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ABSTRACT
Bone regeneration involves skeletal stem/progenitor cells (SSPCs) recruited from bone marrow, periosteum, and adjacent skeletal
muscle. To achieve bone reconstitution after injury, a coordinated cellular andmolecular response is required from these cell popula-
tions. Here, we show that SSPCs from periosteum and skeletal muscle are enriched in osteochondral progenitors, andmore efficiently
contribute to endochondral ossification during fracture repair as compared to bone-marrow stromal cells. Single-cell RNA sequenc-
ing (RNAseq) analyses of periosteal cells reveal the cellular heterogeneity of periosteum at steady state and in response to bone
fracture. Upon fracture, both periosteal and skeletal muscle SSPCs transition from a stem/progenitor to a fibrogenic state prior to
chondrogenesis. This common activation pattern in periosteum and skeletal muscle SSPCs is mediated by bone morphogenetic
protein (BMP) signaling. Functionally, Bmpr1a gene inactivation in platelet-derived growth factor receptor alpha (Pdgfra)-derived SSPCs
impairs bone healing and decreases SSPC proliferation, migration, and osteochondral differentiation. These results uncover a coor-
dinatedmolecular program driving SSPC activation in periosteum and skeletal muscle toward endochondral ossification during bone
regeneration. © 2022 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American
Society for Bone and Mineral Research (ASBMR).
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Introduction

Tissue regeneration is mediated by resident stem/progenitor
cells that are activated locally within injured tissues or

organs. During bone regeneration, skeletal stem/progenitor cells
(SSPCs) are mobilized not only from bone compartments; ie,
bone marrow and periosteum, but also from adjacent skeletal
muscle.(1-10) These SSPC populations are diverse in their tissue
origin and in their cellular composition, as revealed by single-cell
RNAseq (scRNAseq).(2,11-16) Multiple markers have been used to
identify SSPCs in bone marrow (ie,Mx1, Grem1, LepR, Nes, Cxcl12,
Pdgfra, Gli1) or in periosteum (ie, Ctsk, Acta2),(12,17-23) but none of
these markers is restricted to a single tissue.(11-18)

Despite the cellular diversity of SSPCs, functional analyses in
adult tissues indicate unique regenerative potential of SSPCs

according to their origin. Bone marrow SSPCs are osteogenic,
support hematopoiesis and osteoclast formation, play paracrine
and immunomodulatory roles, but show limited capacity to form
cartilage during bone repair(19,24,25). SSPCs within periosteum
contribute efficiently to both cartilage and bone, and SSPCs from
skeletal muscle mainly participate in cartilage formation.(1,2,10)

Here, we assessed the activation pattern of SSPCs from perios-
teum and skeletal muscle after fracture to understand their role
in the endochondral ossification process. Compared to bone
marrow, SSPCs from periosteum and skeletal muscle are
enriched in osteochondral progenitors and efficiently participate
in endochondral ossification after transplantation. Using scRNA-
seq analyses, we uncover the composition of the periosteal cell
populations at steady state and compare their response to frac-
ture with that of skeletal muscle-derived progenitors. We found
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that bone morphogenetic protein (BMP) signaling is activated in
periosteum-derived and skeletal muscle-derived progenitors
after fracture. We investigated the consequences of bmpr1a
gene inactivation in periosteum and skeletal muscle SSPCs
marked by platelet-derived growth factor receptor alpha (Pdgfra)
on proliferation, migration, and differentiation. These results
reveal that independent of their tissue origin and heterogeneity,
SSPCs from periosteum and skeletal muscle share a common
molecular response after fracture to support endochondral ossi-
fication during bone repair.

Subjects and Methods

Mice

C57BL6/J, Prx1Cre,(26) Prx1CreERT (Stock number #029211),(27)

PdgfraCreERT (Stock number # 018280),(28) Rosa-tdTomato-EGFP
(RosamTmG) and RosaLacZ were obtained from The Jackson Labo-
ratory (Bar Harbor, ME, USA). Bmpr1afl/fl mice were provided by
Dr. Yuji Mishina (University of Michigan, Ann Arbor, MI,
USA).(29,30) All strains were maintained on a C57BL6/J back-
ground. Mice were bred and kept under controlled pathogen
conditions in separated ventilated cages with controlled humid-
ity and ambient temperature, with 12:12-hour light:dark cycles
and free access to food and water in the animal facilities of IMRB,
Creteil, and Imagine Institute, Paris. All experiments were per-
formed in compliance with procedures approved by the Paris
Est Creteil and Paris University Ethical Committees. Both males
and females were used in all experiments. For in vitro experi-
ments, 4-week-old to 8-week-old mice were used, and for
in vivo experiments 12-week-old to 14-week-oldmice were used.
No specific randomization methods were used. Sample labeling
allowed blind analyses.

Tamoxifen injection

Tamoxifen (TMX; Sigma-Aldrich, St. Louis, MO, USA; ref T5648)
was dissolve at 10 mg/mL in corn oil (Sigma-Aldrich; ref C8267)
at 60�C for 1 hour. Mice received 300 μL per intraperitoneally
injection. To maximize recombination efficiency with the
Prx1CreERT line, we tested two different tamoxifen induction pro-
tocols. Prx1CreERT;RosaLacZ and Prx1CreERT;Bmpr1afl/fl mice were
injected three times a week from week 9 to week 11 post-birth,
the day before fracture, and days 1 and 3 following fracture
(Fig. S7A) or three times the week before fracture (Fig. S7B). For
phenotypic characterization, PdgfraCreERT;Bmpr1afl/fl and Pdgfra-
CreERT;Bmpr1a+/+micewere injected once aweek before fracture,
the day before fracture, the day of fracture, and 1 day following
fracture, to target stem/progenitor cells at the time of fracture
(Fig. 6). PdgfraCreERT;RosamTmG;Bmpr1a+/+ (Bmpr1acontrol) and
PdgfraCreERT;RosamTmG;Bmpr1afl/fl (Bmpr1acKO) mice used as
donors for extensor digitorum lengus (EDL) or periosteum grafts
and for in vitro experiments were injected 3 consecutive days the
week before harvest and the day before harvest (Fig. 7).

Non-stabilized tibial fracture

Mice were anesthetized with an intraperitoneal injection of Keta-
mine (50 mg/mL) and Medetomidine (1 mg/kg) and received a
subcutaneous injection of Buprenorphine (0.1 mg/kg) for anal-
gesia. The right leg was shaved and cleaned using Vetidine soap
and solution (Vetoquinol, Lure Cedex, France; ref VET 001). The
tibial surface was exposed, and the tibia was cut in the mid-
diaphysis to create the fracture. At the end of the procedure,

the skin was sutured using non-resorbable sutures (Harvard
Apparatus, Holliston, MA, USA; ref 72-3318). Mice were revived
with an intraperitoneal injection of atipamezole (1 mg/mL) and
kept on heated plate. Two additional doses of analgesia were
administrated within 24 hours post-surgery.

