequent migration could potentially
disrupt clonal integrity, our tracing focused primarily on
the early stages of HO (i.e., 1-2 weeks after injury). Simi-
lar to the LRC study, at each time point (stage), at least
5 mice were examined and at least 10 random sections
through the lesion were obtained from each mouse. In
addition, in a small subset (four mice), we waited 3—4
weeks to sacrifice the mice to examine subsequent
events, such as the migration pattern. Overall, we found
that although the labeling efficiency varied among Cre
lines, and even between individual animals, cluster-like
(clonally derived) Cre-labeled cells were found in all
stages of HO. Importantly, all three Cre lines worked as
expected outside of the target tissues (Additional file 7:
Figure S5).

Despite these common themes, the three tested Cre
lines all had their own unique features. For example,
Tie2-cre;R26R-Confetti mice (Fig. 2a, b, and g) gener-
ally had the highest labeling efficiency (about 5-11%)
and the lowest clonal resolution (average clonal reso-
lution <50%). Nevertheless, from the condensation
stage onward, individual clonal clusters were still
identifiable. More importantly, up to 93% of Tie2-
cre-labeled clusters were in the proposed MSC niche
(based on the characteristic cell morphology), reflecting the
establishment of a relatively stable MSC niche in lesional tis-
sues. In contrast, in inducible Nse-BMP4;Glast-creERT;



Kan et al. Stem Cell Research & Therapy (2019) 10:14

Page 8 of 17

early lesion

Nse-BMP4;Glast-creERT;R26R-Confetti Nse-BMP4;Tie2-cre;R26R-Confetti

Nse-BMP4;Gli1-creERT;R26R-Confetti

G

(5-11% &<50%)

Quantification of clones in the typical developing HO (2 weeks after injury)

Cre (labeling identifiable clones identifiable clones outside
efficiency & within Niche of the niche

resolution)

Glil-creERT 132(94.3%) 8(5.7%)

(<4% & >80%)

Glast-creERT 79 (92.9%) 6(7.1%)

(<1% & >90%)

Tie2-cre 146(93.0%) 11(7.0%)

Fig. 2 In vivo clonal analysis of subpopulations in the MSC niche in triple transgenic mice. a, b Typical images from early (a) and late (b) lesions of

mature HO

Nse-BMP4;Tie2-cre;R26R-Confetti mice. Note that many clonal clusters are located in the proposed MSC niche in (b) (between the white dashed lines).
¢, d Typical images from early (c) and late (d) lesions of Nse-BMP4,Gli1-creERT,R26R-Confetti mice. Note that the labeling efficiency was generally low
in Gli1-creERT;R26R-Confetti mice, and the clonal clusters were easily identifiable. Similarly, the majority of clonal clusters were located in the proposed
MSC niche (between the white dashed lines). e, f Typical images from early and late lesions of Nse-BMP4;Gli1-creERT,R26R-Confetti mice. Similarly, the
majority of clonal clusters were located in the proposed MSC niche. White arrows point to clonal clusters in all panels. g Summary of in vivo clonal
analysis in developing HO in each triple transgenic mice, n =5 / group. h Typical image from late stages (3 weeks after injury) of lesions that appear to
catch the migration pattern of progeny (white arrows, from MSC to inner core). a, d, g, and j are on the same scale; b, e, h, and k are on the same
scale, bar =50 um. n and o are on the same scale, a—-f are on the same scale; bar = 50 um.

R26R-Confetti mice (Fig. 2¢, d, and g), the labeling efficiency
was generally low (<1%), and the sparser labeling made
identification of clonal clusters (average clonal resolution >
90%) easier to visualize even in the early stages. The labeling
efficiency with Nse-BMP4;Glil-creERT;R26R-Confetti mice
was intermediate between the other two lines (about
0.5-4%), which made identification of clonal clusters

harder in early stages; nevertheless, individual clonal
clusters were often identifiable (Fig. 2e, f, and g). Im-
portantly, the overwhelming majority of clonal clus-
ters in developing HO were found in the proposed
MSC niche, which strongly supported our hypothesis
(Fig. 2g). Furthermore, clonal expansion/migration ap-
parently followed a stereotyped pattern, ie., from
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niche proper towards the inner core, based on mul-
tiple tracing at different time points (Fig. 2h). This
pattern suggested that niche-dwelling stem cells con-
tribute to HO through clonal expansion followed by
migration and lineage-specific differentiation as pre-
dicted by our central hypothesis.

Conditional depletion provided further evidence that
Glast-creERT- and Gli1-creERT-labeled progenitor/stem
cell subpopulations contribute to the MSC niche

Clonal analysis provided evidence that the behavior
of these different mesenchymal stem/progenitor sub-
populations was consistent with them being niche-
dwelling stem cells, but a causal relationship could
not be established just by clonal analysis. We
reasoned that if these subpopulations were truly the
main contributing cells of the MSC niche, depletion
of these populations should disrupt the MSC niche
and the downstream process. To test this idea, we
took a loss-of-function approach using ROSA26-
eGFP-diptheria toxin (DTA) mice to induce cell
death of those specific target populations of cells.
We focused mainly on two relevant lines, Nse-BMP4;
Glast-creERT;ROSA26-eGFP-DTA  and Nse-BMP4;Glil-
creERT;ROSA26-eGFP-DTA, because the attempt to create
Nse-BMP4;Tie2-cre;ROSA26-eGFP-DTA mice rarely pro-
duced offspring of desired genotype (i.e., Nse-BMP4;Tie2-
cre;ROSA26-eGFP-DTA), possibly due to the potential
developmental complications associated with unconditional
Tie2-cre expression.

