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Résumé 
 
Rôle du périoste dans la régénération osseuse et la pseudarthrose 

congénitale de jambe 
 
La régénération osseuse est un processus très efficace permettant aux os de réparer suite à une 

fracture. Ce processus repose sur l’activation et la différentiation de cellules souches/progénitrices 

osseuses (CSPO) recrutées localement depuis le périoste, la moelle osseuse, et muscle adjacent à la 

fracture. Le périoste, la membrane externe des os, est une source clé de CSPOs formant os et cartilage 

après une fracture. Cependant, les mécanismes de recrutement et de maturation des CSPOs du 

périoste (pCSPO) sont méconnus. De plus, le rôle du périoste dans les défauts de réparation osseuse 

est peu décrit, mais est suspecté dans le cas des pseudarthroses congénitales de jambe (PCJ), une 

atteinte osseuse sévère caractérisée par une fracture tibiale spontanée et une absence de 

consolidation. La PCJ est associée à la Neurofibromatose de type 1 (NF1), une maladie génétique 

causée par des mutations hétérozygotes du gène suppresseur de tumeur NF1. Certains symptômes de 

NF1, dont les tumeurs de la gaine des nerfs périphériques et les hyperpigmentations cutanées, sont 

dues à la perte biallélique de NF1 dans des types cellulaires spécifiques i.e. les cellules de Schwann et 

les mélanocytes respectivement. L’inactivation biallélique de NF1 a été identifiée dans les PCJ mais 

l’origine cellulaire de la pathologie reste à déterminer. Dans cette thèse, j’ai étudié les mécanismes de 

recrutement et de maturation des pCSPOs ainsi que l’implication du périoste dans la PCJ.  

Dans la première partie de la thèse, j’ai utilisé le séquençage de l’ARN en cellule unique pour décrire 

la réponse des pCSPOs à la fracture. En s’activant, les pCSPO quittent leur état souche/progénitrice 

pour entrer en fibrogenèse puis en chondrogenèse. Ce schéma d’activation, équivalent à celui des 

CSPOs du muscle, est régulé par la voie de signalisation BMP.  

Au cours de l’ossification endochondrale, le cartilage mature, s’hypertrophie et est remplacé par l’os, 

par apoptose ou transformation du cartilage en os. Dans la seconde partie de la thèse, le phénotype 

de souris portant une mutation suractivant le récepteur FGFR3 a été analysé et a montré que la 

transformation du cartilage en os est essentielle à la réparation osseuse. Les chondrocytes issus du 

périoste de souris mutantes pour Fgfr3 ne sont pas capables de se transdifférencier en ostéoblastes et 

produisent du fibrocartilage, conduisant à une absence de réparation osseuse.   

Dans la troisième partie de la thèse, j’ai combiné l’analyse d’échantillons de patients atteint de PCJ 

et du modèle murin Prss56-Nf1 KO portant une inactivation du gène Nf1 dans une population spécifique 

de cellules de crêtes neurales, les capsules frontières (CP), et leurs dérivés. Nos résultats montrent que 

la PCJ est associée à l’inactivation biallélique de NF1 chez l’homme au niveau du périoste au site de 

pseudarthrose et à la présence de pCSPO pro-fibrotiques dans le périoste pathologique. J’ai identifié 

un phénotype de pseudarthrose après fracture du tibia dans les souris Prss56-Nf1 KO. Les dérivés des 

CPs sont localisés dans le périoste, où ils correspondent à des pCSPOs et des cellules de Schwann. 

Les pCSPOs mutées pour Nf1 présentent un défaut intrinsèque de différentiation bloquant leur transition 

de la fibrogenèse à la chondrogenèse. De plus, les cellules de Schwann mutantes ont un effet paracrine 

pro-fibrotique sur les CSPOs non-mutées et l’inhibition du facteur pro-fibrotique TGFβ corrige le 

phénotype de pseudarthrose chez les souris Prss56-Nf1 KO. Dans l’ensemble, cette thèse apporte une 
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meilleure compréhension sur le rôle des pCSPO au cours de la régénération osseuse et montre 

comment une déficience du périoste conduit à un défaut de régénération sévère dans la PCJ. 

 

Mots-clés : périoste – régénération osseuse – cellules souches/progénitrices osseuses – 

pseudarthrose congénitale du tibia – Neurofibromatose de type 1 
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Abstract 

 

Role of periosteum in bone regeneration and congenital 
pseudarthrosis of the tibia 

 
Bone repair is a highly efficient process allowing bones to fully regenerate without scarring after 

fracture. It relies on the activation and differentiation of skeletal stem/progenitor cells (SSPCs) 

recruited locally from the periosteum, the bone marrow, and the skeletal muscle adjacent to bone. 

The periosteum, the outer layer of bones, is a major source of SSPCs contributing to cartilage 

formation after bone injury. The identity of periosteal SSPCs (pSSPCs) and their mechanisms of 

activation after fracture remains poorly described. Moreover, the role of the periosteum in bone 

repair defects is unknown, but is suspected in congenital pseudarthrosis of the tibia (CPT), a severe 

disorder characterized by spontaneous tibial fracture and fibrous non-union. CPT is associated with 

the genetic disorder Neurofibromatosis Type 1 (NF1), caused by heterozygous mutations in the 

tumor suppressor gene NF1. NF1 symptoms such as nerve sheath tumors and skin 

hyperpigmentation are due to NF1 biallelic inactivation in specific cell types i.e. Schwann cells and 

melanocytes respectively. NF1 biallelic inactivation was also reported in CPT but the cellular origin 

of the disease remains to be determined. In the thesis, I investigated the mechanisms of pSSPCs 

recruitment and maturation, and the role of periosteum in CPT.   

In the first part of the thesis, I used single-cell RNAseq technology to characterize pSSPC 

response to fracture. Upon activation, periosteal SSPCs leave their stem/progenitor stage to 

become fibrogenic before undergoing chondrogenic differentiation. This activation pattern, 

common with skeletal muscle SSPCs, is regulated by BMP signaling.  

During endochondral ossification, cartilage undergoes maturation, hypertrophy and is replaced by 

bone, via chondrocyte apoptosis or cartilage-to-bone transformation. In the second part of the 

thesis, the phenotype of mice carrying an overactivating mutation of FGF Receptor 3 was analyzed 

and showed that this step of cartilage-to-bone transformation is essential for bone repair. 

Periosteum-derived chondrocytes in Fgfr3-mutant fail to transdifferentiate into osteoblasts and 

produce fibrocartilage, thus leading to callus fibrosis and fracture non-union.  

In the third part of the thesis, I combined analyses of bone samples from CPT patients and 

Prss56-Nf1 KO mice carrying Nf1 inactivation in neural crest-derived boundary cap (BC) cells and 

their derivatives. The results show that CPT is linked to NF1 biallelic inactivation in human 

pathological periosteum and the presence of profibrotic pSSPCs. I identified a fibrous 

pseudarthrosis phenotype following tibial fracture in Prss56-Nf1 KO mice. BC derivatives are 

located in adult periosteum, where they give rise to pSSPCs and Schwann cells. Nf1-deficient 

pSSPCs have an intrinsic differentiation impairment and fail to transition from fibrogenesis to 

chondrogenesis, thus forming fibrosis. Additionally, Nf1-deficient Schwann cells exert a profibrotic 

paracrine effect on wild type SSPCs, which can be prevented by TGFβ inhibition to allow bone 
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union. Overall, the thesis provides new insights into the role of pSSPCs during bone repair and 

how periosteum dysfunction can lead to severe bone repair deficiencies. 

 

Keywords: periosteum – bone regeneration – skeletal stem/progenitor cells – congenital 

pseudarthrosis of the tibia – Neurofibromatosis type 1  
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Chapter 1: The skeleton and bone regeneration 
 

Humans, as all vertebrates, are defined by the presence of an internal skeleton. The human adult 

skeleton is composed of 206 bones playing crucial functions, such as supporting the body, anchoring, 

and protecting the soft and sensitive tissues1–3. Connected to the skeletal muscle by tendons, bones 

allow movement. The skeleton is also a reservoir of minerals, such as calcium and phosphorus, and 

has an endocrine function. Finally, bones are the site of hematopoiesis, the formation of blood and 

immune cells4,5.  