Isolation and primary culture of muscle mesenchymal
progenitors, periosteal cells, and bone marrow stromal
cells

Primary culture of skeletal muscle mesenchymal progenitors
(muMPs) was performed as described.(2) Briefly, 4-week-old to
8-week-old mice were euthanized and hindlimbs were har-
vested. After removing skin and fascia, skeletal muscles sur-
rounding the tibia were dissected. Only the middle part of the
muscle tissue free of tendon was used for cell isolation. In a Petri
dish with Dulbecco’s modified Eagle medium (DMEM) (Life Tech-
nologies, Grand Island, NY, USA; ref 21063029) skeletal muscles
were minced with scissors. Skeletal muscles were then digested
in digesting medium composed of DMEM with 1% Trypsin (Life
Technologies; ref 210234) and 1% collagenase D (Roche Diag-
nostics, Mannheim, Germany; ref 11088866001) and incubated
at 37�C for 2 hours. Every 20 minutes individualized cells were
removed and transferred into growth media on ice: α minimum
essential medium (α-MEM) (Life Technologies; ref 32561029)
with 1% penicillin–streptomycin (P/S) (Life Technologies; ref
15140122), 20% lot-selected non-heat-inactivated fetal bovine
serum (FBS) (Life Technologies; ref 10270106) and 10 ng/mL
basic fibroblast growth factor (bFGF; R&D Systems, Minneapolis,
MN, USA; ref 3139-FB-025/CF) and digesting medium was
renewed. This step was repeated until all skeletal muscle tissue
was digested. After the digestion, cells were filtered sequentially
through 100-μm (Dutscher, Bernolsheim, France; ref 352360) and
40-μm filters (Dutscher; ref 352340), centrifuged 10 minutes at
300 g, resuspended in growth medium and placed in culture in
growth medium.

Primary cultures of periosteal cells (PCs) and bone marrow
stromal cells (BMSCs) were performed as described.(10,31) Briefly,
4-week-old to 8-week-old mice were euthanized, and femurs
and tibias were dissected to remove fat, adjacent skeletal mus-
cles, and tendons. Epiphyses were then cut and removed. For
BMSC culture, bonemarrow was flushed out, collected in growth
medium, and centrifuged 10 minutes at 300 g. Bone marrow
cells were resuspended in growthmedium and placed in culture.
Growth medium was changed every day for 3 days to eliminate
floating cells, and then every 3 days. For PC culture, flushed
femurs and tibias were placed in 6-cm culture plates and covered
with a drop of growthmedium to allow PCs to migrate out of the
bone explants. When PCs reached confluence, bone explants
were removed and cells at passage 0 (P0) were directly subjected
to scRNAseq analyses or expanded for subsequent analyses.

Cell sorting

For cell transplantation experiments, PCs, BMSCs, and muMPs
were trypsinized (Life Technologies; ref 25200056) and resus-
pended in growth medium. After 10 minutes of centrifugation
at 300 g, cells were resuspended in sorting medium containing
α-MEM with 1% P/S and 2% lot-selected non-heat-inactivated
FBS. Sytox blue (1/1000; Thermo Fisher Scientific, Waltham, MA,
USA; ref S34857) was added just before sorting to stain dead
cells. Sytox Blue-/Prx1-derived green fluorescent protein–
positive (GFP+) cells were sorted from Prx1Cre;RosamTmG mice.
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For scRNAseq of muMPs, Sytox Blue-/Prx1-derived GFP+ cells
were sorted after muscle digestion as described in ’Isolation of
primary culture of muscle mesenchymal progenitors’ section.
For in vitro experiments, SytoxBlue-/Pdgfra-derived GFP+ cells
were sorted directly after muscle digestion from Bmpr1acontrol

and Bmpr1acKO mice. Equivalent percentage of GFP+ cells in
the muscle of Bmpr1acontrol and Bmpr1acKO mice was observed
(13.6 � 1.2% and 13.9 � 4.7%, respectively). Cell sorting was
performed on BD FACS Aria II SORP (BD Biosciences, San Jose,
CA, USA) for scRNAseq and cell transplantation experiments
and Aria Fusion (BD Biosciences) for in vitro experiments.

Flow cytometry analyses

For flow cytometry analyses, PCs, BMSCs and muMPs at passage
0–1 were trypsinized and resuspended in growth medium. After
10 minutes of centrifugation at 300 g, cells were resuspended in
sorting medium and counted. A total of 500,000 cells were incu-
bated with 50 μL of BD Horizon Brilliant Stain Buffer
(BD Biosciences; ref 563794), CD45-BV650 (Clone 30-F11, 1/300;
BD Biosciences; ref 563410), TER-119-BV650 (Clone TER-119,
1/300; BD Biosciences; ref 747739), CD51-BV711 (Clone RMV-7,
1/300; BD Biosciences; ref 740755), TIE2-APC (1/300; BioLegend,
San Diego, CA, USA; ref 124009), 6C3-PECy7 (1/300; Ozyme,
Saint-Cyr-l’�Ecole, France; ref BLE108313), THY.2-BV786 (Clone
53–2.1, 1/300; BD Biosciences; ref 564365), CD105-BV421 (Clone
MJ7/18, 1/300; BD Biosciences; ref 562760), CD200-BV605
(Clone OX-90, 1/300; BD Biosciences; ref 745255), PDGFRα-PECy7
(Clone APA5, 1/300; eBioscience, Santa Clara, CA, USA; ref
25-1401-80), SCA1-APC (Clone REA422, 1/200; Miltenyi Biotec,
Bergisch Gladbach, Germany; ref 103-123-848), CD29-APC (Clone
HMβ1-1, 1/400; Miltenyi Biotech; ref 130-102-557), or PDGFRα-
BV711 (Clone APA5, 1/200; BD Biosciences; ref 740740) for
30 minutes on ice and protected from light. Cells were then
washed by adding 1 mL of sorting medium and centrifuged for
10 minutes at 300 g. Supernatant was discarded and cell pellets
were resuspended in 200 μL of sorting medium. Compensation
beads (Thermo Fischer Scientific; ref 01-2222-42) were used for
initial compensation set up and fluorescence minus one (FMO)
controls were used for the gating. Analyses were performed on
BD LSR Fortessa SORP (BD Biosciences) and results were ana-
lyzed using FlowJo software, version 10.2 (FlowJo, LLC, Ashland,
OR, USA). The gating strategy used for the analyses is available in
Fig. S1A–C.

In vitro differentiation

In vitro differentiation was performed as described.(31) Skeletal
muscle from tamoxifen induced Bmpr1acontrol and Bmpr1acKO

mice were digested and Pdgfra-derived muMPs were sorted
based on GFP+ expression. After cell sorting, Pdgfra-derived
muMPs were expanded in six-well plates for in vitro differentia-
tion. For osteogenic differentiation, cells at confluence were cul-
tured in osteogenic medium containing αMEM supplemented
with 10% lot-selected non-heat-inactivated FBS, 0.1μM dexa-
methasone (Sigma-Aldrich; ref D2915), 0.2mM L-ascorbic acid
(Sigma-Aldrich; ref A8960) and 10mMglycerol 2-phosphate diso-
dium salt hydrate (Sigma-Aldrich; ref G9422). Medium was chan-
ged every 3 days for 3 weeks. Mineralized particles were stained
with 0.2% Alizarin red staining (Sigma-Aldrich; ref A5533). For
chondrogenic differentiation, 1.5 � 105 cells were plated as
micromass in 200 μL of growth media for 2 hours. Then, growth
medium was replaced by chondrogenic medium composed of

DMEM with 10% lot-selected non-heat-inactivated FBS, 0.1μM
dexamethasone, 100 μg/mL sodium pyruvate (Sigma-Aldrich;
ref P5280), 40 μg/mL L-proline (Sigma-Aldrich; ref P0380),
50 μg/mL L-ascorbic acid, 50 mg/mL Insulin-Transferrin-
Selenium (Sigma-Aldrich; ref I1884), and 10 ng/mL transforming
growth factor β1 (TGFβ1) (Sigma-Aldrich; ref T7039). Proteogly-
cans were stained with Alcian blue (Sigma-Aldrich; ref A5268).
All pictures were obtained with a Leica DM IRB light microscope
(Leica Microsystems, Inc., Buffalo Grove, IL, USA).