TAM treatment completely blocked HO in some of the
Nse-BMP4;Glast-creERT;ROSA26-eGFP-DTA mice (2/5),
and partially inhibited HO in the rest (3/5) (Fig. 3a—d).
Interestingly, the putative MSC niche was much thinner
than (Fig. 3e) that of controls even in the mice in which
HO was not completely inhibited (see Additional file 8:
Table S3 for the histomorphometric analysis). To deter-
mine whether the persistence of a diminished niche
reflected incomplete deletion of the target stem cell popu-
lation, we counted GFP™ cells in HO lesions in the triple
transgenic mice, with or without TAM, and found that
incomplete deletion was insignificant (Fig. 3f and g and
data not shown), supporting the idea that Glast-
creERT-labeled population is not the only contributing
population of MSC niche. Further detailed study also
found that there was no obvious stage-specific phenotype
(Fig. 3e—i, Additional file 8: Table S3, Additional file 9:
Figure S6). Consistently, we found similar results after
conditional depletion of Glil-creERT-labeled progenitor/
stem cells in Nse-BMP4;Glil-creERT;ROSA26-eGFP-DTA
mice (Additional file 10: Figure S7), suggesting that
Glil-creERT-labeled cells also contributed to HO through
the MSC niche.
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Vasculature, neurites, mast cells, and macrophages are
likely candidate niche supportive cells

Having characterized the candidate niche-dwelling stem
cells, we then tested whether previously identified candi-
date supportive cells are closely associated with the
MSC niche and/or niche-dwelling MSCs. We examined
the spatial relationship between specific candidate
support cells with the proposed niche-dwelling stem
cells (LRCs) at different stages of HO by co-staining
LRC (CIdU") with different cell-specific markers, includ-
ing endomucin/laminin (vasculature), SMI312 (neurites),
and Typ (mast cells). CldU" cells were closely associated
with SMI312" neurites (Fig. 4a), Typ" mast cells (Fig. 4b),
and endomucin/laminin® vasculature (Fig. 4c, d). We
also co-stained with macrophage markers including
IBAL1 in different stages of HO. Abundant IBA1" macro-
phages were present in the lesion from the earliest stages
(Fig. 4e), and more importantly, IBA1™ macrophages
were closely associated with the proposed MSC niche
from the condensation stage onward (Fig. 4f).

BMP and Hh signaling co-regulate the MSC niche and the
downstream events in a non-cell autonomous manner

To further understand the molecular mechanisms
underlying HO, we first characterized the components
of the BMP signaling pathway by IHC at different stages
of HO. Our previous [6] and current studies indicated
that the components of the BMP signaling pathway are
upregulated dynamically during the HO process. For
example, BMP4 is upregulated from the relatively early
stage (around 3days after injury), but the pattern of
upregulation is dynamic, i.e, BMP signaling is upregu-
lated first around the peripheral of the lesion (< 3 days
after injury) [6] and then rather uniformly (3-6 days
after injury) (Fig. 5a, e). From the condensation stage
onward (> 6 days after injury), a stable BMP4 gradient
was apparent with expression gradually increasing
towards the inner core (Fig. 5b, f), echoing the observed
LRC gradient. By contrast, there was no consistent
increase or gradient of expression of the BMP receptors,
BMPRII (Fig. 5¢, d) or BMPRIa (data not shown) at any
stage. The downstream signaling readout, pPSMAD1/5,
showed a pattern similar to that of BMP4 (Fig. 5e, f),
suggesting that BMP signaling is both temporally and
spatially regulated in the injury-induced lesion and that
the stable BMP signaling gradient is likely responsible
for the observed LRC gradient.

To further identify signaling pathways that facilitate
the establishment/maintenance of the stable BMP signal-
ing gradient, we examined several conserved signaling
pathways in the lesions through IHC. But the tested
patterns were either not consistent or did not correlate
with the observed BMP signaling gradient in an obvious
way. By contrast, in a previous study, we found that
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white lines) was thinner in the TAM treated group. Bar =50 um

Fig. 3 Conditional depletion of the Glast-creERT+ subpopulation inhibited injury-induced HO. a, b A typical X-ray image of TAM-treated (a) and
control (b) Nse-BMP4,Glast-creERT,ROSA26-eGFP-DTA mice 4 weeks after injury. ¢ HO incidence in control and TAM-treated groups. d Quantification of
wet weight of HO in control and TAM treated groups, n = 5. Statistical analysis compared control (without TAM) vs. depleted (with TAM), using an
unpaired t-test; *P < 0.05. Note that depletion of Glast-creERT" cells inhibited but did not completely block HO. e Quantification of the thickness of
MSC niche, n =5, Statistical analysis compared control (without TAM) vs. depleted (with TAM), using an unpaired t-test; *P < 0.05. f Typical fluorescence
images from TAM-treated (f) and control (g) Nse-BMP4,Glast-creERT,ROSA26-eGFP-DTA mice. Note that in the TAM-treated group (f), GFP™~
(recombined but not depleted) cells were only rarely found. h, i H&E staining of sections from TAM-treated (h) and control (i) Nse-BMP4;Glast-
creERT,ROSA26-eGFP-DTA mice. Note that both the fluorescence images and the H&E staining suggest that the proposed MSC domain (within dashed

350 1 *

300

MSC thickness (jLm)

hedgehog (Hh) signaling components, such as Indian
hedgehog (Ihh), Patched, and Glil, were almost inversely
correlated with the observed BMP signaling gradient
[15], which suggested that Hh and BMP signaling might
co-regulate the proposed MSC niche and the subsequent
HO process, possibly through mutual inhibition. To test

this idea and further understand the underlying mechan-
ism, we reasoned that there might be at least three ex-
planations for the inverse relationship between Hh and
BMP: (a) Hh signaling could be an upstream regulator
that inhibits BMP signaling. In this case, knockout of Hh
signaling should release the inhibition and increase BMP
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Fig. 4 Characterization of the candidate niche supportive cells. a Typical image of double staining of CldU*/SMI312. White arrows point to the close
association but not co-localization of CldU™ stem cells with SMI312* neurites. b Typical image of triple staining of CldU*/SMI312/Typ. White arrows
point to close association but not co-localization of CldU™ stem cells with Typ + mast cells. ¢ Typical image of double staining of (end/lam). Note the
almost 100% association but not co-localization of end with lam (end is always on the luminal side). d Typical image of double staining of (CldU/lam).
White arrows point to close association but not co-localization of CldU* stem cells with lam + vasculature. e, f Macrophages were associated with HO.
e Abundant IBAT* macrophages were present in the lesion from the earliest stage. f IBA1T™ macrophages were closely associated with the proposed
MSC niche. In all panels, the dashed white lines demarcate the proposed MSC niche. Bar = 50 um

signaling, which in turn would lead to enhanced HO,
and (b) Hh signaling could be a downstream mediator
that is inhibited by BMP signaling, but not vice versa. In
this case, knockout of Hh signaling should not disturb
BMP signaling directly but would inhibit the down-
stream process and cause decreased HO, or (c) Hh
signaling is a downstream mediator of BMP signaling,
and they mutually inhibit each other to a degree. In this
case, knockout of Hh signaling should both disturb BMP
signaling and inhibit the downstream process with
decreased HO.