 

1. The skeleton 

1.1. Types of bones 

 

The 206 bones forming the human skeleton can be divided into different categories depending on their 

shape: long, short, flat, irregular, and sesamoid bones (Figure 1A). 

 

 

Figure 1: Types of bones (A) and structure of long bones (B). Adapted from 3 

 

1.1.1.  Long bones 

 

Long bones are characterized by their cylindrical shape and include bones found in the arm (humerus, 

ulna, radius), leg (femur, tibia, fibula), fingers, and toes. Long bones share a common 3 part-structure: 

epiphysis, metaphysis, and diaphysis (Figure 1B)1–3. Epiphyses are located at both extremities of the 

bone, and are composed of a thin layer of compact bone enclosing spongy trabecular bone rich in bone 
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marrow. The outer surface of the epiphyses is covered by a layer of articular cartilage. Below the 

epiphyses is located the metaphysis, a small region that contains the growth plate or epiphyseal line, a 

region of cartilage that is the site of bone growth during embryonic development and post-natal stages. 

The metaphysis is highly vascularized and contains cancellous bone, skeletal stem/progenitor cells 

(SSPCs), and blood vessels. At adult stage in human, the growth plate closes and is replaced by the 

epiphyseal line. The longest part of the bone is the diaphysis, which has a long tubular shape made of 

compact bone, named cortex. Within the diaphysis is located the marrow cavity, composed of red bone 

marrow in children and progressively replaced by adipogenic (or yellow) bone marrow in adult. The inner 

surface of the cortex is covered by a fibrous layer, the endosteum. The outer surface of the bones is 

covered by another fibrous layer, named periosteum. 

 

1.1.2.  Short, flat, irregular, and sesamoid bones 

 

Short bones are cuboid bones that provide stability and support. They are the carpal and tarsal bones 

found in the ankles and wrists. Flat bones are thin bones like the sternum, cranial bones, and ribs. They 

protect internal organs (heart, brain) and serve for muscle attachment. Due to their complex shape, the 

vertebrae and some bones of the face are classified as irregular bones. They play a central role in 

protecting sensitive organs such as the spine. Finally, sesamoid bones such as the patellae are small 

round bones located in the tendons1–3. 

 

1.2. Composition of the bone tissue 

 

Bones are composed of organic (cells and extracellular matrix) and inorganic (minerals) components6. 

The organic component include different cell types, such as the bone-forming cells or osteoblasts, that 

can mature to become osteocytes, embedded into the bone matrix7. Bones also contain immune-derived 

osteoclasts which can degrade the bone matrix. The bone matrix is composed of a rich network of 

extracellular matrix (ECM) proteins, that represent 35% of the bone weight. Collagens type I (90% of 

overall collagen), III, and V are the most abundant components of the organic ECM8,9. Proteoglycans 

(biglycan, asporin)10,11, glycoproteins (osteonectin, thrombospondins)12–14, small integrin-binding ligand 

N-linked glycoproteins (osteopontin, bone sialoprotein)15,16 and osteocalcin17 are also part of the organic 

ECM. The inorganic fraction of the bone matrix corresponds to 65% of its mass. It is composed of 

hydroxyapatite crystals (Ca5(PO4)3(OH)), formed by the combination of calcium phosphate and calcium 

carbonate18,19. Hydroxyapatite can incorporate additional inorganic minerals like magnesium, fluoride, 

and sulfate. The crystals are deposited along collagen fibers and give bones their strength and stiffness. 

 

1.3. The periosteum 

 

The periosteum (from Greek peri- meaning "surrounding", and -osteon, meaning "bone") is a thin fibrous 

membrane covering the outer surface of bones, apart from sesamoid bones. The thickness of the 

periosteum varies with age, young individuals have a thick periosteum that becomes thinner with age. 
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The periosteum is attached to the bone cortex by strong collagen fibers called Sharpey’s fibers and acts 

as an anchor for ligaments and tendons20–23. The periosteum is a bi-layered membrane (Figure 2)24–26. 

The outer layer is a fibrous layer, composed of fibroblasts and dense extracellular matrix, containing 

matrix proteins such as elastin and collagens. The inner layer, named cambium layer, is heterogenous 

and contains osteoblasts, fibroblasts, and skeletal stem/progenitor cells (SSPCs)27,28. The periosteum 

is highly vascularized and acts as a major source of blood supply for bones29–32. It is densely innervated 

by sensory fibers (expressing calcitonin gene-related peptide or CGRP) and sympathetic fibers 

(expressing Tyrosine Hydroxylase or TH)33,34. The periosteum also hosts resident and osteal 

macrophages (osteomacs)35. The exact composition and heterogeneity of the cell populations within the 

periosteum remain to be further described. 

 

 

Figure 2: Composition of the periosteum. 

 

2. Bone development and physiology 

2.1. Bone development 

 

Bone formation starts from 4 weeks after fecundation in human and at embryonic day 11.5 (E11.5) in 

mice. Bone-forming cells have different embryonic origins (Figure 3).  Bones in the anterior part of the 

skull, in the face and the mandible are derived from the neural crest, the cell population that delaminates 

from the border of the neuroectoderm at the time of neural tube closure. The other bones have a 

mesodermal origin. The posterior part of the skull and axial skeleton are derived from the paraxial 

mesoderm (somites in the trunk) and the appendicular skeleton from the lateral plate mesoderm. A 

recent study from Xie et al. shows that Schwann cell precursors (SCPs), derived from the neural crest, 

give rise to mesenchymal cells, chondrocytes, and osteoblasts in the cranial and axial skeleton in mice 

and zebrafish36. This study suggests that mesoderm-derived bones can also contain cells with neural 

crest origin.  



 22 

 

Figure 3: Embryonic origin of bones. The anterior part of the skull, bones of the face and the mandible are 
derived from the neural crest (orange), the posterior part of the skull and the axial skeleton are derived from the 
paraxial mesoderm (green) and the appendicular skeleton is derived from the lateral plate mesoderm. 

 

Bone develops through two ossification processes. Bones of the skull, flat bones of the face, and part 

of the clavicle form by intramembranous ossification, or direct bone formation. The rest of the axial 

skeleton and the appendicular skeleton form by the endochondral ossification, a process that requires 

an intermediate cartilage step. 

 

2.1.1. Intramembranous ossification  

 

The first step of intramembranous ossification is the migration of mesodermal or neural crest-derived 

progenitors to the site of bone formation. The progenitors proliferate and condense to form a shape 

similar to the future bone. Skeletal progenitors start expressing Dlx5, which induces the expression of 

Runx2, the master regulator of osteogenesis37. Cells engage in osteogenesis, expressing genes such 

as Alpl and Osterix (Osx or Sp7), and become osteoblasts38. The newly formed osteoblasts produce a 

Collagen type I rich matrix and mineralize it. Some osteoblasts are entrapped in the bone matrix and 

further differentiate into osteocytes (Figure 4)39,40. 

 

 

 

Figure 4: Intramembranous ossification 
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2.1.2.  Endochondral ossification 

 

Endochondral bone formation is also initiated by the migration and condensation of mesenchymal 

precursors (Figure 5). Cells at the periphery of the condensation align to form the perichondrium, a 

membrane surrounding the cartilage template. Cells inside the condensation start expressing Sox9, the 

master regulator of chondrogenesis, and differentiate into chondrocytes41,42. The early chondrocytes 

proliferate and express cartilage matrix proteins, such as Collagen type II and Aggrecan. Progressively, 

chondrocytes stop proliferating and mature by enlarging to become hypertrophic chondrocytes. This 

stage is characterized by the expression of a specific protein, collagen type X (ColX), and the expression 

of osteogenic genes such as Runx2 and Sp7 (Osterix). Hypertrophic chondrocytes also express 

Vascular Endothelial Growth Factor (VEGF) that promotes blood vessel invasion of the cartilaginous 

matrix43. The newly formed vessels allow the migration of osteoprogenitors and hematopoietic cells in 

the cartilage template and the formation of the primary ossification center. The nervous system also 

plays a role in the establishment of the primary ossification center44,45. Perichondrial cells express Nerve 

Growth Factor, required for embryonic bone innervation, vascularization, and ossification46. Several 

studies aimed to understand the origin of osteoprogenitors during endochondral bone development47. 