In vitro cell migration

A total of 100,000 cells resuspended in 200 μL of medium sup-
plemented with 0.2% bovine serum albumin (Sigma-Aldrich; ref
A2153) were seeded in the upper chamber of an 8-μm pore
transwell plate (Thermo Fischer Scientific; ref 141082) and incu-
bated with 800 μL of α-MEM at 1% P/S and 10% FBS in the lower
chamber for 15 hours. Anti-mitotic Cytosine β-D-
arabinofuranoside hydrochloride (Sigma-Aldrich; ref C6645)
was added to synchronize cells. Cells were fixed with 4% parafor-
maldehyde (PFA) and nuclei were stained with 40,6-diamidino-
2-phenylindole (DAPI). Pictures were taken using EVOS Cell
Imaging Systems (Thermo Fischer Scientific). Non-migrated cells
were then removed from the upper side of the membrane with a
cotton swap (VWR, Leicestershire, UK; ref PURJ896-PC) and
migrated cells on the bottom side of the membrane were
counted. DAPI+ nuclei were counted using ImageJ software
(NIH, Bethesda, MD, USA; https://imagej.nih.gov/ij/).

In vitro cell proliferation

A total of 20,000 GFP+ sorted cells from Bmpr1acontrol or
Bmpr1acKO mice were plated in 12-well plates. Each sample was
analyzed in duplicate. Cells were then manually counted at d2,
d4 and d6 after plating. Growth curve was then generated and
area under the curve (AUC) was used to determine cell prolifera-
tion using GraphPad Prism (GraphPad Software, Inc., La Jolla,
CA, USA).

Genotyping of Bmpr1a mutant cells

GFP+ sorted cells from Bmpr1acontrol or Bmpr1acKO mice were
lysed in NaOH 50mM at 95�C for 10 minutes. The solution was
then equilibrated with 23% Tris–HCl. Bmpr1a polymerase chain
reaction (PCR) was performed with GoTaq G2 Hot Start Green
Master Mix (Promega, San Luis Obispo, CA, USA; ref M7423) using
the following primers: Fx2: 50-GCA GCT GCT GCT GCA GCC TCC-
30, Fx4: 50-TGG CTA CAA TTT GTC TCA TGC-30, Fx1:50-GGT TTG
GAT CTT AAC CTT AGG-30, according to Mishina and col-
leagues.(30) PCR products were then run on 4% agarose gel.

Tissue and cell transplantation

Tissue and cell transplantations were performed as
described.(2,10,31,32) Tibial fracture was induced in the host mice
as described in ’Non-stabilized tibial fracture’ section. For EDL
muscle transplantation, EDL muscle was dissected from tendon
to tendon and grafted adjacent to the fracture site. EDL graft
was positioned on the anterior surface of the tibia, free of endog-
enous skeletal muscle, and sutured to the host patellar and per-
oneus muscle tendons with nonresorbable sutures (Fine Science
Tools, Foster, CA, USA; ref 12051-08). The skin was sutured and
the mice revived. For periosteum transplantation, the tibia of
donor mice was collected and a fragment of cortical bone of
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approximately 2 mm in length and 1 mm in width was cut in the
anterior-proximal area of each tibia. The endosteum and bone
marrow were removed from the graft. Host mice were prepared
by creating a cortical defect on the anterior-proximal surface of
the tibia adjacent to a fracture. The graft was placed in the corti-
cal defect. The muscle was sutured over the defect to hold the
graft in place, and wounds were closed.

For cell transplantation, PCs, BMSCs, and muMPs at passage
1 were trypsinized, washed and resuspended in 1 mL of sorting
medium. GFP+ cells were sorted as described in ’Cell sorting’
section. The viability of MuMPs, PCs, and BMSCs was
99.8 � 0.2%, 99.5 � 0.2%, and 97.1 � 2.3%, respectively. A total
of 150,000 sorted cells were embedded in Tisseel Prima fibrin gel,
composed of fibrinogen and thrombin (Baxter, Deerfield, IL, USA;
ref 3400894252443), according to the manufacturer’s instruc-
tions. Briefly, 1 � 105 cells were resuspended in 15 μL of fibrin
(diluted at 1/4), 15 μL of thrombin (diluted at 1/4) was added
and cells were placed on ice for at least 15 minutes to let the
matrix polymerize. The cell pellet was transplanted at the frac-
ture site and the wound was closed.

Sample processing, histology, and histomorphometric
analyses

For Ki67 and phoshoSmad1/5/9 immunostaining, calluses were
fixed in 4% PFA (Euromedex, Souffelweyersheim, France; ref
15714) for 4 hours and decalcified in 19% ethylenediamine tetra-
acetic acid (EDTA) (Euromedex; EU00084) for 3 to 4 days at 4�C
under agitation in the dark. All other fractured tibias were har-
vested, fixed in 4% PFA for 24 hours and decalcified in 19% EDTA
for 3 weeks at 4�C under agitation in the dark. Samples were
embedded in paraffin or in optimal cutting temperature com-
pound (OCT) (MM France, Brignais, France; ref F/62550–1). The
entire callus was sectioned, and all consecutive sections were
collected. After deparaffinization in NeoClear® (VWR; ref
1098435000) for 2 � 5 minutes, sections were rehydrated and
rinsed in PBS for 5 minutes. Frozen sections were dried at room
temperature for 30 minutes in the dark and rehydrated in PBS
for 10 minutes. After staining, sections were dehydrated in series
of graded alcohols and incubated in NeoClear® for 10 minutes.
Slides were mounted with NeoMount® mounting medium
(VWR; ref 1090160100).

Safranin-O staining

Sections were stained with Weigert’s solution for 5 minutes,
rinsed in tap running water for 3 minutes and stained with
0.02% Fast Green for 30s (Sigma-Aldrich; ref F7252), followed
by 1% acetic acid for 30s and Safranin’O (SO) solution for
45 minutes (Sigma-Aldrich; ref S2255).

Masson’s trichrome (TC) staining

Sections were stained with Harris hematoxylin (dilution ½) for
5 minutes (MM France; ref F/C0283), rinsed in running tap water
5 minutes, stained with Mallory red for 10 minutes, rinsed for
5 minutes, and then incubated with phosphomolybdic acid 1%
for 10 minutes (Sigma-Aldrich; ref HT153). Collagen fibers were
stained inu light green for 20 minutes (VWR; ref 720-0335) and
fixed in 1% acetic acid.

Picrosirius staining

Sections were stained with Picrosirius solution (PS) (0.1 g of
Direct Red 80; Sigma-Aldrich; ref 43665-25G; diluted into
100 mL of saturated solution of picric acid; Sigma-Aldrich; ref
80456) for 2 hours at room temperature, protected from light.

For histomorphometric analyses, every tenth slide throughout
the entire callus was stained with SO, TC, or counterstained with
DAPI to visualize fluorescent GFP and Tomato signals. Images
were captured using a Zeiss Imager D1 AX10 light microscope
(Carl Zeiss Microscopy GmbH, Jena, Germany). Areas of callus,
cartilage, bone, and GFP or Tomato signal were determined
using ZEN software v1.1.2.0 (Carl Zeiss Microscopy GmbH) and
volumes were calculated via the following formula:

Volume= 1
3h

Pn�1
1 AiþA iþ1ð Þþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ai*A iþ1ð Þp� �

where Ai and Ai+1 were the areas of callus, cartilage, bone, or
fluorescent signal in sequential sections, h was the distance
between Ai and Ai+1 and equal to 300 μm, n was the total num-
ber of sections analyzed in the sample.

For transplanted cell and tissue contribution to cartilage and
bone, GFP and Tomato signal surface were quantified throughout
the entire callus on sections adjacent to SO and TC using a Zeiss
Imager D1 AX10 light microscope and ZEN software. Volume of
fluorescent signal was calculated as described for histomorpho-
metric analyses above. For Bmpr1control and Bmpr1acKO fracture cal-
luses, the volume of GFP and Tomato signals were quantified on
three sections 300 μm apart in the central part of the callus.
GFP+ signal in each area was normalized over the total fluores-
cence signal (sum of GFP and Tomato fluorescent signals).