To test this hypothesis, we first generated conditional
Glil null mice with high BMP signaling (ie., Glil™’
“;Nse-BMP4) and then compared the injury-induced HO
in these two groups(i.e., with or without Glil signaling)
after TAM induction in adult mice. We found that HO

was dramatically inhibited in Nse-BMP4;Glil-creERT '~
mice (Fig. 6a, b), essentially excluding the first possibility
(i.e., Hh is not a upstream inhibitor). To further distin-
guish between the other two possibilities, we directly eval-
uated pSMAD1/5 levels in these two groups and found
that the overall pPSMAD1/5 levels were comparable be-
tween two groups (Fig. 6¢, d); however, the typical BMP
signaling gradient was not observed in the lesions of
Nse-BMP4;Glil-creERT™'~ mice from the condensation
stage onward (Fig. 6d). This strongly supports the third
possibility, i.e., Hh and BMP mutually inhibit each other.
More detailed histological study (Fig. 6e—i) found that
although the HO process was dramatically inhibited in
Nse-BMP4;Glil-creERT ™/~ mice (Fig. 6h, i), not all
stages were equally affected (comparing Fig. 6e—g and
h, i), i.e., chondrogenesis was only mildly affected
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Fig. 5 Characterization of BMP components in injury-induced lesions. a, b Typical image of BMP4 staining of early (a) and later (b) lesions. Note
that BMP4 was upregulated but more or less evenly in the early lesion. However, a BMP4 gradient was apparent from the condensation stage
onward, i.e, high BMP4 signal was located mostly in the inner core, and there was an obvious gradient (white arrow). ¢, d Typical image of
BMPRII staining of early (c) and later (d) lesions. No obvious upregulation or gradient for BMPRII throughout the lesion. e, f Typical image of
pSMAD1/5 staining of early (e) and later (f) lesions. Note that pSMAD1/5 showed a similar pattern as that of BMP4. Bar =50 um

(Fig. 6d, h), further suggesting the involvement of the
potential unknown stage-specific factor(s).

To further clarify whether the effect of
loss-of-function of Hh signaling is cell autonomous, we
generated triple mutant Nse-BMP4;Glil-creERT ™/
“;Zsgreen mice by crossing Nse-BMP4;Glil-creERT*'~
and Glil-creERT*";Zsgreen. The underlying rationale
was that if the role of Hh signaling were cell autono-
mous, pre-existing Glil™ stem/progenitor cells would
likely not participate in establishing the injury-induced
MSC niche and the downstream HO process without
ongoing Hh signaling. To better understand Fig. 6, we
need to clarify the nomenclature used for the animal
models: (1) the GIlil-CreERT allele was created by
knocking-in CreERT into the endogenous Gli allele,
which therefore conditional expresses CreERT instead of
endogenous Glil. Thus, the Glil-CreERT allele repre-
sents a loss-of-function allele of Glil. (2) For this reason,

we can treat the homozygous mice Glil-CreERT™'~ es-
sentially as Glil™~ mice (ie., Glil-CreERT /" ~Glil1™"),
while heterozygous Glil-CreERT*'~ mice have a reduced
copy number of Glil. (3) Thus, the phenotypic change
was primarily due to the change in the copy number of
Glil (i.e., Gli signaling) (Additional file 11: Figure S8), al-
though it is theoretically possible that the phenotypic
change could be attributed to a copy number change of
CreERT, which has been changed concurrently.

We next directly tested whether pre-existing Glil*
stem/progenitor  cells in  Nse-BMP4;Glil-creERT ™/
“;Zsgreen mice could survive and contribute to the MSC
niche and the subsequent HO process in the absence of
ongoing Glil signaling. We found that even in the absence
of ongoing Glil signaling, pre-existing Glil* stem/pro-
genitor cells (GFP*) could still contribute to proposed
MSC niche and subsequent HO lesions (Fig. 6j, k), al-
though the overall HO process was significantly inhibited.
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Nse-BMP4;Gli1-creERT+/-

Nse-BMP4;GIf1-creERT+/-

Fig. 6 Functional consequences of conditional KO of Gli1 signaling. a, b Typical x-ray images of Nse-BMP4;Gli1-creERT* (a) and Nse-BMP4;Gli1-
creERT™~ (b) mice after injury. Note that injury-induced HO was dramatically inhibited in Nse-BMP4Gli1-creERT~ mice. ¢, d pSMAD1/5 staining of
lesional tissues of Nse-BMP4;Gli1-creERT™ ™ (¢) and Nse-BMP4;Gli1-creERT ™~ mice (d). Note that overall BMP signaling was not obviously different
between these two groups, but, unlike that of Nse-BMP4:Gli1-creERTY™, in lesional tissues of BMP4:Gli1-creERT 7~ mice, the BMP signaling gradient was
not observed. e-i H&E staining showed that, in BMP4Gli1-creERT™~ mice (e—g), all stages of the typical HO process, ie., early fibroproliferative (e),
chondrogenesis (f), and mature HO (g), were robustly observable. However, in Nse-BMP4,Gli1-creERT ™~ mice, even though the whole HO process was
dramatically inhibited, not all stages were equally affected (h, i). Note that chondrogenesis was less affected, while the fibroproliferative region was
severely underdeveloped and could only be found around the cartilage core, and the most mature structure found in Nse-BMP4,Gli1-creERT 7~ mice
was underdeveloped HO without well-developed trabeculae or bone marrow (i). Intriguingly, based on morphology, at least in the chondrogenesis
stage, the MSC niche was still observable (only mildly affected). j, k In comparison to Nse-BMP4Gli1-creERT ™ Zsgreen (j), pre-existing Gli1-creERT
labeled stem/progenitor cells in Nse-BMP4;Gli1-creERT; Zsgreen mice could survive and contribute to the MSC niche in the absence of ongoing Glil
signaling (k). ¢, d, j, and k are on the same scale, bar = 100 um; f-i are on the same scale, bar =100 um

Nse-BMP4;Gli1-creERT-/-

Nse-BMP4;Gli1-creERT-/-

J

This suggests that Hh signaling is at least partially
non-cell autonomous.