The absence of systemic recruitment was shown using ectopic renal capsule transplantation48. Lineage 

analysis showed that the perichondrium and the cartilaginous template itself are sources of 

osteoprogenitors for bone formation49. Perichondrial cells start expressing osteogenic markers, such as 

Osx, and migrate along blood vessels into the cartilaginous template, where they can give rise to bone 

cells as well as stromal cells50–52. While hypertrophic chondrocytes in cartilaginous template undergo 

cell death at the cartilage-to-bone junction53,54, some terminal hypertrophic chondrocytes can 

transdifferentiate into osteoblasts. This mechanism of transdifferentiation was shown using 

chondrocytes specific-CRE lines (Col10a1CreERT, Col2a1CreERT, AcanCreERT) to trace chondrocytes able to 

generate osteoblasts and stromal cells55–59. The relative contribution of cells from the perichondrium and 

the cartilage still needs to be further studied. At the end of the fetal stage, most of the cartilage has been 

replaced by bone, and the perichondrium becomes the periosteum. Cartilage remains at the metaphysis, 

where it forms the growth plate, that will support bone growth at post-natal stages 60. 

 

 
 

Figure 5: Endochondral ossification. 
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2.2. Bone growth and remodeling  

2.2.1.  Bone growth 

 

Bone lengthening occurs at the growth plate during post-natal stages and adolescence. The growth 

plate is divided in 3 regions: the resting zone, the proliferative zone, and the hypertrophic zone (Figure 

6)61,62. The resting zone hosts populations of stem cells, expressing PTHrP and FoxA263,64. These stem 

cells give rise to chondrocytes, which will form columns through the growth plate. Chondrocytes 

proliferate before maturing to reach the hypertrophic stage. As during bone development, hypertrophic 

chondrocytes can undergo either apoptosis or transdifferentiation into osteoblasts or bone marrow 

stromal cells47. A population of chondrocytes located at the periphery of the growth plate, the borderline 

chondrocytes, is also an important source of cells during post-natal growth65,66. Borderline chondrocytes 

do not reach hypertrophy but undergo a transient skeletal precursor step before differentiating into 

osteoblasts or stromal cells.  

 

 

Figure 6: Bone formation at the growth plate. Osteoblasts and bone marrow stromal cells derive from 
hypertrophic chondrocytes (pink) and borderline chondrocytes (green). 

 

Bone growth in width is independent of bone lengthening and can occur throughout the entire life to 

adapt bones to stimuli and mechanical constraints. Thickening of the bone cortex relies on local bone 

formation and resorption. Bone deposition occurs beneath the periosteum, increasing the diameter of 

the bone cortex. In parallel, bone resorption in the medullary cavity allows enlargement of the marrow 

space. 
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2.2.2.  Bone remodeling  

 

Throughout life, bones are constantly challenged. The skeleton controls its own maintenance by bone 

remodeling, a process by which old or damaged bone is replaced by new bone67,68. This process is 

regulated by a Basic Multicellular Unit (BMU), composed of osteoclasts, osteoblasts, and blood 

capillaries. Bone remodeling is composed of 5 steps (Figure 7). The first step, or activation, corresponds 

to the recruitment of osteoclast precursors at the surface of damaged bone. Several signals promote 

the formation of remodeling sites like local paracrine factors secreted by damaged osteocytes69–71 or 

systemic hormonal changes, such as increased parathyroid hormone (PTH) blood level72,73. The phase 

of resorption starts with the differentiation of osteoclasts, which bind to the bone surface and 

progressively degrade the bone matrix74–76. The reversal phase corresponds to the switch from bone 

resorption to bone formation. Macrophages and bone lining cells eliminate debris from the resorption 

phase and osteoblasts, the bone-forming cells, are recruited77,78. The signals regulating the switch from 

bone resorption to bone formation remain debated. During the formation phase, osteoblasts produce 

extracellular matrix, rich in collagen type 1, before mineralization by deposing hydroxyapatite crystals in 

the matrix network. Finally, during the phase of termination, bone formation is complete, and osteoblasts 

undergo apoptosis or mature into osteocytes or bone lining cells. Bone remodeling is a complex 

multicellular process and is tightly regulated by many signaling pathways, such as Wnt and 

RANKL/RANK/OPG, and paracrine factors, including PTH, Vitamin D, and sex-hormones73,79–82. The 

balance between bone resorption and bone formation is critical to maintain bone homeostasis. 

Dysregulation of this balance leads to osteoporosis, a common clinical disorder affecting 1 in 3 women 

and 1 in 5 men in Europe and resulting in an increased fracture prevalence83,84. 

 

 

Figure 7: Bone remodeling cycle 

 

2.3. Bone regeneration 

 

Despite their remarkable strength, bones can be injured or fractured. Bone injury initiates the process 

of bone repair, which is a highly efficient regeneration process, allowing bones to fully regenerate without 

scarring. Bone repair is a 4-step process that resembles bone development and requires both 

endochondral and intramembranous ossification. Bone repair starts with an inflammation phase when 
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an acute immune response allows clearance of debris from the injury site and recruitment of skeletal 

stem/progenitor cells (SSPCs). During the second phase of healing, SSPCs differentiate into fibrogenic 

cells and chondrocytes to form a fibrocartilaginous callus (i.e. the regeneration area). The callus is 

progressively ossified during the bony callus phase, and finally, during the final phase, bone remodeling 

allows the bone to regain its initial shape (Figure 8)85. 

 

The first phase of bone repair corresponds to the formation of the hematoma concomitant to the acute 

inflammatory response86,87. The fracture causes the immediate rupture of blood vessels, leading to blood 

clot formation by platelets. This fibrin-clot and degranulation of platelets release cytokines and paracrine 

factors (CCL2, …) to recruit inflammatory cells, such as macrophages, neutrophils, and lymphocytes at 

the site of injury88–90. Recruited immune cells come from the circulation or are recruited locally 

(osteomacs)35. Immune cells clear the injury site from dead cells, debris, and necrotic tissues and 

secrete pro-inflammatory cytokines including Interleukin 1(IL-1), IL-6, IL20, TNFα91–95. Following the pro-

inflammatory phase, the immune response engages in an anti-inflammatory phase to terminate the first 

step of bone repair. Secretion of IL-13 and IL-4 promotes the switch of pro-inflammatory macrophages, 

usually named M1 macrophages, to anti-inflammatory macrophages, or M296–99. M2 macrophages 

secrete anti-inflammatory factors such as Transforming Growth Factor beta (TGFβ) and IL-10. The 

resolution of the immune response is necessary for healing, as persistent inflammation impairs bone 

healing100–102. During the inflammatory phase, many growth factors are secreted to recruit SSPCs. 

Among those factors are CXCL12 (or SDF1), Platelet Derived Growth Factors (PDGFs), Fibroblast 

Growth Factors (FGFs), Nerve Growth Factor (NGF), and Bone Morphogenetic Proteins (BMPs)103–110. 

SSPCs are recruited from different sources: the bone marrow compartment, the periosteum, and the 

skeletal muscle surrounding the fracture site27,28,111–114. SSPCs activate, proliferate, migrate at the injury 

site and differentiate to form the fibrocartilaginous callus. During this fibrocartilaginous phase of repair, 

the fibrotic tissue first found in the center of the callus is progressively replaced by cartilage, where 

mechanical instability is high. At the periphery of the callus, where mechanical instability is low, SSPCs 

differentiate directly into osteoblasts via intramembranous ossification. As during bone development, 

chondrocytes mature to become hypertrophic and express ColX as well as pro-angiogenic factors such 

as VEGF to promote vascular invasion. The invasion of blood vessels marks the beginning of cartilage 

resorption, by the action of osteoclasts and matrix metallopeptidases (MMPs)115–117. A specific subtype 

of blood vessel-associated osteoclasts, named septoclasts, has been recently described as mediating 

cartilage resorption118,119. Hypertrophic chondrocytes undergo apoptosis or transdifferentiation into 

osteoblasts56,120,121. Osteoblasts progressively ossify the callus and form the bony callus. The last phase 

of healing corresponds to the remodeling phase122. The bony callus is progressively remodeled to allow 

the replacement of the woven bone into mature cortical bone and the reconstitution of the bone marrow 

cavity. This step is mediated by the action of osteoclasts and osteoblasts, and can last several months 

after the injury. Finally, the bone has regained its shape and exhibits the same mechanical properties 

as unfractured bone. 
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Figure 8: Steps of bone regeneration. Left: steps and timing of bone regeneration in mouse. Middle: scheme of 
bone regeneration steps and longitudinal callus sections stained by Safranin’O (SO), showing cartilage in pink, or 