Immunofluorescence

GFP and Tomato signals were detected without immunofluores-
cence staining. Cryosections were dried at room temperature for
30 minutes, rehydrated in PBS for 10 minutes, and then
mounted with Fluoromount (eBioscience, Santa Clara, CA, USA;
ref 495952).

For Ki67 immunostaining, tissue sectionswere incubated in PBS
supplemented with 5% normal goat serum for 30 minutes and
with rabbit anti-mouse Ki67 antibody (dilution 1/200; Abcam,
Cambridge, MA, USA; ref ab15580) overnight at 4�C. Secondary
goat anti-rabbit AF647 antibody (Life Technologies; ref A-21245)
was incubated for 1 hour at room temperature and slides were
mounted with Fluoromount (ref 495952, eBioscience). For
phospho-Smad1/5/9 immunostaining, citrate buffer antigen
retrieval was used for 20 minutes at 95�C followed by 20 minutes
at 4�C. Sections were incubated in PBS supplemented with 5%
normal goat serum for 30 minutes, before incubation with rabbit
anti-mouse phoshoSmad1/5/9 antibody (dilution 1/200; Cell Sig-
naling Technology, Danvers, MA, USA; ref 13820 T) overnight at
4�C, and with secondary goat anti-rabbit AF647 antibody for
1 hour at room temperature. Slides were mounted with Fluoro-
mount and images were acquired using a Zeiss LSM 800 confocal
microscope.

X-Gal staining

Samples were harvested, fixed in 0.2% glutaraldehyde solu-
tion overnight at 4�C, cryoprotected in 30% sucrose solution
and embedded in OCT. Sections were dried at room temperature
for 30 minutes, rehydrated in PBS for 5 minutes and post-fixed in
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0.2% glutaraldehyde solution for 15 minutes at room tempera-
ture. Slides were then washed 3 � 15 minutes in the washing
buffer containing 1M MgCl2 (Sigma-Aldrich; ref M8266), 1%
Na-deoxycholate (Sigma-Aldrich; ref D6750), 2% NP40 (ref 74385,
diluted in H2O) in PBS. Sections were incubated overnight at
37�C in a humidified chamber in X-Gal solution containing X-Gal
(Thermo Fisher Scientific; ref R0404; 50 mg/mL in DMSO), 1X
potassium ferrocyanide, 1X potassium ferrocyanide, 1M Tris
(pH 7.3–7.4) diluted in washing buffer. Sections were washed in
PBS 3 � 5 minutes, counterstained with 1% eosin for 2 minutes,
dehydrated, and mounted with NeoMount® mounting medium.

Quantification of cell migration and proliferation in vivo

In vivo cell migration was determined using ImageJ by measur-
ing the minimal distance between each GFP+ cell in the callus
and the border of the tissue graft. Every 30th section was used
throughout the entire callus.

In vivo cell proliferation in the activated periosteum and skel-
etal muscle was measured by manual counting of Ki67 + GFP+
and total GFP+ in three independent regions per section. The
results represent the mean of three different sections per
sample.

Microarray analyses

For microarray analyses, datasets from Lu and colleagues(33)

were reanalyzed. Wild-type fractured hindlimbs between knee
and ankle were collected free of skin followed by RNA extraction
at day 2 (n = 3) and day 7 (n = 4) and from uninjured limbs
(n = 4) using Trizol (Invitrogen, Carlsbad, CA, USA). Microarrays
were obtained using Agilent Mouse single-color 4 � 44 K arrays
(Agilent Technologies, Santa Clara, CA, USA). Microarray feature
extraction was performed using Agilent’s Extraction 9.1 (Agilent
Technologies).(33) Gene set enrichment analysis (GSEA) was per-
formed using all normalized probes on “curated gene set” and
“ontology gene set” collections of the Molecular Signatures
Database v7 with gene sets between 15 and 5000 genes, 1000
permutations, FDR <0.25 and p value <0.05. Enrichment map
was performed with Cytoscape software v3.8.1. using GSEA
results with FDR cutoff <0.25, p value <0.05 and filtered by gene
expression. Only clusters with more that five terms were retained
for the analyses.

Single-cell RNAseq analyses

For skeletal muscle–derived muMPs, datasets from Julien and
colleagues(2) were reanalyzed. Briefly, Prx1-derived skeletal mus-
cle cells were isolated directly by enzymatic and mechanical
digestion of skeletal muscles surrounding the tibia from Prx1Cre;
RosamTmG uninjuredmice, and at day 3 and day 5 post–tibial frac-
ture. Two mice were used per sample and only skeletal muscles
adjacent to the fracture site were dissected. For PC scRNAseq,
uninjured cells were isolated from three mice (ie, six uninjured
tibias) by explant culture, and d3 post-fracture cells were isolated
from five mice (ie, five injured tibias) as described.(10) PCs were
then subjected to scRNAseq at passage 0 without further in vitro
cell expansion. No specific analysis of the between-animal vari-
ance was conducted due to the design of the experiment. All
scRNAseq libraries were generated using Chromium Single Cell
30Library & Gel Bead Kit v.2 (10X Genomics, San Francisco, CA,
USA; ref PN-120237) according to the manufacturer’s protocol.
Libraries were sequenced on NovaSeq 600 (Illumina, San Diego,
CA, USA) with 26 cycles of read 1, eight cycles of i7 index, and

98 cycles of read 2. FastQ files from the scRNA 10X libraries were
processed using the Cell Ranger Count pipeline with its default
parameters (v5.0.1). Reads were aligned against the mm10 refer-
ence genome customized by adding GFP sequence.

Data analyses

Seurat v4.0.1 and RStudio v1.3.1073 were used for analysis of
scRNA-seq data.(34,35)

As described in Julien and colleagues,(2) for muMPs, cells
expressing between 350 and 8000 genes and expressing less
that 20% of mitochondrial genes were retained for analysis,
genes expressed in less than three cells were excluded from
the analysis. For PCs, cells expressing between 100 and 8000
genes and expressing less that 10% of mitochondrial genes were
retained for analysis. Genes expressed in less than three cells
were excluded from the analysis. After quality control, 4458 unin-
jured PCs, 15726 PCs at d3, 4013 uninjured muMPs, 5313 muMPs
at d3, and 1449 muMPs at d5 post-fracture were retained for the
analysis.

Normalization was performed using sctransform pipeline to
integrate datasets and raw counts were log normalized and
scaled for gene expression. All datasets were regressed on
mitochondrial content. Clustering was performed using the
first 20 principal components and a resolution of 0.6 for
muMPs, and the first 25 principal components and a resolu-
tion of 0.5 for PCs. The number of principal components was
determined using the ElbowPlot function of Seurat package.
Differentially expressed genes were determined using Wil-
coxon rank sum test with p value <0.05. Gene ontology
(GO) analyses were done using differentially upregulated
genes and implemented in Enrichr interface (https://amp.
pharm.mssm.edu/Enrichr/).(36) GO functions including less
than five genes and with adjusted p value >0.05 were
excluded. GO functions were classified into manually anno-
tated general functions and the number of GO terms per gen-
eral function was plotted.

Monocle analysis

Monocle3 v0.2.3.0 was used for pseudotime analysis.(37) Sctrans-
form normalized data were used as matrix to perform pseudo-
time analyses. Starting points correspond to the highest
expression of stem/progenitor genes (Cd34, Ly6a) and the lowest
expression of chondrogenic genes (Sox9/Acan). Pseudotime
values were then added as metadata into Seurat object and
pseudotime was plotted as feature using Scatterplot function.