In addition, we also explored other potential niche
supportive molecules, including key extracellular matrix
proteins, such as collagen IV (Col4), collagen VI (Col6),
tenascin C (TEN), laminin (LAM), and chondroitin
sulfate proteoglycan (CSPG). Overall, the tested extracel-
lular matrix proteins were all increased in HO lesions,
but with different patterns (Additional file 12: Figure

S9). Specifically, LAM and Col4 were mainly involved in
forming micro-tubular (vasculature) structures in the
proposed MSC niche, which may reflect de novo angio-
genesis. Col6, a form of collagen primarily associated
with the extracellular matrix of skeletal muscle, was
more specifically upregulated in the proposed MSC
niche. In early lesions, TEN was diffusedly upregulated,
but in later stages, TEN was enriched primarily in the
transient and mature domains, but not the MSC niche.
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Overall, our current data support the following working
model: unlike normal skeletogenesis, the potential core
process is the formation of a relatively stable injury-
induced local microenvironment (MSC niche), which is
composed of niche-dwelling progenitor/stem cells (includ-
ing at least Tie2-cre-, Glil-creER-, and Glast-
creERT-labeled cells) and niche supportive cells (including
mast cells, neurites, vasculature, and macrophages). The
formation of the MSC niche likely initiates the patho-
logical osteogenic cascade, under the co-regulation of
BMP and Hh signaling through feedback and non-cell au-
tonomous mechanisms (Additional file 13: Figure S10).

Discussion

Our current understanding of the pathophysiology of
HO is limited, and there has been no single hypothesis
that could explain all experimental and clinical observa-
tions. In this study, we proposed a hypothesis and
sought to explore experimentally a potential common
core mechanism that could explain most research and
clinical observations. We believe that the emergence of a
good working model will hopefully facilitate develop-
ment of more effective therapeutic interventions.

The seminal finding of this study was the identification
of the unique LRC pattern (zonal pattern or domains) in
injury-induced lesions from the condensation stage
onward. More importantly, this three-domain/zone pat-
tern is potentially a common underlying mechanism,
since it is not only observed in our animal model of in-
jury-induced, BMP-dependent HO, but also in patho-
logical specimens from aHO and FOP patients. This
stereotyped pattern is strongly reminiscent of some en-
dogenous stem cell niches, such as the neural stem cell
(NSC) niche in the adult brain [27], which features well
organized micro-domains, i.e., the ventricular zone (VZ),
subventricular zone (SVZ), and intermediate zone (IZ).

Previous lineage tracing demonstrated that many
mesenchymal stem/progenitor subpopulations, including
Prx-cre [28], Scleraxis-cre [29], Nfatcl-cre [30], MX1-cre
[31], and Wntl-cre [32], in addition to the three subpopu-
lations (Tie2-cre, Glil-creER, and Glast-creERT) we have
tested in this study, contribute significantly to HO [13-15,
31]. A key question in this study was whether these
subpopulations contribute to HO through the MSC niche.
For practical reasons, we focused on three Cre-labeled
populations and, based on our clonal analysis and
loss-of-function study, concluded that the Tie2-cre-,
Glil-creER-, and Glast-creERT-labeled stem/progenitor
subpopulations behave like niche-dwelling stem cells.

The findings using DTA-induced depletion further
strengthened the causal relationship, but also raised an
interesting question: why did the same Cre lines gener-
ate such dramatic phenotypes when combined with
ROSA26-eGFP-DTA allele, while in the clonal analysis
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the labeling efficiency was apparently low? Even though
the exact reason is still unclear, at least two explanations
can be proposed: (1) in the clonal analysis (with
R26R-Confetti reporter line), not all recombination
events can be detected unequivocally with comparable
efficiency, which leads to inaccurate estimation of
recombination efficiency; in other words, the real
recombination efficiency could be much higher with
Glil-creER or Glast-creERT; or (2) less than optimal
efficiency of depletion in the early stage could still cause
dramatic downstream phenotypes, simply because of the
clonal nature of the niche-dwelling stem cells; stated
otherwise, depletion of a few early stem cells could
potentially cause severe downstream phenotype.

Previous studies indicated that many different types of
cells, including macrophages [20], nerve fibers [7], mast
cells [8, 9], and vasculature (endothelial cells) [33], are
involved in the HO process. Our current study further
indicates that many of these cells are closely and persist-
ently associated with the MSC niche, suggesting that
these cells might be niche supportive cells. However, this
study did not exclude the possibility that lymphocytes or
other immune cells still play important roles in regulat-
ing the abnormal injury/immune response, a pre-condi-
tion for MSC niche development. The critical question
is how the early pre-conditions evolved into relatively
stable and zonal structure, which initiates the definite
HO process, rather than undergoing the normal wound
healing process? The study of BMP and Hh signaling
and the possible co-regulation provided a tentative
mechanism, i.e., the self-organization/assembly of the
MSC niche under the co-regulation of BMP and Hh sig-
naling in response to the early pre-conditions, could ul-
timately tip the balance of homeostasis (normal healing)
towards the formation of an MSC niche and HO.

Numerous studies have implicated various signaling
pathways, such as BMP, wnt/p-cat, FGF, Hh signaling,
and probably other conserved pathways [17], in the HO
process. But the exact underlying mechanisms of
molecular signaling and cross-talk among these path-
ways are likely complex and context-dependent [15]. In
this regard, it is worthy to stress that mutually inhibition
of Hh and BMP might not be the only mechanism in
this context, and other currently unknown mechanisms
must also be involved, since if this were the only mech-
anism, Glil™'~ should not only dysregulate the gradient
but also lead to significant upregulation of overall BMP
signaling. But this phenomenon has not been observed
in the lesion.