Masson’s Trichrome (TC), showing bone in green. fib: fibrosis. c: cortex. bm: bone marrow.  
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Chapter 2: Skeletal stem and progenitor cells 
 
1. Diversity of cell sources for bone healing 

1.1. From mesenchymal stem cells to skeletal stem/progenitor cells 

 

In the 19th century, a first study from Cohnheim suggested that the bone marrow contains a population 

of cells that could give rise to fibroblasts123. In 1970, Alexander Friedenstein described bone marrow 

non-hematopoietic cells with in vitro osteogenic potential. These cells were adherent to plastic, formed 

clonogenic colonies, and were named colony-forming unit-fibroblasts (CFU-F). Further analysis showed 

their osteochondral potential and their capacity to reconstitute a marrow niche environment after ectopic 

transplantation. In 1991, Caplan proposed the term “mesenchymal stem cells”, or MSCs, to define these 

populations124. In 2006, the International Society for Cellular Therapy (ISCT) defined a list of 3 criteria 

to define MSCs to increase consistency among laboratories125. The criteria are (i) adherence to plastic 

in standard culture conditions, (ii) expression of specific cell surface markers (positive to CD105, CD73, 

CD90, and negative for hematopoietic and endothelial markers), and (iii) in vitro trilineage mesenchymal 

differentiation potential (adipogenic, osteogenic and chondrogenic) (Figure 9). 

 

 

 

Figure 9: Criteria to define Mesenchymal Stem Cells from the ISCT in 2006. 

 

However, the term “mesenchymal stem cells” has several limitations and its accuracy is questioned 126–

128. One concern is the use of the term mesenchymal. The mesenchyme is the embryonic tissue giving 

rise to many tissues, including skeletal tissue, muscle, blood vessels, and hematopoietic cells. There is 

no evidence of the presence of cells with this multipotent capacity in adult tissues and MSCs are only 

defined based on their adipogenic, osteogenic, and chondrogenic potentials. A second concern is the 

criterion of stemness for MSCs. Self-renewal potential is considered a hallmark of stem cell identity129. 

However, self-renewal potential is not a criterion to characterize MSCs according to the ISCT in 2006. 

In vitro clonal experiments are usually used to study stemness but the correlation with in vivo self-
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renewing potential is limited. Finally, the term MSC is used to describe stromal populations in many 

tissues, including bone marrow, periosteum, adipose tissue, skeletal muscle, umbilical cord blood, and 

dental pulp. Despite sharing common characteristics, MSCs from different tissue origins exhibit 

differences in phenotype, function, and differentiation potential. Even within a given tissue, recent 

studies highlighted a strong heterogeneity of mesenchymal populations130–134. For these reasons, there 

is a need for an alternative terminology and nomenclature to define these populations. 

 

Nowadays, the skeletal research field is progressively moving away from the MSC terminology to use 

the term skeletal stem/progenitor cells, or SSPCs. In vivo lineage tracing using transgenic mouse 

models allowed a better understanding of the role and fate of SSPCs. However, their identity remains 

debated. In 2015 and 2018, Chan et al. proposed a hierarchy model, based on the expression of cell 

surface markers, to define the mouse skeletal stem cell (CD45- TER119- TIE2- CD51+ THY1- 6C3- 

CD105-) and human skeletal stem cell (CD45-  CD235- CD31- TIE2- PDPN+ CD146- CD164+ )135,136. As 

described before for the hematopoietic system, this model supports the idea of a unique stem cell 

population giving rise to different committed progenitors forming bone, cartilage, or stroma.  However, 

this model is still highly debated. In 2019, Ono, Balani, and Kronenberg suggested that “The notion that 

one or a few types of omnipotent skeletal stem cells can orchestrate the entire process of skeletal 

development and regeneration might be too simplistic. The current notion rather supports the hypothesis 

that multiple distinct types of skeletal stem and progenitor cells collaborate and cooperatively establish 

the network of the skeletal system”137. Overall, the identity and heterogeneity of SSPCs remain elusive 

and their function during bone development, growth, remodeling, and repair is still highly investigated.  

 

The concept that SSPCs represent heterogenous populations of cells is supported by the heterogeneity 

of markers identified to characterize them. Additionally, SSPCs present heterogeneity in their tissue 

location. After fracture, systemic recruitment of SSPCs is minimal27,138. SSPCs are recruited locally from 

the bone marrow, the skeletal muscle, and the periosteum (Figure 10). 

 



 31 

 
 
Figure 10: Tissue origin of skeletal stem/progenitor cells during bone repair. Black box: Systemic recruitment 
was assessed in parabiosis experiments between a GFP+ and a wild-type mouse. A fracture was induced in the 
wild-type mice and rare GFP+ cells were detected in the callus cartilage and bone. Yellow box: the contribution of 
the bone marrow compartment was assessed by grafting endosteum or bone marrow from a LacZ+ mouse at the 
site of fracture of a wild-type mouse. LacZ+ cells were detected in the intramembranous bone and only few in the 
cartilage. Blue box: the contribution of the periosteum was assessed by grafting periosteum from a GFP+ mouse 
at the site of fracture of a wild-type mouse. GFP+ cells were detected in the cartilage and bone in endochondral 
and intramembranous regions of the callus. Red box: the contribution of skeletal muscle was assessed by grafting 
EDL muscle from a Tomato+ mouse at the site of fracture of a wild-type mouse. Tomato+ cells were detected in the 
cartilage and bone. Quantification of the contribution showed that muscle-derived cells were only contributing to the 
endochondral process. Adapted from111,112,138 

 
 

1.2. Skeletal stem and progenitor cells from the bone marrow 

 

Due to their role in supporting hematopoiesis, the stromal cells of the bone marrow have been widely 

studied. The use of in vivo tracing tools, like the CRE/Lox system, increased the knowledge of the 

identity, location, and role of the different bone marrow stromal populations. Different markers have 

been identified for bone marrow SSPCs such as LEPR, CXCL12, GREM1, NESTIN, and MX1139–143. In 

the last decade, progress in high throughput sequencing at single-cell resolution led to a better 

photography of the bone marrow heterogeneity131–133,144–148. Different subpopulations of cells were 

defined, such as CXCL12-abundant reticular cells (CAR cells), expressing CXCL12 and LepR. CAR 

cells can be divided in Adipo-CAR and Osteo-CAR cells depending on the expression of adipogenic 

(Adipoq, Lpl) or osteogenic (Bglap, Runx2) genes. Using the Cxcl12CreERT, Matsushita et al. described 
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the AdipoCAR population in situ and showed its role during cortical defect injury113. After injury, Adipo-

CAR activate and differentiate into a pre-osteogenic state marked by expression of stemness markers 

and activation of the Wnt pathway, before engaging in osteogenesis. Additionally, many fibroblast 

populations were identified in the bone marrow, but their role and heterogeneity are poorly described. 

 

The contribution of bone marrow SSPCs to bone repair is long known. However, tissue graft approaches 

and lineage tracing showed that bone marrow SSPCs were mostly contributing to bone formation and 

had a minimal chondrogenic potential after fracture111. Duchamp et al. showed that, despite their 

common embryonic origin with periosteum SSPCs, bone marrow SSPCs display a reduced colony 

forming efficiency, proliferation, and differentiation potential in vitro compared to periosteal cells. In vivo 

cell transplantation at fracture site showed that bone marrow SSPCs have a low efficiency to contribute 

to the callus compared to periosteal cells27. Bone marrow SSPCs are widely studied for cell-based 

orthopedic therapies. Although bone marrow SSPCs display a limited direct contribution to bone 

formation when transplanted, they exert paracrine and immunomodulatory roles that promote the 

resolution of the inflammatory phase of bone repair and the recruitment of SSPCs149–152. 