Cell cycle analysis

Cell Cycle Regression vignette from Seurat package was used to
study cell cycle.

Lineage analysis

Signature score was calculated for each cell as arithmetic mean
of the expression of the indicated genes (Table S1) and imple-
mented as metadata in Seurat object.

Statistical analyses

Data are presented as mean � standard deviation (SD) and were
obtained from at least two independent experiments;
n represents the number of samples used for the analysis.
Two-sided Mann-Whitney test was used to compare two groups.
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Fig. 1. Periosteum-derived and skeletal muscle-derived cells are enriched in osteochondral progenitors and contribute efficiently to endochondral ossi-
fication during bone repair. (A) Experimental design. BMSCs, PCs, and skeletal muMPs were isolated from Prx1Cre;RosamTmGmice and cultured for one pas-
sage before flow cytometry analyses or cell sorting based on GFP expression prior to cell transplantation at the fracture site. (B) Schematic representation
of hierarchical organization of skeletal stem/progenitor cells adapted from.(38) Prx1-derived GFP+ cells were gated first; hematopoietic and endothelial
cells were excluded (CDs- = TER119�/CD45�/TIE2�) and ITGAV+ cells were included in the analysis. THY1 and 6C3 markers expression allow the iden-
tification of stem/progenitors (THY1�/6C3�), osteochondral (THY1+/6C3�) and stromal (THY1�/6C3+) subpopulations. (C) Percentage of skeletal stem/

(Figure legend continues on next page.)

Journal of Bone and Mineral Researchn 1550 JULIEN ET AL.



For comparison of more than three groups, one-way or two-
way analysis of variance (ANOVA) was used. One-way ANOVA
was followed by two-sided Mann-Whitney test and two-way
ANOVA was followed by Tukey test or Šíd�ak’s multiple

comparison test as indicated in the legend. Statistical analyses
were done using GraphPad Prism v6.0a. Differences were con-
sidered significant for p value <0.05. Statistical analyses are
provided in the Table S2.

(Figure legend continued from previous page.)
progenitor, osteochondral, and stromal cells in Prx1-derived GFP+ BMSCs, PCs, and muMPs (n = 5–7 cell cultures per group). (D) Left, Longitudinal sec-
tions of fracture callus at d14 post-fracture stained by SO. Middle-right, High magnifications of boxed areas in cartilage and bone stained by SO and TC,
respectively, and adjacent sections counterstained with DAPI (bone is delimited by a white dotted line). Boxed areas 1 and 2 showing limited contribution
of BMSCs to cartilage and bone, boxed areas 3 and 4 showing robust contribution of PCs to cartilage and bone, and boxed areas 5 and 6 showing con-
tribution of muMPs to cartilage and limited contribution to bone. Yellow arrowheads indicate contribution of transplanted cells to bone. (E) Histomorpho-
metric quantification of total GFP+ signal and GFP+ signal in cartilage and bone, respectively. (C) Each dot represents an independent cell culture; (E) each
dot represents a single animal. Values represent the median and interquartile range. (C) Exact p value calculated by two-way ANOVA followed by Tukey
test. (E) n = 5 per group, exact p value calculated with one-way ANOVA followed by two-sided Mann-Whitney test. Scale bars: SO low magnification=
1 mm, cartilage high magnification = 200 μm, bone high magnification = 50 μm. b = bone; bm = bone marrow; BMSC = bone marrow stromal cell;
muMP = muscle mesenchymal progenitor; PC = periosteal cell; SO = Safranin O; TC = trichrome.

Fig. 2. Single-cell RNAseq of periosteal cells at steady state. (A) Experimental design of scRNAseq of PCs at steady state. PCs were isolated from uninjured
tibia of Prx1Cre;RosamTmGmice by explant culture without expansion and subjected to scRNAseq analyses at P0. (B) Left: clusterization of PCs. Right: Feature
plot of eGFP expression. (C) Expression of markers used to define SP, Macro, and Oc clusters. (D) Representation of SP, Macro, and OC marker expression.
Macro = macrophage; Oc = osteoclast; P0 = passage 0; PC = periosteal cell; SP = stem/progenitor.
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Fig. 3. Single-cell RNAseq of periosteal cells post-fracture. (A) Experimental design of scRNAseq. PCs were isolated from Prx1Cre;RosamTmGmice by explant
culture from uninjured tibia and from fractured tibia at d3 post-fracture and used at P0 for scRNAseq. (B) Top, Clusterization of integrated uninjured and d3
post-fracture datasets define six subpopulations (delimited by a black dotted line and named). Bottom, Percentage of subpopulations per sample. (C) Dot
plot of markers used to define cell populations. (D) Feature plot of stem/progenitor, macrophage, fibrochondrogenic, and neutrophil lineage scores. (E)

(Figure legend continues on next page.)
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Results

Periosteum and skeletal muscle are the sources of
osteochondral progenitors

Prx1-derived SSPCs form cartilage and bone during bone regen-
eration, and are localized within periosteum, bone marrow and
skeletal muscle.(2-4,10,23) To directly compare the expression pro-
files of SSPCs, we performed flow cytometry analyses of sorted
Prx1-derived cultured cells isolated from bone marrow (BMSCs),
periosteum (PCs), and skeletal muscle (muMPs) from Prx1Cre;
RosamTmG uninjured hindlimbs (Fig. 1A). We used the strategy
proposed by Chan and colleagues,(38) a combination of cell sur-
face markers that identify skeletal stem/progenitor, osteochon-
dral, and stromal subpopulations from the entire bone.
Hematopoietic and endothelial cells were excluded from the
analyses and skeletal stem/progenitors were defined as ITGAV+/
THY1�/6C3� cells, osteochondral progenitors as ITGAV+/
THY1+/6C3� cells and stromal cells as ITGAV+/THY1�/6C3+
cells (Fig. 1B). We evaluated the proportions of each subpopula-
tion isolated from bone marrow, periosteum, and skeletal mus-
cle. We observed that BMSCs exhibit reduced proportions of
non-hematopoietic and non-endothelial cells and increased pro-
portions of ITGAV+/THY1�/6C3� cells compared to PCs and
muMPs. However, PCs and muMPs were enriched in ITGAV+/
THY1+/6C3� cells and were mostly Prx1-derived (Figs. 1C and
S1). In vivo transplantation of Prx1-derived BMSCs, PCs, and
muMPs at the fracture site showed that PCs have a higher capac-
ity to integrate into the callus compared to BMSCs and muMPs,
and both PCs and muMPs have an enhanced chondrogenic
potential compared to BMSCs. Further, PCs were bi-potent
because they also formed bone at d14 post-transplantation
(Fig. 1D,E).

Heterogeneity of periosteal cells at steady state

Periosteum is a well-established source of SSPCs during bone
repair(1,5,6,10,32). To characterize the cellular composition of the
periosteum, we performed scRNAseq analyses of primary PCs
at P0 isolated from Prx1Cre;RosamTmG uninjured hindlimbs
(Fig. 2A). We identified nine clusters, grouped into three cell
populations: stem/progenitors, encompassing clusters 0 to
5, expressing Prrx1, Pdgfra, Ly6a, Cd34, and Acta2; macrophages,
corresponding to clusters 6 and 7, both expressing Ptprc, Adgre1,
and Csfr1, and osteoclasts, ie, cluster 8, expressing Acp5 and
Ocstamp (Table S3). Prx1-driven GFP expression was detected
almost exclusively in the stem/progenitor population (Fig. 2B,
C). Within the stem/progenitor population, we observed region-
alized expression of markers. Ly6a and Pdgfra were highly
expressed in clusters 0, 1, 2, and 3, whereas Acta2 was mainly
expressed in clusters 0, 2, 4, and 5. In addition, we detected the
expression of markers commonly defined as tenocyte (Scx,
Tnmd) and pericyte (Mylk, Cspg4) markers, revealing

heterogeneity within the periosteal stem/progenitor population
(Figs. 2D and S2).