Notably, preexisting Glil™ progenitors/stem cells still
contributed to the MSC niche without ongoing Glil
signaling, even though the overall HO process was
inhibited in this context. This suggests non-cell autono-
mous effects of Hh signaling. The role of Glil signaling
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in HO was drawn from two different loss of function
animal models (ie., Nse-BMP4;Glil-creERT ' ~;Zsgreen
and Nse-BMP4;Glil-creERT;ROSA26-eGFP-DTA mice)
and is also consistent with the findings in a prior loss of
function animal study that used an Hh inhibitor [15].
Previous studies also indicated that Hh-Glil itself can
induce early osteoblast differentiation, that there is a
redundant role for Gli2, and that Hh is involved in the
repressor function of Gli3 in osteogenesis [34]. Other
studies suggest that Hh signaling also may play an
important role in postnatal osteogenesis in the setting of
stress fracture healing [35]. More interestingly, in a
pathological context, Regard et al. also demonstrated
that elevated Hh signaling might be the key underlying
mechanism of progressive osseous heteroplasia (POH), a
type of rare intramembranous HO.

Our current study also may have broader implications
for development of translational applications of MSC.
Although MSC possess many desirable features for
regenerative medicine, therapeutic applications of MSC
have been slow to emerge. One major challenge is that
we know relatively little about the behavior of MSC in
vivo and about how appropriate niches are formed that
facilitate differentiation of the cells into the desired phe-
notypes. In part, this reflects the lack of a practical tool,
and in particular an animal model, for studying the
mechanisms that promote niche formation and pro-
grammed lineage commitment. In this regard, our work-
ing model may be helpful for the understanding of such
mechanisms in vivo that will be crucial for development
of MSC-related cell therapies.

The main focus of this study was to identify and
characterize the injury-induced MSC niche. Injury-in-
duced microenvironments have been demonstrated in
several injury models, especially in the CNS [36-38].
But the basic structures of the niche, such as
niche-dwelling stem cells and niche supportive cells and
molecules, have not been systematically studied in those
reports; therefore, the underlying mechanisms that
regulate this type of injury-induced microenvironment
have been largely unknown. In fact, even for the well-
established, endogenous hematopoietic stem cell niche
[39, 40], the structure and functional details of the niche
are still unclear or controversial, more than 40 years
after its original discovery [41]. Since this is only the a
proof-of-concept study that tries to characterize an
injury-induced stem cell niche outside of the nervous
system, many important aspects have not been covered.

There are also several caveats regarding our findings:
(1) Since the central hypothesis of this study aims to
provide a potential common core mechanism for HO,
testing this concept in multiple different models will be
necessary to validate the extent to which it is
generalizable. Even though we have tested this idea in
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injury-induced, BMP-dependent animal model (Nse-
BMP4) and in human aHO and FOP samples, more
detailed studies in different models, such as
ACVR1[R2°H) model, are warranted. (2) Although the
LRC approach is widely used to label and identify poten-
tial stem cell populations in many different tissues, it has
a series of limitations [42]. (3) Due to our failure to con-
struct the relevant transgenic mice, we were unable to
fully characterize the effects of loss of function of the
Tie2-cre-labeled subpopulation. (4) Other abovemen-
tioned HO contributing subpopulations, such as
MX1-cre and SCX-cre [31], have not been tested. (5)
Conditionally  depleting  the  Glast-creERT  or
Glil-creERT subpopulations produced similar pheno-
types, which strengthened the central hypothesis, but
we have not delineated the exact relationship between
these two candidate populations or their hierarchical re-
lationship with other candidate populations. (6) The pre-
cise constellation of factors that regulate BMP signaling
and the observed BMP signaling gradient are still largely
unknown. Despite these limitations, our proof-
of-concept study, for the first time, provides evidence of
a potential core mechanism for HO.

Conclusions

Available data supported the central hypothesis, i.e., the
formation of a relatively stable injury-induced local
microenvironment (niche) might be a crucial core
process, and this niche regulates the proliferation and
osteogenic differentiation of mesenchymal stem cells
(MSCs). The important implication for HO treatment is
that therapeutic approaches must consider several differ-
ent disease-specific factors as parts of the functional
unit, instead of treating one factor at a time. The in-
sights gained from this study have broad implications
not only for the prevention and treatment of HO, but
also for the potential translational applications of MSCs
in a variety of injury or regenerative-related disorders.

Additional files

Additional file 1: Table S1. Summary of clinical data of HO patients.
(DOCX 15 kb)

Additional file 2: Table S2. Summary of the histomorphometric
analysis of 8 aHO samples from 8 patients. (DOCX 75 kb)

Additional file 3: Figure S1. Representative X-ray/CT images of 8
patients with aHO. The number in each panel is the patient’s coded serial
number after deidentification of the images. (JPG 603 kb)

Additional file 4: Figure S2. Representative H&E images of 8 patients
with aHO. The number in each panel is the patient’s coded serial number
after deidentification of the tissues. (JPG 2131 kb)

Additional file 5: Figure S3. Validation of the dual-pulse CldU and IdU
labeling procedure. To validate this procedure, we used two positive
controls (A&B), and two negative controls (C&D). As expected, we
observed plentiful specific staining, including CldU*/IdU™ (red arrows),
CldU*/1dU™ (yellow arrows) and CldU™/IdU+ (green arrows) cells in
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intestinal mucosa (A) & hair follicles (B) but not in muscle (C&D). E) Experi-
mental paradigm for dual-pulse labeling procedure. A-D are on the same
scale, Bar =50 um. (TIF 9688 kb)

Additional file 6: Figure S4. LRC cells co-labeled with typical MSC
markers. In the early stages of the lesion (A&C), and proposed niche
(B&D), many CldU*/IdU™ (quiescent stem cells) co-labeled with Stro1(A&B)
and S100A4 (C&D). A-D are on the same scale, Bar =50 um. (TIF 9632 kb)

Additional file 7: Figure S5. The distribution of Cre-labeled cells
outside of the target regions. A&B) the distribution of Gli1-creERT-labeled
cells in Nse-BMP4,Gli1-creERT,R26R-Confetti mice outside of the target
regions, i.e, A) in normal skeletal bone (growth plate of femur), and B) in
differentiated core of chondrocyte of HO, away from the newly formed
zonal region. C&D) the distribution of Glast-creERT labeled cells in Nse-
BMP4,Glast-creERT;R26R-Confetti mice outside of the target regions, i.e., C)
in the cerebellum, consistent with the known expression pattern in
Bergmann glia, and D) in the skeletal muscle interstitium. E&F) the
distribution of Tie2-cre labeled cells in Nse-BMP4;Tie2;R26R-Confetti and
Nse-BMP4;Tie2-cre;Zsgreen mice outside of the target regions, i.e, E) The
pattern of labeled cells in the adult brain of Nse-BMP4;Tie2-cre;Zsgreen,
consistent with the known vascular expression pattern. F) The pattern of
labeled cells in the early lesion of Nse-BMP4;Tie2-cre;R26R-Confetti. Note
that the morphology of some labeled cells is consistent with the known
vascular pattern. A-F are on the same scale, Bar =50 um. (TIF 11999 kb)