 
1.3. Skeletal stem and progenitor cells from the skeletal muscle 

 

The role of skeletal muscle during bone repair as a mechanical support and source of factors is long 

known153–157.  Recently, the skeletal muscle has been also described as a source of SSPCs for bone 

repair. Using lineage tracing and muscle graft approaches, Julien et al. showed that the muscle contains 

a population of SSPCs that migrate at the fracture site to form the callus 112. In vitro, satellite cells and 

non-myogenic mesenchymal cells from adult skeletal muscle can form osteoblasts 158,159. However, in 

vivo, only the non-myogenic interstitial cells derived from the Prx1-expressing limb bud mesenchyme 

are contributing to the callus. Skeletal muscle-derived cells are mostly contributing to cartilage. Single-

cell RNAseq of skeletal muscle Prx1-derived cells showed that they correspond to a heterogenous 

population, predominantly composed of fibro-adipogenic progenitors / mesenchymal progenitors 

(FAP/MP). This population express markers such as PDGFRα, SCA1, CD34, and CD90 (THY1), and 

display adipogenic, osteogenic, and chondrogenic potentials in vitro. After fracture, the FAP/MP 

population leaves a stem/progenitor state to engage in fibrogenesis, characterized by an active 

extracellular matrix production, before undergoing chondrogenic differentiation. The skeletal muscle 

SSPCs are involved in several pathological conditions. Bone formation in the muscle, or heterotopic 

ossification, is observed in mice or patients with a muscle injury concomitant with a second systemic 

injury (skin burn, lung trauma)160,161. In musculoskeletal trauma, when a fracture is combined with a 

muscle injury, the accumulation of muscle-derived fibrotic tissue is observed at the fracture site and 

leads to non-union112.  
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2. Periosteal skeletal stem and progenitor cells 

 

The capacity of the periosteum to form bone after a fracture was first described in 1845 by Alexander 

Watson162. The periosteum displays a remarkable ability to regenerate bones and is indispensable to 

achieve bone healing. Indeed, its removal at the time of fracture can cause altered healing and non-

union in experimental models as the periosteum is a key source of SSPCs for bone repair163–167.  

 
2.1. Characterization of periosteal stem and progenitor cells 

 

Studying the periosteum and periosteal SSPCs (pSSPCs) is challenging due to its inaccessibility and 

thinness. Human pSSPCs have been isolated by scrapping or peeling away the periosteum from the 

cortex, followed by enzymatic digestion or explant culture168. In animal models, similar techniques have 

been employed. In addition, protocols have been developed to directly isolate cells by enzymatic 

digestion of the bone surface or by whole bone explant culture 169–172. The presence of cells within the 

periosteum corresponding to the “mesenchymal stem cells” criteria was described in the 1980s173–176. 

Analysis of cell surface markers showed that pSSPCs are negative for hematopoietic and endothelial 

markers and express canonical mesenchymal markers such as CD90, CD105, CD51, CD29, and Sca1 

in mice and CD90, CD105, CD73 in human 27,169,177–179. The SSPC populations defined by the markers 

from Chan et al. were also identified in freshly isolated mouse and human bones 114,135,180. Periosteal 

SSPCs exhibit multipotency in vitro with tri-lineage differentiation capacity towards osteogenesis, 

chondrogenesis, and adipogenesis 178,181. The multipotency and differentiation potential of pSSPCs was 

confirmed by in vivo ectopic transplantation experiments 182,183. Both mouse and human pSSPCs display 

self-renewal potential in serial CFU or ectopic transplantation assays 28,107.  

 
2.2. Fate of periosteal stem and progenitor cells during bone regeneration 

 

The direct contribution of the periosteum to bone regeneration is well established. The periosteal 

response to bone fracture is characterized by periosteum thickening near the site of injury within few 

days after fracture. Activated periosteal SSPCs proliferate and migrate at the fracture site, and 

participate in both intramembranous and endochondral ossification 27,111. This ability of pSSPCs to form 

cartilage and bone after fracture is unique to the periosteum as SSPCs from bone marrow mostly 

contribute to bone and SSPCs from skeletal muscle contribute to cartilage 27,27,28,113.  The steps of 

activation of pSSPCS are still poorly described and were investigated in the first aim of the thesis. The 

regulation of fate decision of pSSPCs towards osteogenesis or chondrogenesis is also poorly 

understood. A recent study by Van Gastel et al. showed that pSSPCs can be directed towards 

chondrogenesis after fracture by blocking vascular ingrowth to prevent nutrient availability 184. Activated 

pSSPCs with sufficient lipid intake can maintain sufficient levels of fatty acid oxidation and differentiate 

into osteoblasts. However, in regions with low lipid availability, reduced fatty oxidation leads to FOXO 

activation, SOX9 expression, and chondrogenic differentiation184.  Periosteal-derived chondrocytes 

undergo maturation and hypertrophy. The second aim of the thesis focused on understanding the 

importance of periosteal-derived chondrocytes maturation and cartilage-to-bone transition for bone 
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repair. Finally, during the late stages of repair, pSSPCs can self-renew to reconstitute a new periosteum 

at the periphery of the callus. The in vivo self-renewal capacity of pSSPCs during bone repair was 

revealed using periosteum graft and serial fracture, showing that the periosteum maintains a pool of 

stem cells able to contribute to a subsequent injury27. 

 

2.3.  Genetic lineage tracing of periosteal stem and progenitor cells during bone repair  
 
To understand the endogenous role and fate of pSSPCs during bone regeneration, in vivo approaches 

using transgenic mouse models are still one of the most useful tools. These studies take advantage of 

the CRE/LOX system to label and trace pSSPCs during bone repair based on the expression of different 

markers listed in Table 1. Due to their mesenchymal origin, pSSPCs in long bones can be tracked from 

developmental stages using the limb bud mesenchymal marker PRX1. The non-inducible Prrx1Cre model 

labels not only SSPCs in the periosteum but also SSPCs in the bone marrow and skeletal muscle27,112. 

In adult bone, pSSPCs still express Prrx1 but the inducible Prrx1CreERT model does not allow efficient 

labeling of pSSPCs 27,185. The Platelet-Derived Growth Factor α (PDGFRα) has been described as a 

marker of mesenchymal cells from various tissue origins. Studies using the PdgfraCreERT model showed 

that PDGFRα marks pSSPCs with osteochondral potential during bone healing but is not restricted to 

the periosteum 114,186–188. 

 

Debnath et al. combined the markers described by Chan et al. with the marker Cathepsin K (CTSK) and 

identified a population of pSSPCs involved in intramembranous ossification28. CTSK+ pSSPCs, traced 

in the non-inducible CtskCre model, display self-renewing capacity and osteochondral potential in 

calvarial or femoral injury models. scRNAseq analysis of sorted CTSK+ pSSPCs showed heterogeneity 

within this population, with cell clusters expressing chondrogenic genes (Col2a1, Sox9), osteogenic 

markers (Kera, Alpl), stemness markers (Ly6a, Cd34), and Acta2 28. CTSK+ and CD200+ periosteal 

cells were also detected in human periosteum28.  

 

The protein alpha-Smooth Muscle Actin (αSMA), encoded by the Acta2 gene, labels cells in the 

periosteum189,190. αSMA+ periosteal cells, traced using the Acta2CreERT mouse line, are a heterogenous 

population of osteochondroprogenitors, with self-renewing potential and required for efficient bone 

healing114. Ortinau et colleagues described a sub-population of αSMA+ cells, using the pIpC inducible 

Mx1Cre line191. αSMA+ Mx1+ pSSPCs display self-renewal potential and are required for callus 

formation after tibial and calvarial injury 191. 

 

Several other markers have been identified, such as the Wnt downstream target AXIN2, the receptor 

PDGFRβ, and HOX11192–194. Markers, such as Leptin receptor and Nestin, used to characterize bone 

marrow self-renewing SSPCs also label cells in the periosteum107,195. Tournaire et al. reported that 

Nestin-GFP+ periosteal cells in Nestin-GFP transgenic mice correspond to unipotent osteoprogenitors, 

with limited contribution to callus formation and no stemness properties195. Lineage tracing in the 

NesCreERT model revealed an osteogenic and self-renewing potential of Nestin+ periosteal cells107. GLI1 

labels populations of SSPCs, including in the periosteum, forming chondrocytes and osteoblasts after 
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fracture196,197. Osteochondrogenic markers such as SOX9 (Sox9CreERT model) and Osterix (OsxCre 

model) both label populations of periosteal progenitors contributing to cartilage and bone formation after 

fracture 193,198.  