Periosteal cell response to bone injury at single-cell
resolution

To characterize the cellular response of PCs to fracture, we per-
formed scRNAseq analyses of PCs isolated at d3 post-fracture
from Prx1Cre;RosamTmG mice, and integrated uninjured and d3
post-fracture datasets (Fig. 3A). In addition to the stem/progeni-
tor, macrophage and osteoclast populations described at steady
state (Fig. 2), we identified neutrophils expressing Ngp and Elane,
fibrochondro progenitors (FCPs) expressing Col2a1 and Postn,
and fibroblasts expressing S100a4 and Tpm2 (Figs. 3B–D and
S3A,B, Table S3). Prx1-driven GFP expressionwasmainly detected
in the non-hematopoietic populations, ie, stem/progenitor, FCP,
and fibroblast populations (Fig. S3C). We then focused our anal-
ysis on these non-hematopoietic populations that form cartilage
and bone in the callus. To assess the fate of the non-hematopoi-
etic periosteal cells in response to fracture, we plotted the line-
age score of stem/progenitor, fibrogenic (extracellular matrix
[ECM]-producing cells) and chondrogenic gene expression. The
FCP cluster, found exclusively at d3 post-fracture, was the only
cluster containing cells with stem/progenitor, fibrogenic, and
chondrogenic signatures (Fig. 3E–G). GO analysis of upregulated
genes in the FCP cluster showed a high number of biological
functions related to stem/progenitor cell activation upon injury
(proliferation and migration categories) and ossification (bone
development and ECM categories). Detailed analyses of GO
terms highlighted an overrepresentation of GO terms related
to skeletal development, cartilage/chondrocyte and ossifica-
tion/mineralization, as well as signaling pathways related to car-
tilage/bone formation such as TGFβ and BMP (Fig. 3H). These
results suggest that the FCP cluster contains the PC population
specifically activated upon injury.

To better understand how PCs are activated upon fracture, we
performed pseudotime analyses of FCPs as they correspond to
cells engaging in chondrogenesis (Fig. 4A). The starting point
of the pseudotime trajectory was defined by the least differenti-
ated cells expressing the highest level of stem/progenitor genes
(Cd34/Ly6a) and the lowest level of chondrogenic genes (Sox9/
Acan). The pseudotime trajectory progressed through one main
branch where PCs downregulated stem/progenitor genes and
upregulated fibrogenic genes prior to engaging in chondrogen-
esis (Figs. 4B and S3D). Genes associated with cell migration were
increased in parallel with fibrogenic genes, whereas genes asso-
ciated with proliferation were upregulated in parallel with chon-
drogenic genes (Fig. 4C).

We previously reported the response to bone repair of Prx1-
derived skeletal muscle progenitors using scRNAseq(2)

(Fig. S4A–D). Within Prx1-derived skeletal muscle cells, the fibroa-
dipogenic progenitor/mesenchymal progenitor (FAP/MP)

(Figure legend continued from previous page.)
Left, UMAP projection of uninjured and d3 post-fracture datasets subclusterized for non-hematopoietic cells. Right, Split UMAP visualization of non-
hematopoietic cells from uninjured and d3 post-fracture datasets. (F) Feature plot of stem/progenitor, fibrogenic, and chondrogenic lineage scores
in the non-hematopoietic cells. (G) Percentage of subpopulations per sample. (H) Left, GO analyses of upregulated genes in FCP subpopulation. Middle,
Radar chart of skeletal related functions. Right, signaling pathways enriched in GO analyses. d3 = day 3; FCP = fibrochondro progenitor;
Fibro. = fibroblast; GO = gene ontology; Macro. = macrophage; Neutro. = neutrophil; Oc = osteoclast; PC = periosteal cell; SP = stem/progenitor;
UMAP = uniform manifold approximation and projection.
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Fig. 4. Single-cell RNAseq reveals similar activation patterns of periosteum and muscle progenitors after bone fracture. (A) Top left, UMAP projection of
subclusterization of non-hematopoietic PCs as in Fig. 3E. Top right, UMAP projection of FCPs used for the subsequent analyses. Bottom left, UMAP visu-
alization of sample origin of FCPs (uninjured in gray and d3 post-fracture in green). Bottom right, Pseudotime trajectory analysis of periosteum-derived
FCPs. (B) Feature plot and scatter plot of stem/progenitor (top), fibrogenic (middle), and chondrogenic (bottom) lineage scores along pseudotime in peri-
osteum derived FCPs. (C) Scatter plot of migration and proliferation lineage scores along pseudotime in FCPs. (D) Top left, UMAP projection of
Prx1-derived skeletal muscle cells from uninjured tissue and from d3 and d5 post-fracture samples as in Fig. S4. Top right, UMAP projection of subcluster-
ization of Prx1-derived skeletal muscle FAP/MP used for the subsequent analyses. Bottom left, UMAP visualization of sample origin of Prx1-derived skeletal
muscle FAP/MP (uninjured in gray, d3 post-fracture in green and d5 post-fracture in purple). Bottom right, Pseudotime trajectory analysis of Prx1-derived

(Figure legend continues on next page.)
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population was the most responsive to injury(2) (Table S3). Acti-
vated muMPs displayed the same cellular response to bone
injury as activated PCs by losing their stem/progenitor identity,
engaging in fibrogenesis, prior to engaging in chondrogenesis
and proliferating (Fig. 4D–F). However, in addition to the main
trajectory, we observed multiple branches in the fibrogenic state
for activated muMPs, suggesting that activated muMPs may not
all engage in chondrogenesis and contain a subset of SSPCs
(Fig. S4E). Chondrogenic-related and migration-related genes
were not highly expressed by d5 post-fracture in activated
muMPs because they were still localized in the skeletal muscle
tissue prior to their migration into the fracture callus and only
started expressing chondrogenic and migrating programs.

PC andmuMP response to bone injury is mediated by BMP
signaling

We then assessed the similarities in themolecular programs driv-
ing PC and muMP activation. Microarray datasets of uninjured,
d2 and d7 post-fracture hindlimbs were reanalyzed.(33) We
observed an overrepresentation of signaling pathways related
to immune response such as Toll-like receptors (Toll-like R), che-
mokines, tumor necrosis factor (TNF), and interleukins, as well as
Hedgehog (HH), platelet-derived growth factor receptor
(PDGFR), epidermal growth factor (EGF), TGF, and BMP pathways
at d2 post-fracture compared to uninjured samples (Fig. 5A,B).
This correlated with the enrichment in GO terms related to
immune response (Fig. S5A,B). At d7 post-fracture, GO terms
related to immune response and HH, PDGFR, and EGF signaling
pathways were downregulated, but not GO terms related to
BMP signaling. In parallel, GO terms related tometabolism, signal
transduction, neurotrophin, and Wnt signaling pathways were
upregulated (Fig. 5B). This signature was associated with GO
terms related to morphogenesis, skeletal development, and
ECM secretion (Fig. S5C,D). BMP signaling, defined as the mean
expression of BMP receptors and effectors, was overexpressed
at d2 and d7 post-fracture, suggesting a role in the early stage
of repair (Fig. 5C). In the PC and muMP scRNAseq datasets from
Fig. 4, we observed that BMP signaling was upregulated in FCPs
at d3 and in activated muMPs at d3 and d5 post-fracture
(Figs. 5D,E and S6). Immunostaining for phoshoSMAD1/5/9 con-
firmed that the BMP pathway is active in Prx1-derived periosteal
and skeletal muscle cells at d3 post-fracture in vivo (Fig. 5F).