Additional file 8: Table S3. Summary of the histomorphometric
analysis of Nse-BMP4;Glast-creERT,ROSA26-eGFP-DTA mice with or
without TAM treatment. (DOCX 72 kb)

Additional file 9: Figure S6. Conditional depletion of Glast-creERT+
cells resulted in less severe yet “typical” HO. A&B) Gross image of HO
harvested from TAM treated (A) and control (B) Nse-BMP4;Glast-
creERT;ROSA26-eGFP-DTA mice after injury. Note that the gross
morphology of HO in both groups was similar but the HO in the TAM
treated group was smaller. Also note that a significant portion of harvest
HO was not mature (without red bone marrow), which argued that
quantification the immature HO with micro-CT could be misleading. C-H)
Typical H&E images from treated (C, E &G) and control (D, F&H) groups
both demonstrate typical features of fibro-proliferative (C&D),
chondrocyte (E&F) and mature HO (G&H), though subtle differences do
exist between the two groups. C-H are on the same scale, Bar = 50 um.
(TIF 18128 kb)

Additional file 10: Figure S7. Gli1-creERT-mediated DTA expression
inhibited injury-induced HO. A&B) Typical x-ray images of control (A) and
TAM treated (B) Nse-BMP4,Gli-creERT,ROSA26-eGFP-DTA mice after injury.
Q) HO incidence in control and TAM treated group. D) Quantification of
wet weight of HO in the control and TAM treated groups. Note that
depletion of Gli1-creERT-labeled cells partially inhibited but did not
completely block HO. E) Typical fluorescence images from TAM treated
(E) and control (F) Nse-BMP4,Gli1-creERT;ROSA26-eGFP-DTA mice. Note
that in the TAM treated group (E), GFP- (recombined) cells were rarely
found. G&H) H&E staining of sections from TAM treated (G) and control
(H) Nse-BMP4;Gli1-creERT,ROSA26-eGFP-DTA mice. Note that both
fluorescence images and H&E staining suggest that the proposed MSC
domain (within dashed lines) was thinner in the TAM treated group. E-H
are on the same scale, Bar =50 um. (TIF 15685 kb)

Additional file 11: Figure S8. Evidence of depletion of Gli1 in the
target cells. The depletion of Gli1 in the target cells was confirmed
by staining the tissue sections of Nse-BMP4Gli1-creERT /~;Zsgreen
mice (A, low power &B, high power), and the tissues of Nse-
BMPA;GH1-creERT*/’;ngreen (C, low power &D, high power) mice
with Gli1 antibody. Note that there is no specific staining of Glil
(red) in the lesional tissues from Nse-BMP4;Gli1-creERT~;Zsgreen
mice, while the specific staining of Gli1 (red) was observed in the
Zsgreen+ cells in the proposed MSC niche in lesional tissues from
NsefBMP4;GIi1fcreERT”’;ngreen mice. (JPG 822 kb)

Additional file 12: Figure S9. Characterization of candidate niche
supportive ECM molecules. A) Col4 was mainly involved in forming
microtubular structures in the proposed MSC niche. B) Col6 was
more ubiquitously upregulated in the proposed MSC niche. C)
Interestingly, Col6 was closely associated with Tenascin C (TEN) only

in early lesions. D) TEN was diffusedly upregulated in the early
stages, but in the later stages, TEN was enriched mostly in mature
domains. E&F) Similar to TEN, Chondroitin sulfate proteoglycan (CSPG)
was also more or less evenly upregulated in early lesions but it
became more defined as the proposed MSC niche formed. In
contrast, laminin (LAM) was mainly involved in forming micro-tubular
structures in the proposed MSC niche. A-F are on the same scale,
Bar =50 um. (TIF 9818 kb)

Additional file 13: Figure $S10. Working model of injury-induced MSC
niche. Injury-induced local microenvironment (MSC niche) is composed
of niche-dwelling progenitor/stem cells (including at least Tie2-cre, Gli1-
creER and Glast-creERT labeled cells) and niche supportive cells (including
mast cells, neurites, vasculature and macrophages). The formation of the
MSC niche likely initiates the pathological osteogenic cascade, under the
co-regulation of BMP and Hh signaling through feedback and non-cell
autonomous mechanisms. (TIF 1825 kb)

Abbreviations

aHO: Acquired heterotopic ossification; AIR: Abnormal injury/inflammatory
responses; BMPs: Bone morphogenetic proteins; DTA: Diphtheria toxin A;
FOP: Fibrodysplasia ossificans progressiva; Hh: Hedgehog; HO: Heterotopic
ossification; LRC: Label-retaining cell; MSC: Mesenchymal stem cell;

TAM: Tamoxifen

Acknowledgements
We appreciate the help from many members of the Kessler lab.

Funding

LK was supported in part by the National Natural Science Foundation of
China (81472087) and Natural Science Foundation of Anhui province
(1508085M(C45). This work was supported by NIH grant RO1 AR066539 (JAK).

Availability of data and materials
Data and materials are available upon request.

Authors’ contributions

CK, ND, ZT, JY, TLM, HL, and DMPB contributed to the collection and
assembly of data. KZ contributed to the data analysis and interpretation. JAK
contributed to the data analysis and manuscript editing. LK contributed to
the conception and design, data analysis and interpretation, manuscript
writing, and final approval of the manuscript. All authors read and approved
the final manuscript.