 

 

Table 1: Markers and mouse lines labeling pSSPCs. Adapted from199 

 

Overall, periosteal SSPCs populations defined by these different markers and CRE models display 

similar proprieties, such as the expression of stem/progenitor markers, osteochondral fate after fracture, 

and self-renewing capacity.  It remains unclear how these populations overlap and differ in their identity 

and potential, and whether the periosteum encompasses several populations of SSPCs. A major 

challenge to study pSSPCs remains the absence of a marker fully specific to the periosteum as most of 

them are expressed also by cells localized in the bone marrow, skeletal muscle, or stromal cells in other 

tissues 27,188,200.  

 
 
 
 
 
 

Markers Mouse model Injury model Contribution Comment Used in

Prrx1
Cre Non stabilized tibial fracture Cartilage / Bone Labels all SSPCs Duchamp et al.

Prrx1
CreERT Non stabilized ulna fracture Cartilage / Bone Low cell labelling Kawanami et al.

PDGFRα Pdgfra
CreERT Non stabilized forelimb fracture Bone / Cartilage Xu et al.

Semi stabilized femoral fracture Bone / Cartilage

Calvarial cortical defect Bone

aSMA
CreERT Semi stabilized tibial fracture Bone / Cartilage Matthews et al.

aSMA-GFP Calvarial cortical defect Bone Ortinau et al.

Non stabilized tibial fracture Bone / Cartilage

Tibial periosteal defect Bone

Tibial cortical defect Bone

Calvarial cortical defect Bone

AXIN2 Axin2
CreERT Tibial cortical defect Bone Ransom et al.

PDGFRβ Pdgfrb
Cre Semi stabilized femoral fracture Bone / Cartilage Bohm et al.

HOX11 Hoxa11
CreERT2 Non stabilized ulnar fracture Bone / Cartilage Restricted to zeugopod bone Pineault et al.

Semi stabilized femoral fracture Bone / Cartilage Shi et al.

Semi stabilized tibial fracture Bone / Cartilage Xia et al.

Nes-GFP Semi stabilized tibial fracture Bone Marks bone marrow SSPCs Tournaire et al.

Nes
CreERT Tibial cortical defect Bone Marks bone marrow SSPCs Gao et al.

LEPR Lepr
Cre Tibial cortical defect Bone Marks bone marrow SSPCs Gao et al.

Semi stabilized femoral fracture Bone / Cartilage He et al.

Rib bone resection Bone / Cartilage
Labelling is increased when 

induced after fracture
Kuwahara et al.

OSX Osx
Cre Semi stabilized tibial fracture Bone / Cartilage Bohm et al.

Ctsk
Cre

Sox9
CreERT

Gli1
CreERT1GLI1

Debnath et al.

MX1 Mx1
Cre

Requires pIpC injection to 

induce Cre recombination
Ortinau  et al.

PRX1

αSMA

SOX9

Nestin

CTSK
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2.4. Molecular regulation of periosteal stem and progenitor cells 

 

During bone repair, pSSPC proliferation, migration, and differentiation are governed by several signaling 

pathways including Bone morphogenic protein (BMP), Wnt, Notch, Fibroblast growth factor (FGF), 

Platelet-derived growth factor (PDGF), Transforming growth factor β (TGFβ), and Hedgehog (HH) 

signaling (Figure 11).  

 

The Bone Morphogenetic protein (BMP) signaling is one of the major pathways regulating bone 

development, growth, remodeling, and repair201,202. There are 9 BMP ligands known to be involved in 

bone physiology. They bind to BMP receptors composed of two alpha or beta subunits, encoded by the 

Bmpr1a, Bmpr1b, and Bmpr2 genes. The BMP signaling is active in the first days after bone injury.  

Increased BMP ligand and receptor expression, as well as activated downstream SMAD effectors, are 

observed in the activated periosteum at day 3 post-fracture203. Several studies investigated the 

importance of BMP ligand expression by SPPCs during bone repair. BMP2 inactivation in Prx1-derived 

SSPCs prevents periosteal activation bone repair showing the necessity of endogenous BMP production 

110,204. BMP4 and BMP7 inactivation in SSPCs did not show an impact on bone healing205,206.  BMP2 

can also play a role in pSSPC fate decision but the exact role of BMP signaling in pSSPC activation 

remains elusive207.  

 

Notch and Wnt signaling are 2 well-known mediators of the activation of SSPCs. Notch plays a role in 

the early activation of pSSPCs before they commit to the chondrogenic or osteogenic lineage, while 

expression of the Wnt pathway peaks between 5- and 10-days post-fracture 208–211. In the early steps, 

Notch signaling promotes pSSPC activation and proliferation 208.  Inhibition of Notch signaling by Wnt 

marks the end of the pSSPC activation phase and the initiation of osteogenic differentiation211,212. Wnt 

regulates the differentiation of SSPCs by promoting osteogenic differentiation over chondrogenesis 

through SOX9 repression 213.  

 

Fibroblast growth factors (FGFs) are a family of growth factors composed of 22 ligands that bind to 4 

receptors coded by the Fgfr1, Fgfr2, Fgfr3, and Fgfr4 genes214. FGFs are involved in the development 

and homeostasis of many tissues (heart, brain, lung) and are essential regulators of skeletal 

development215–219. Indeed, overactivation of the FGF signaling by mutation of the FGFR3 gene is 

responsible for achondroplasia or dwarfism220–222. After fracture, FGFs are expressed during pSSPCs 

activation, during which FGF2 promotes the proliferation and chondrogenic differentiation of pSSPCs 

through BMP2 signaling 223–225. FGFs are also expressed during cartilage formation and maturation 

(FGF16, FGF18), and during ossification (FGF1, FGF17), suggesting their involvement through all 

stages of repair223. 
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Figure 11: Fate and regulation of periosteal stem/progenitor cells during bone repair.  
After fracture, periosteal stem/progenitor cells (pSSPCs), labeled by several markers (orange box) migrate to the 
site of injury, proliferate and differentiate into chondrocytes or osteoblasts. These steps are controlled by several 
signaling pathways (activation in green and inhibition in red). The fate of pSSPCs is also influenced by their 
interactions with the fracture environment, including the blood clot, nerve fibers, blood vessels, and macrophages 
(left box). Adapted from199  

 

Several other growth factors and signaling pathways have been investigated. Transforming growth 

factor beta (TGFβ) encompasses 3 ligands (TGFβ1, TGFβ2, TGFβ3)226. TGFβ is known for its central 

role in fibrosis tissue formation in many tissues (skin, lung, heart) 227–231. During bone repair, increased 

TGFβ expression is observed and regulates pSSPCs proliferation and osteogenic 

differentiation197,232,233. Platelet-derived growth factor BB (PDGF-BB), and Hedgehog are required for 
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pSSPC proliferation and differentiation 172,234–238. Additionally, PDGF-BB stimulates pSSPCs migration 

and angiotropism while inhibiting apoptosis 107,193. Cyclooxygenase 2 (COX2) is essential for the 

initiation of the periosteal response to cortical bone injury by modulating several key pathways such as 

Hif, PI3K-Akt, and Wnt 239–241. In sum, many signaling pathways and growth factors must act in 

coordination to control pSSPC activation and subsequent steps of differentiation. 

 
2.5. Influence of the fracture environment on periosteal stem and progenitor cells 

 

Bone fracture creates a major perturbation of bone tissue homeostasis with the rupture of blood vessels 

and nerve fibers, and an acute inflammatory response occurring shortly after fracture. This multicellular 

environment plays a crucial role in the activation and fate decision of pSSPCs (Figure 11). The disruption 

of blood vessels causes immediate bleeding and subsequent blood clot formation. The blood clot is 

progressively degraded by the action of enzymes such as plasminogen which plays a paracrine role in 

the activation of pSSPCs through the matrix-associated growth factor Cyr61242,243. Vascular disruption 

at the fracture site subsequently causes hypoxia, HIF1α expression by pSSPCs, and the secretion of 

proangiogenic factors required for angiogenesis and bone healing169,244–246. Periosteum removal 

reduces blood vessel density at the injury site184. The role of the periosteum in the revascularization of 

the fracture site and especially the interplay between blood vessels and pSSPCs requires further 

investigation.   