BMP signaling is required for SSPC activation upon
fracture

To functionally evaluate the role of BMP signaling in SSPCs dur-
ing bone regeneration, we performed genetic inactivation of
the Bmpr1a gene.(39) Due to the low efficiency of the Prx1CreERT

mouse model (Fig. S7), we used the PdgfraCreERT line to target
periosteal and skeletal muscle progenitors expressing Pdgfra
(Figs. 2 and 3C, and Fig. S4 and S8A,B).(2,10,14) We evaluated a

65.9% Cre recombination efficiency in PdgfraCreERT;RosamTmG

mice and confirmed the presence of Pdgfra-derived skeletal pro-
genitors contributing to fracture healing in both periosteum and
skeletal muscle (Fig. S8C–E). Analysis of bone repair in tamoxifen-
induced PdgfraCreERT; Bmpr1afl/fl mice showed decreased callus
and bone volumes at d14 post-fracture compared to Bmpr1afl/fl

controls and reduced contribution of Bmpr1a-deficient Pdgfra-
derived cells within cartilage and bone as compared to control
cells (Fig. 6A-D). However, the presence of non-recombined cells
using this CREmodel suggests that these cells may partially com-
pensate for the phenotype using a systemic induction strategy.

To specifically trace Bmpr1a-deficient cells from periosteum
and skeletal muscle, we used periosteum and EDL muscle graft
transplantation. Grafts from tamoxifen-induced PdgfraCreERT;
RosamTmG; Bmpr1afl/fl (Bmpr1acKO) and PdgfraCreERT;RosamTmG;
Bmpr1a+/+ (Bmpr1acontrol) mice were transplanted at the fracture
site of wild-type hosts. We observed a reduced contribution to
cartilage of Bmpr1a-deficient cells from periosteum and skeletal
muscle, and reduced contribution to bone, of Bmpr1a-deficient
cells from periosteum, as compared to controls (Fig. 7A,B). To
determine whether abnormal cell migration could account for
the impaired cellular contribution of periosteum and skeletal
muscle to callus formation, we measured the distance between
the graft and the Pdgfra-derived migrating cells within cartilage.
We observed that Bmpr1a-deficient cells remained closer to the
graft compared to control cells (Fig. 7C). We then assessed cell
proliferation in vivo using Ki67 immunostaining on Bmpr1acKO

and Bmpr1acontrol calluses at d3 post-fracture. The percentage
of proliferative Pdgfra-derived cells over the total Pdgfra-derived
populationwas significantly reduced in the activated periosteum
and adjacent skeletal muscle of Bmpr1acKO mutant mice com-
pared to control mice at day 3 post-fracture, suggesting that a
decrease in the proliferation of skeletal muscle and periosteum
progenitors in the absence of BMP signaling could also impact
the phenotype (Fig. 7D,E). In vitro differentiation assays showed
an abolition of the osteogenic potential of Bmpr1a-deficient
cells, whereas early chondrogenic differentiation was not
affected. In vitro migration and proliferation capacities of
Bmpr1a-deficient cells were impaired, confirming in vivo obser-
vations (Fig. 7F). We verified Cre-mediated recombination in
Pdgfra-derived cells by Bmpr1a genotyping and confirmed that
Bmpr1a deletion did not affect the cellular identity of Pdgfra-
derived cells by flow cytometry (Fig. S9). Altogether, these results
highlight the role of BMP signaling as a common mediator of PC
and muMP activation during the early stages of bone repair.

Discussion

Multiple markers have been proposed as specific for SSPC sub-
populations in bone, but the diversity of these markers makes
it challenging to investigate SSPC functions in skeletal growth,
repair, and aging.(9,12,14,18-23,39) In addition, during bone regener-
ation, SSPCs originate not only from bone compartments; ie,

(Figure legend continued from previous page.)
skeletal muscle FAP/MP. (E) Feature plot and scatter plot of stem/progenitor (top), fibrogenic (middle), and chondrogenic (bottom) lineage scores along
pseudotime in FAP/MP. (F) Scatter plot of migration and proliferation lineage scores along pseudotime in FAP/MP. Color scheme used in B and
C corresponds to the color of clusters used in A, and color scheme used in and E and F corresponds to the color of clusters used in D. d3 = day 3;
FAP = fibroadipogenic progenitor; FCP = fibrochondro progenitor; MP = mesenchymal progenitor; PC = periosteal cell; UMAP = uniform manifold
approximation and projection.
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Fig. 5. BMP signaling is upregulated in injury-activated periosteum and muscle progenitors. (A) Experimental design of microarray analyses.(33) Tibia and
adjacent skeletal muscle were harvested from uninjured hindlimbs at d2 and d7 post-fracture and used for microarray analyses. (B) Representation of
upregulated signaling pathways from Gene Ontology analyses between d2 versus uninjured (in orange, left) and between d7 versus d2 (in purple, right).
(C) Heat map of BMP signaling components from microarray dataset. (D,E) Experimental design of scRNAseq of Prx1-derived periosteal cells and skeletal
muscle progenitors. Violin plot of BMP signaling pathway expression (left) and detailed visualization of receptor (Acvr1, Bmpr1a, Bmpr1b, Bmpr2), co-factor
(Smad1, Smad4, Smad5), and target (Id1) gene expression (right) in Prx1-derived FCPs (D) and skeletal muscle FAP/MP (E). (F) Transverse section of d3 post-
fracture Prx1Cre;RosamTmG hindlimb stained with PS showing activated periosteum (delimited by a black dotted line). High magnifications of boxed areas
from adjacent section counterstained with DAPI show phosphoSMAD1/5/9 positive nuclei (white, pointed with yellow arrowhead) in GFP+ cells (in green)
within periosteum (middle), and adjacent skeletal muscle (right). Scale bars: low magnification= 200 μm, high magnification= 50 μm. bm= bone-mar-
row; d2 = day 2; PS = Picrosirius.
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bone marrow and periosteum, but also from adjacent skeletal
muscle.(1-4,6,10,40) In skeletal muscle, the SSPC population over-
laps with the non-myogenic cell population commonly
termed “mesenchymal” cells.(2) These “mesenchymal” cells have

fibrogenic, adipogenic, and osteochondrogenic potentials in
muscle regeneration or pathological conditions.(41,42) More
knowledge is needed to improve the nomenclature and better
describe “mesenchymal” cells that share common cell surface

Fig. 6. Loss of Bmpr1a in Pdgfra-derived progenitors impairs bone healing. (A) Experimental design. Bmpr1afl/fl (control) and PdgfraCreERT;Bmpr1afl/fl mice
were induced with TMX at days 7 and 1 before fracture, day 0 and day 1 post-fracture. Tibial fractures were induced at d0 and calluses were harvested at
d14 and d21 post-fracture. (B) Histomorphometric quantification of callus, cartilage, and bone volumes at d14 and d21 post-fracture in Bmpr1afl/fl control
and PdgfraCreERT;Bmpr1afl/flmutant mice (in black and orange, respectively) (n= 6–7 animals per group). (C) Longitudinal callus sections from PdgfraCreERT;
RosamTmG;Bmpr1a+/+ control (left) and PdgfraCreERT;RosamTmG;Bmpr1afl/fl mutant (right) mice at d14 post-fracture stained with SO (callus delimited by a
black dotted line). High magnifications of boxed areas of cartilage (1 and 3) and bone (2 and 4) show Pdgfra-derived cells in cartilage and bone. (D) Quan-
tification of GFP+ signal normalized on total GFP+ and Tomato+ signal in cartilage and bone. n = 4–5 animals per group, each dot represents a single
animal. Exact p value calculated with two-sided Mann-Whitney test, values represent median and interquartile range. Scale bars: low magnification =