Ethics approval

All animal experiments in this study followed the guidelines approved by
the Animal Care and Use Committees at Anhui Medical University (Protocol:
LLSC20140042) and at Northwestern University (Protocol: 1IS00001002). The
use of the deidentified human material was approved by the Medical
Research Ethics Committee of Anhui Provincial Hospital (Serial number:
P-023), the Primary Affiliated Hospital of China University of Science and
Technology, Hefei, China. Due to the nature of the deidentified human
material, we have relied on the IRB/ethics committee to review the study
and the consent process.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'School of Basic Medical Sciences, Anhui Medical University, 81 Meishan
road, Hefei 230032, China. 2Departmer\t of Traumatic Orthopedics, Anhui
Provincial Hospital, The first Affiliated Hospital of China University of Science
and Technology, Hefei 233000, China. *Department of Neurology,


https://doi.org/10.1186/s13287-018-1107-7
https://doi.org/10.1186/s13287-018-1107-7
https://doi.org/10.1186/s13287-018-1107-7
https://doi.org/10.1186/s13287-018-1107-7
https://doi.org/10.1186/s13287-018-1107-7
https://doi.org/10.1186/s13287-018-1107-7
https://doi.org/10.1186/s13287-018-1107-7
https://doi.org/10.1186/s13287-018-1107-7

Kan et al. Stem Cell Research & Therapy

(2019) 10:14

Northwestern University, Ward Building 10-233, 303 East Chicago Avenue,
Chicago, IL 60611-3008, USA. “Department of Endocrinology and
Metabolism, Tongji Hospital, Tongji University School of Medicine, Shanghai,
China. *Center for Comparative Medicine, Northwestern University Feinberg
Medical School, Chicago, IL 60611-3008, USA.

Received: 22 August 2018 Revised: 28 November 2018
Accepted: 12 December 2018 Published online: 11 January 2019

References

1.

20.

Davies OG, Liu Y, Player DJ, Martin NRW, Grover LM, Lewis MP. Defining the
balance between regeneration and pathological ossification in skeletal
muscle following traumatic injury. Front Physiol. 2017;8:194.

Almangour W, Schnitzler A, Salga M, Debaud C, Denormandie P, Genet F.
Recurrence of heterotopic ossification after removal in patients with traumatic
brain injury: a systematic review. Ann Phys Rehabil Med. 2016;59(4):263-9.
Kraft CT, Agarwal S, Ranganathan K, Wong VW, Loder S, Li J, et al. Trauma-
induced heterotopic bone formation and the role of the immune system: a
review. J Trauma Acute Care Surg. 2016;80(1):156-65.

Sakellariou VI, Grigoriou E, Mavrogenis AF, Soucacos PN, Papagelopoulos PJ.
Heterotopic ossification following traumatic brain injury and spinal cord
injury: insight into the etiology and pathophysiology. J Musculoskelet
Neuronal Interact. 2012;12(4):230-40.

Pignolo RJ, Shore EM, Kaplan FS. Fibrodysplasia ossificans progressiva:
diagnosis, management, and therapeutic horizons. Pediatr Endocrinol Rev.
2013;10(Suppl 2):437-48.

Kan L, Hu M, Gomes WA, Kessler JA. Transgenic mice overexpressing BMP4
develop a fibrodysplasia ossificans progressiva (FOP)-like phenotype. Am J
Pathol. 2004;165(4):1107-15.

Kan L, Lounev VY, Pignolo RJ, Duan L, Liu Y, Stock SR, et al. Substance P
signaling mediates BMP-dependent heterotopic ossification. J Cell Biochem.
2011;112(10):2759-72.

Kan L, Mutso AA, McGuire TL, Apkarian AV, Kessler JA. Opioid signaling in
mast cells regulates injury responses associated with heterotopic
ossification. Inflamm Res. 2014,63(3):207-15.

Gannon FH, Glaser D, Caron R, Thompson LD, Shore EM, Kaplan FS. Mast
cell involvement in fibrodysplasia ossificans progressiva. Hum Pathol. 2001;
32(8):842-8.

Llorens-Martin M, Trejo JL. Multiple birthdating analyses in adult
neurogenesis: a line-up of the usual suspects. Front Neurosci. 2011;5:76.
Livet J, Weissman TA, Kang H, Draft RW, Lu J, Bennis RA, et al. Transgenic
strategies for combinatorial expression of fluorescent proteins in the
nervous system. Nature. 2007;450(7166):56-62.

Lounev VY, Ramachandran R, Wosczyna MN, Yamamoto M, Maidment AD,
Shore EM, et al. Identification of progenitor cells that contribute to
heterotopic skeletogenesis. J Bone Joint Surg Am. 2009;91(3):652-63.
Wosczyna MN, Biswas AA, Cogswell CA, Goldhamer DJ. Multipotent
progenitors resident in the skeletal muscle interstitium exhibit robust BMP-
dependent osteogenic activity and mediate heterotopic ossification. J Bone
Miner Res. 2012;27(5):1004-17.

Kan L, Peng CY, McGuire TL, Kessler JA. Glast-expressing progenitor cells
contribute to heterotopic ossification. Bone. 2013;53(1):194-203.

Kan C, Chen L, Hu Y, Ding N, Li Y, McGuire TL, Lu H, Kessler JA, Kan L. Gli1-
labeled adult mesenchymal stem/progenitor cells and hedgehog signaling
contribute to endochondral heterotopic ossification. Bone. 2018;109:71-79.
https.//doi.org/10.1016/j.bone.2017.06.014. Epub 2017 Jun 21.

Ivanova A, Signore M, Caro N, Greene ND, Copp AJ, Martinez-Barbera JP. In
vivo genetic ablation by Cre-mediated expression of diphtheria toxin
fragment A. Genesis. 2005;43(3):129-35.

Kan C, Chen L, Hu Y, Ding N, Lu H, Li Y, Kessler JA, Kan L. Conserved
signaling pathways underlying heterotopic ossification. Bone. 2018;109:43—
48. https//doi.org/10.1016/j.bone.2017.04.014. Epub 2017 Apr 25.

Wang P, Ying J, Luo C, Jin X, Zhang S, Xu T, et al. Osthole promotes bone
fracture healing through activation of BMP signaling in chondrocytes. Int J
Biol Sci. 2017;13(8):996-1007.

Fu HD, Wang HR, Li DH. BMP-7 accelerates the differentiation of rabbit
mesenchymal stem cells into cartilage through the Wnt/beta-catenin
pathway. Exp Ther Med. 2017;14(6):5424-8.