 

During the inflammatory phase of bone healing, the periosteum becomes invaded with osteomacs and 

activated macrophages 35. Macrophages secrete factors involved in the recruitment and activation of 

pSSPCs. Gao et al. showed that TRAP+ periosteal macrophages secrete PDGF-BB, which binds to 

PDGFRβ expressed by pSSPCs and stimulates Periostin expression, a critical regulator of pSSPC 

response to injury and self-renewal 27,107. Periosteal SSPCs are responsive to different chemokines, 

such as CCL2-MCP188,89. The CCL5-CCR5 axis is necessary to induce the migration of murine and 

human pSSPCs191. In vitro osteogenic induction of periosteal cells can modulate macrophage 

polarization and promote M2 phenotype by secreting chemokines suggesting a crosstalk between 

macrophages and pSSPCs247,248. 

 

The disruption of nerve fibers in the periosteum triggers rapid nerve sprouting from both sympathetic 

and sensory fibers in the first day post-bone injury. Nerve sprouting is concomitant with NGF expression 

in periosteal cells and macrophages, and occurs prior to revascularization 249. Nerves subsequently 

regulate pSSPCs activation by releasing neuropeptide calcitonin gene-related peptide (CGRP), that 

binds to the CALCRL-RAMP1 receptor and stimulates Osterix expression 250.  The implication of 

Schwann cells, the glial cells of peripheral nerves, in bone healing and its potential interactions with 

pSSPCS is still unknown. A study from Jones et al. described the requirement of innervation for 

mandibular injury healing and suggest that Schwann cells are a source of secreted factors for bone 

healing251. 
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2.6. Clinical applications of periosteal stem and progenitor cells for bone repair 

 

As the periosteum is an essential actor of bone healing, pSSPC deficiencies can have direct 

consequences on repair. Metabolic dysregulation in mice with induced type 1 diabetes reduces callus 

formation, correlated with decreased pSSPC proliferation and osteogenic differentiation 252. Mice with 

diet-induced obesity (DIO) and subsequent type 2 diabetes also exhibit impaired fracture healing253,254. 

Periosteal SSPCs isolated from DIO mice show reduced osteochondral and adipogenic differentiation 

potential in vitro 254. Aging is a long-known factor affecting bone repair in human and animal models 

partially due to a reduction of pSSPC potential and number 255,256. Two reports indicate abnormal 

extracellular matrix deposition and proliferation of periosteal cells isolated from 1-year-old mice and 

reduced chondrogenic potential when isolated from 2-year-old mice 257,258.  Aging is frequently linked to 

osteoporosis. Mice with estrogen or glucocorticoid-induced osteoporosis display an abnormal periosteal 

response to scratch injury, caused by a reduced cartilage formation and maturation259.  Overall, 

dysfunctions of pSSPCs are still poorly described but could be of major interest to understand bone 

healing impairment.  

 

Periosteum flap or allografts are frequently used in orthopedic surgery to promote bone repair with 

convincing results in animal models and patients260–262. Periosteal SSPCs are therefore considered for 

cell-based therapies. Transplanted pSSPCs can improve bone healing in aged mice and critical size 

defects263,264. Bone tissue engineering aims to replace autograft approaches, by using cultured SSPCs 

embedded in a 3D matrix containing growth factors265. The choice of the optimal cell source is key for 

successful bone tissue engineering and the periosteum rise as a promising source of cells. Compared 

to other cell sources, such as bone marrow, adipose, or dental pulp-derived cells, pSSPCs display 

higher clonogenicity, proliferation, osteogenic, and chondrogenic differentiation27,265,266. Moreover, the 

potential of pSSPCs can be increased depending on the harvesting site and by using pre-treatment with 

BMP2 or FGF2180,267,268. The development of periosteum-like matrix, that mimics the structural 

organization and cellular composition of the periosteum is also explored with encouraging results269. 

Growth factors can be added to the scaffold to stimulate endogenous pSSPCs or promote angiogenesis 

of the grafted bioengineered tissue (VEGF)265,270.  
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Chapter 3: Neurofibromatosis type 1 
 

Neurofibromatosis type 1, or NF1, is an autosomal dominant disorder, affecting 1 in 3000 individuals 

worldwide, without differences between gender or ethnicity271,272. The first suspected case of NF1 is 

Cro-Magnon 1, a 30,000-years old skeleton discovered in France in 1868 that presents clinical features 

of the disease273. First reports of NF1 symptoms were made during the 1300s274,275 and the first 

description of NF1 as a multisystemic disease was performed by Friedrich von Recklinghausen in 

1882276,277. NF1 is a progressive multi-systemic disease with cutaneous, neurologic, and orthopedic 

manifestations. The increasing description of NF1 clinical features led to the publication of a list of criteria 

to define NF1 in 1987 by the NIH Consensus Development Conference278. The NF1 diagnostic criteria 

were revised in 2021279. NF1 is characterized by a high heterogeneity of manifestations, severity, and 

prognosis between patients. NF1 treatment remains highly challenging and patients have a decreased 

quality of life and life expectancy of 10-20 years280–283. 

 

1. NF1 gene and neurofibromin 

1.1. NF1 gene 

 

The gene responsible for Neurofibromatosis type 1 was identified in 1990284. This gene, named NF1, is 

one of the longest in the human genome (287 kbp) and is located on chromosome 17 (region 17q11.2). 

NF1 is composed of 57 exons, with 4 alternative spliced exons (11alt12, 12alt13, 30alt31, 

56alt57)(Figure 12)285,286. NF1 gene is highly conversed among species with high homology (98% of 

homology between human and murine sequences)286. The messenger RNA (mRNA) from NF1 is 11 to 

13 kbp, with around 8.5 kbp of open reading frame and 3.5 kbp of untranslated region. NF1 expression 

is highly regulated at the level of transcription and translation by several proteins and non-coding 

RNA287–289. NF1 is ubiquitously expressed, with a strong expression detected in the nervous system and 

glial cells290. In bone, NF1 is expressed in most cell types, including osteoblasts, osteocytes, osteoclasts, 

chondrocytes, periosteal cells, and bone marrow stromal cells291,292.  

 

 

Figure 12: Structure of the NF1 gene and the neurofibromin. Unlabeled exons correspond to alternatively 
spliced exons. CSRD: cysteine-serine-rich domain; TBD: tubulin-binding domain; GRD: GAP-related domain; 
SecPH: phospholipid- and protein-interaction domain; CTD: C-terminal domain; P: phosphorylated domains. 
Adapted from286,293,294 
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1.2. Neurofibromin and downstream effectors 

 

The NF1 gene codes for a large multi-domain protein, the neurofibromin295,296. It is a 250kDa protein 

composed of an N-terminal cysteine-serine-rich domain (CSRD), a tubulin-binding domain (TBD), a 

GAP-related domain (GRD), a phospholipid- and protein-interaction domain (SecPH), and a C-terminal 

domain (CTD)297–299 (Figure 12). The different domains provide different functions to the protein. The 

CSRD and CTD domains can be phosphorylated by protein kinases A and C to regulate the activity and 

cellular localization of neurofibromin300–303. The TBD and SecPH domains allow interactions with the 

tubulin cytoskeleton and cytosolic membrane lipids304–306. The GRD domain binds to RAS proteins, 

binary molecules that switch from an active form bonded to GTP to an inactive GDP-bonded form (Figure 

13)307–310. RAS proteins are activated in response to the binding of ligands to their tyrosine kinase 

receptors, such as PDGF and FGF receptors311.  Ligand binding activates kinases/phosphatases, such 

as GRB2 and SHP2 to activate nucleotide exchange factors (GEFs), like SOS. GEFs convert RAS-GDP 

in its active form, RAS-GTP. RAS-GTP activates many signaling pathways, including the mitogen-

activated protein kinase (MAPK) cascade and the PI3 kinase/Akt/mammalian target of rapamycin 

(mTOR) pathway. The MAPK cascade corresponds to a succession of 3 kinases, phosphorylating each 

other and regulating different transcription factors (Elk-1, c-Jun, ATF2, and p53)312,313.  