1 mm, high magnification = 200 μm. b = bone; bm = bone-marrow; d0 = day 0; SO = Safranin O; TMX = tamoxifen.
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Fig. 7. Bmpr1a inactivation in Pdgfra-derived cells affects periosteum and muscle progenitors during bone repair. (A) Top, Experimental design of peri-
osteum or EDL grafts from PdgfraCreERT;RosamTmG;Bmpr1a+/+ (Bmpr1acontrol) or PdgfraCreERT; RosamTmG;Bmpr1afl/fl (Bmpr1acKO) mice transplanted at the frac-
ture site of wild-type hosts. Donor mice were induced with TMX at d7, d6, d5, and d1 prior to fracture. Fractures were induced at d0, and samples were
collected at d14 post-fracture. Bottom, Longitudinal callus sections stained with SO at d14 post-fracture and periosteum (left) or EDL muscle (right) graft
from Bmpr1acontrol (top) and Bmpr1acKO (bottom)mice (callus delimited by a black dotted line, graft delimited by an orange/yellow dotted line). Highmag-
nifications of boxed areas of cartilage show reduced contribution to cartilage of Pdgfra-derived cells from Bmpr1acKO periosteal and EDL muscle grafts
compared to Bmpr1acontrol. Magenta boxed areas show GFP+ hypertrophic chondrocytes from EDLmuscle grafts. (B) Quantification of GFP+ contribution
normalized on total cellular contribution to cartilage and bone of periosteum and EDL muscle grafts. n = 5–6 animals per group, each dot represents a

(Figure legend continues on next page.)
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markers yet may have distinct embryonic origins and functions
in different tissues.(43,44) In this study we set out to compare
SSPCs in bone marrow, periosteum, and skeletal muscle. In these
three tissues, we identified skeletal stem/progenitor, osteochon-
dral, and stromal cell populations expressing combinations of
cell surface markers, as defined by Chan and colleagues.(38) Fur-
thermore, our flow cytometry results indicate that periosteum-
derived and skeletal muscle-derived cells are enriched in osteo-
chondral progenitors, which may correlate with their in vivo dif-
ferentiation potential. Transplanted PCs show efficient
chondrogenic and osteogenic potential in vivo, whereas muMPs
are mainly chondrogenic, and BMSCs have a limited osteochon-
dral potential. These results reinforce that the periosteum is the
major source of SSPCs for bone repair.

We then focused on periosteum-derived cells, which remain
poorly characterized, and report here the cellular heterogeneity
of periosteum-derived cells by scRNAseq at steady state and in
response to fracture. None of the clusters identified by scRNAseq
coincided with populations defined by the flow cytometry panel.
Given the cooperation between PCs and muMPs during endo-
chondral ossification, we compared their cellular and molecular
response to fracture at the single cell level. We identified a similar
response to bone fracture toward chondrogenesis through pseu-
dotime analyses. After bone fracture, both activated muMPs and
PCs leave their stem/progenitor state to undergo fibrogenesis
prior to chondrogenesis. Thus, SSPCs from periosteum and skel-
etal muscle follow a common molecular program during the ini-
tiation of the endochondral ossification process. Single-cell
analyses of freshly isolated SSPCs and from later time points
post-injury will be helpful in the future to further characterize
the cellular heterogeneity of SSCPs and the in vivo differentiation
potential of various SSPC subpopulations. In particular, given the
bipotentiality of SSPCs in periosteum for osteogenesis and chon-
drogenesis, whether this is due to the presence of a single line-
age or multiple lineages within periosteum remains to be
clarified.

We show that the shared molecular response within perios-
teum and skeletal muscle is mediated by early activation of the
BMP pathway, known to play a central role during skeletal devel-
opment, bone homeostasis, and fracture healing.(45) Genes asso-
ciated with the BMP signaling pathway are expressed at early
stages of bone repair from 3 days post-fracture and regulate

chondrogenesis and osteogenesis.(46-51) Here, we combined lin-
eage tracing, conditional knockout of Bmpr1a gene in Pdgfra-
derived progenitors and tissue transplantation to assess the role
of BMP signaling in SSPCs from periosteum and skeletal muscle.
Notably, due to the current limitations in easily discriminating
SSPCs derived from periosteum and skeletal muscle in vivo,
which would entail the analysis of a combination of several
markers and their expression levels, cell or tissue transplantation
at the injury site remains an efficient way to discriminate the
regenerative potential of SSCPs from different tissues. Using
these approaches, we show that the contribution to endochon-
dral ossification of Bmpr1a deficient SSPCs from periosteum
and skeletal muscle is impaired. Loss of BMP signaling in SSPCs
leads to a decrease in proliferation, migration, and chondrogenic
and osteogenic differentiation of periosteum and skeletal mus-
cle SSPCs in vitro and in vivo. These functional analyses confirm
that BMP signaling is a critical mediator for the activation of peri-
osteum and skeletal muscle SSPCs during bone regeneration.
Although there are reports showing that PDGFRβ or CCL5-CCR5
signaling pathways are also essential(52,53), little is known about
the molecular regulation of SSPC activation. More work is
required to provide insight and understanding of the mecha-
nisms driving SSPC activation and their interactions with the
bone injury environment.
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(Figure legend continued from previous page.)
single animal. (C) Distance between GFP+ chondrocytes and the border of periosteum or EDL grafts (delimited by an orange dotted line) from Bmpr1a-
control and Bmpr1acKO donors. Control periosteum: n= 284 cells, mutant periosteum: n= 99 cells, control EDL: n= 302 cells, andmutant EDL: n= 120 cells.
Five animals were used per group. Each dot represents an individual cell. (D) Left, Experimental design. Bmpr1acontrol and Bmpr1acKO mice were induced
with TMX at d7 and d1 before fracture, d0 and d1 post-fracture. Sampleswere harvested at d3 post-fracture. Right, Transverse sections of fracture site at d3
post-fracture were stained with PS and adjacent sections were immunostained for Ki67 (Ki67 cells in yellow, pointed with yellow arrowhead). High mag-
nifications of boxed areas in activated periosteum (delimited by a dotted line) and skeletal muscle adjacent to fracture site show less Ki67+/GFP+ cells in
Bmpr1acKOmice compared to Bmpr1acontrol mice. (E) Quantification of GFP + Ki67+ over the total GFP+ cells in activated periosteum and skeletal muscle
at d3 post-fracture in tamoxifen induced Bmpr1acontrol and Bmpr1acKOmice. n= 3–4 animals per group, each dot represents a single animal. (F) Left, Exper-
imental design of in vitro cell differentiation, migration, and proliferation assays. Bmpr1acontrol and Bmpr1acKOmice were inducedwith tamoxifen at d7, d6,
d5, and d1 before experiment. Pdgfra-derived GFP+ cells were collected from skeletal muscles surrounding the tibia, sorted based on GFP expression and
cultured in vitro prior analyses. (i) Representative images of osteogenic (top, osteo) and chondrogenic (bottom, chondro) differentiation assays of GFP+
cells isolated from Bmpr1acontrol and Bmpr1acKO mice, (ii) Percentage of migrating cells assessed by in vitro transwell migration assay, (iii) AUC of prolifer-
ation. n = 3 independent primary cultures per group, each dot represents a primary culture. Statistical analyses: Exact p value calculated with two-sided
Mann-Whitney test; values represent median and interquartile range. Scale bars: low magnification = 200 μm, high magnification = 50 μm. AUC = area
under the curve; b= bone; bm= bone-marrow; cart= cartilage; chondro= chondrogenic; d0= day 0; osteo= osteogenic; PS= Picrosirius; SO= Safranin
O; TMX = tamoxifen.
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