Kan L, Liu Y, McGuire TL, Berger DM, Awatramani RB, Dymecki SM, et al.
Dysregulation of local stem/progenitor cells as a common cellular
mechanism for heterotopic ossification. Stem Cells. 2009;27(1):150-6.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

Page 17 of 17

Ahn'S, Joyner AL. Dynamic changes in the response of cells to positive
hedgehog signaling during mouse limb patterning. Cell. 2004;118(4):505-16.
Kisanuki YY, Hammer RE, Miyazaki J, Williams SC, Richardson JA, Yanagisawa
M. Tie2-Cre transgenic mice: a new model for endothelial cell-lineage
analysis in vivo. Dev Biol. 2001;230(2):230-42.

Snippert HJ, van der Flier LG, Sato T, van Es JH, van den Born M, Kroon-
Veenboer C, et al. Intestinal crypt homeostasis results from neutral
competition between symmetrically dividing Lgr5 stem cells. Cell. 2010;
143(1):134-44.

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, et al. A
robust and high-throughput Cre reporting and characterization system for
the whole mouse brain. Nat Neurosci. 2010;13(1):133-40.

Rinkevich Y, Montoro DT, Contreras-Trujillo H, Harari-Steinberg O, Newman
AM, Tsai JM, et al. In vivo clonal analysis reveals lineage-restricted
progenitor characteristics in mammalian kidney development, maintenance,
and regeneration. Cell Rep. 2014;7(4):1270-83.

Lv FJ, Tuan RS, Cheung KM, Leung VY. Concise review: the surface markers
and identity of human mesenchymal stem cells. Stem Cells. 2014;32(6):
1408-19.

Kendler A, Golden JA. Progenitor cell proliferation outside the ventricular
and subventricular zones during human brain development. J Neuropathol
Exp Neurol. 1996;55(12):1253-8.

Agarwal S, Loder S, Brownley C, Cholok D, Mangiavini L, Li J, et al. Inhibition
of Hif1alpha prevents both trauma-induced and genetic heterotopic
ossification. Proc Natl Acad Sci U S A. 2016;113(3):E338-47.

Agarwal S, Loder SJ, Cholok D, Peterson J, Li J, Breuler C, et al. Scleraxis-
lineage cells contribute to ectopic bone formation in muscle and tendon.
Stem Cells. 2017;35(3):705-10.

Sung Hsieh HH, Chung MT, Allen RM, Ranganathan K, Habbouche J, Cholok
D, et al. Evaluation of salivary cytokines for diagnosis of both trauma-
induced and genetic heterotopic ossification. Front Endocrinol (Lausanne).
2017,8.74.

Dey D, Bagarova J, Hatsell SJ, Armstrong KA, Huang L, Ermann J, et al. Two
tissue-resident progenitor lineages drive distinct phenotypes of heterotopic
ossification. Sci Transl Med. 2016,3(366):366ra163.

Olmsted-Davis EA, Salisbury EA, Hoang D, Davis EL, Lazard Z, Sonnet C, et al.
Progenitors in peripheral nerves launch heterotopic ossification. Stem Cells
Transl Med. 2017;6(4):1109-19.

Zhang C, Zhang Y, Zhong B, Luo CF. SMAD? prevents heterotopic
ossification in a rat Achilles tendon injury model via regulation of
endothelial-mesenchymal transition. FEBS J. 2016;283(7):1275-85.

Hojo H, Ohba S, Taniguchi K, Shirai M, Yano F, Saito T, et al. Hedgehog-Gli
activators direct osteo-chondrogenic function of bone morphogenetic
protein toward osteogenesis in the perichondrium. J Biol Chem. 2013;
288(14):9924-32.

Kazmers NH, McKenzie JA, Shen TS, Long F, Silva MJ. Hedgehog signaling
mediates woven bone formation and vascularization during stress fracture
healing. Bone. 2015;81:524-32.

Imitola J, Raddassi K, Park KI, Mueller FJ, Nieto M, Teng YD, et al. Directed
migration of neural stem cells to sites of CNS injury by the stromal cell-
derived factor 1alpha/CXC chemokine receptor 4 pathway. Proc Natl Acad
Sci U S A 2004;101(52):18117-22.

Park KI, Teng YD, Snyder EY. The injured brain interacts reciprocally with
neural stem cells supported by scaffolds to reconstitute lost tissue. Nat
Biotechnol. 2002,20(11):1111-7.

Pluchino S, Cusimano M, Bacigaluppi M, Martino G. Remodelling the injured
CNS through the establishment of atypical ectopic perivascular neural stem
cell niches. Arch Ital Biol. 2010;148(2):173-83.

Yu VW, Scadden DT. Heterogeneity of the bone marrow niche. Curr Opin
Hematol. 2016;23(4):331-8.

Birbrair A, Frenette PS. Niche heterogeneity in the bone marrow. Ann N'Y
Acad Sci. 2016;1370(1):82-96.

Schofield R. The relationship between the spleen colony-forming cell and
the haemopoietic stem cell. Blood Cells. 1978;4(1-2):7-25.

Kiel MJ, He S, Ashkenazi R, Gentry SN, Teta M, Kushner JA, et al.
Haematopoietic stem cells do not asymmetrically segregate chromosomes
or retain BrdU. Nature. 2007;449(7159):238-42.


https://doi.org/10.1016/j.bone.2017.06.014
https://doi.org/10.1016/j.bone.2017.04.014

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Animals and injury models
	Patients and clinical data summaries
	In vivo clonal analyses and DTA-mediated ablation of cells
	Cldu/Idu double-pulse staining
	Other immunostains

	Results
	Validation of the dual-pulse CldU and IdU labeling procedure
	The stereotyped patterns (domains) of LRCs in developing HO suggest the existence of a stem niche
	In vivo clonal analysis suggests that Tie2-cre-, Glast-creERT-, and Gli1-creERT-labeled progenitor/stem cells might be niche-dwelling stem cells and contribute to HO through the MSC niche
	Conditional depletion provided further evidence that Glast-creERT- and Gli1-creERT-labeled progenitor/stem cell subpopulations contribute to the MSC niche
	Vasculature, neurites, mast cells, and macrophages are likely candidate niche supportive cells
	BMP and Hh signaling co-regulate the MSC niche and the downstream events in a non-cell autonomous manner

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