 

 

Figure 13: Signaling pathways regulated by RAS and neurofibromin 
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The MAPK cascade is involved in the regulation of many critical cell functions, including proliferation, 

differentiation, migration, senescence, and apoptosis312,314. Active RAS-GTP also activates the PI3 

Kinase by its subunit p110. PI3K phosphorylates phosphatidylinositols causing the activation of PDK-1 

and Akt kinases and downstream activation of the mTOR complex. The PI3K/Akt/mTOR signaling is 

involved in the regulation of cell growth and survival315,316. The regulation of RAS is highly sensitive and 

allows a tight regulation of the RAS signaling depending on incoming signals. This regulation relies on 

phosphatase and GTPase activating proteins (GAPs) such as neurofibromin. GAPs activate the GTPase 

function of RAS and induce the cleavage of GTP to obtain inactive RAS-GDP. The neurofibromin, as a 

negative regulator of the RAS proteins, regulates cell growth and survival. Its inactivation leads to an 

increased active RAS-GTP intracellular level, an overactivation of the downstream signaling pathways, 

and over proliferation. Thus, the NF1 gene is classified as a tumor suppressor gene. There are several 

isoforms of neurofibromin, RAS (HRAS, KRAS, NRAS), and its downstream kinases. The presence of 

signaling networks or interactions specific to some cell types or mutations is one of the hypotheses that 

could explain NF1 phenotypic heterogeneity. In addition, neurofibromin also has functions in cell 

signaling independent of RAS, via the regulation of cAMP or interactions with the cytoskeleton 297. 

 

2. Symptoms of Neurofibromatosis type 1 

 

NF1 is characterized by a wide range of manifestations with high heterogeneity, severity, and prognosis 

between patients271,272. NF1 symptoms manifest progressively through all lifespan, but a full penetrance 

is observed from 8 years old (Figure 14-15). 

 

 

Figure 14: Progressive development of NF1 symptoms from birth to adulthood. From271 

 

2.1. NF1, a multisystemic disease 
 

Neurofibromas and Malignant Peripheral Nerve Sheath Tumors.  

The hallmark of NF1 is the development of benign nerve sheath tumors, named neurofibromas (NFs). 

Almost all NF1 patients develop neurofibromas but the number, size, and age of appearance are highly 
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heterogenous between patients. These tumors are located along nerves and are composed of Schwann 

cells, axons, fibroblasts, immune cells, endothelial cells, and perineurial cells271. Based on their location, 

they are usually divided between cutaneous neurofibromas (cNFs), subcutaneous neurofibromas 

(scNFs), and plexiform neurofibromas (pNFs). cNFs are located on the skin and correspond to soft 

round tumors, usually hyperpigmented. cNFs are rare during early childhood and develop in almost all 

NF1 patients during late childhood and adolescence. These tumors are only benign and cannot 

transform into malignant tumors. scNFs are located in the dermis and affect around 20% of patients. 

Subcutaneous NFs rarely transform into malignant tumors317. pNFs are detected in 60% of NF1 patients 

and are located along peripheral nerves within the body318. They can have a paraspinal location and 

affect nerve roots. pNFs have an early onset but they grow during childhood and adolescence. Around 

20 to 30% of pNFs can undergo a transformation to form malignant tumors, called Malignant Peripheral 

Nerve Sheath Tumors (MPNSTs)319,320. This transformation is usually caused by additional mutations in 

tumor-suppressor genes such as TP53, CDKN2A, or SUZ12321–324.  MPNSTs can vary in severity but 

are associated with a poor prognosis and a high risk of metastasis325.  

  

Malignant tumors and cancer. As NF1 is a tumor-suppressor gene, patients with NF1 have an increased 

risk of cancer and malignancies, with a lifetime cancer risk of 60%326. They present a 50-fold increase 

of risk to develop high-grade tumors327. NF1 patients exhibit a high incidence of many cancers, including 

malignant brain tumors, endocrine cancer, connective tissue malignancies, breast cancer, and 

leukemia328–331. 

 

Dermatological manifestations. One of the most common features of NF1, affecting 95% of patients, is 

the presence of benign pigmentary lesions, named café-au-lait macules (CALMs)332,333. CALMs are 

dense flat plaque of melanocytes on the epidermis that develop during infancy. NF1 patients also 

present skinfold freckling, small dark spots on the skin, that are distinguishable from CALMs by their 

reduced size and specific location at the axilla and inguinal regions332.  

 

Optic manifestations. Lisch nodules were firstly described in 1937 by K. Lisch. They are round fibrous 

hamartoma at the iris surface, specific to the NF1 disease and asymptomatic. They develop with time, 

only 10% of patients exhibit Lisch nodules before 6, while 90% after 16 years of age334,335. Optic pathway 

gliomas (OPG) are benign tumors of the optic nerves, frequently found in NF1 patients (15%). OPGs 

are composed of nervous cells, including astrocytes, oligodendrocytes, neurons, and microglia336,337. 

OPGs can progressively alter vision and chemotherapy can be used in this case, but only few cases of 

vision improvement were reported338. 

 

Cognitive manifestations. Patients affected with NF1 can present cognitive dysfunctions, including 

learning disabilities, attention deficits, and social perception problems339–342. One third of NF1 children 

display symptoms of autism spectrum disorder343,344. These disabilities have a strong deleterious impact 

on the patient’s quality of life and 90% of NF1 children show altered school performances345–347. 

Additional symptoms such as epilepsy and sleep disturbance were documented for NF1 patients348–351. 
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Other manifestations. Several other manifestations were described in NF1, but are rare. NF1 patients 

can be affected with hypertension and cardiovascular anomalies352,353. Between 2 and 6% of NF1 

children exhibit cerebrovascular diseases as occlusive disease and vascular dilatation354,355. 

 

 

Figure 15: Neurofibromatosis type 1 symptoms. Images from 271,335,356–359 

  

2.2. NF1 bone manifestations 

 

Around half of NF1 patients exhibit an orthopedic manifestation. These symptoms can be classified as 

either generalized manifestations, usually mild and common, or focal manifestations, rare but 

severe360,361. The generalized manifestations correspond to osteopenia/osteoporosis, shortness of 

stature, and macrocephaly. 50% of NF1 patients exhibit a reduced bone mineral density (BMD) leading 

to an increased incidence of osteopenia and osteoporosis (30% of patients)362–365. This is correlated 

with an increased bone remodeling, changes in circulating factors (Vitamin D), and an increased 

incidence of fracture366–368. NF1 patients can also present a reduced size compared to their family 

members in 20 to 30% of cases, due to reduced growth during puberty 369,370. Increased head 

circumference, leading to macrocephaly in 25% of cases (head circumference >2 standard deviation 

above the mean) is also observed in NF1 individuals 370. Focal manifestations, such as spine deformities, 

sphenoid bone, or long bone dysplasia, are rare but cause severe morbidity. The most frequent are 

spinal deformities, which affect 10 to 30% of NF1 patients371. Mild spine curvatures (curve under 20°) 

with progressive onset are classified as non-dystrophic scoliosis and are usually treated by bracing. 

Severe spine deformities (curve over 40°), with presence of bone abnormalities and rapid progression 

despite treatment, are classified as dystrophic scoliosis372–375. The treatment of dystrophic scoliosis is 
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complex and requires extensive surgical procedures to stabilize the deformation. Paraspinal pNFs can 

be associated with dystrophic scoliosis, but are not the only cause of spine deformities376,377. The 

pathogenesis of NF1-related spine deformities is still poorly understood. Cranial defects due to sphenoid 

bone dysplasia are also observed in a subset of NF1 patients. Sphenoid bone dysplasias are suspected 

to be caused by abnormalities in the adjacent soft tissues (presence of pNF, dural ectasia, …)378–380. 

Some cases of cystic osseous lesion and dental abnormalities were reported but the prevalence is 

low381–383. Finally, around 5% of NF1 patients exhibit long bone dysplasia or congenital pseudarthrosis 

of the tibia. 

 

2.3. Congenital pseudarthrosis of the tibia 

2.3.1.  Description 
 

Among NF1 bone manifestations, the congenital pseudarthrosis of the tibia (CPT) is one of the most 

severe384,385. CPT is a rare pediatric orthopedic disease affecting 5% of NF1 patients and overall, 1 in 

150,000 to 200,000 children worldwide371,386,387. The link between CPT and NF1 is known since 1950, 

and NF1 patients represent between 40 and 80% of CPT cases388–390. No differences in prognosis and 

severity were observed between isolated and NF1-related CPT391–393. CPT is characterized by an 

anterolateral bowing or a spontaneous fracture of the tibia at young age, with absence of consolidation 

(Figure 16). CPT is mostly unilateral, rare bilateral cases were described394. Since 1973, several 

classifications were proposed (Anderson, Boyd, Crawford, Apoil) 389,395–397. The most commonly used is 

the descriptive Crawford’s classification from 1986389. CPT is divided in four types: Type I marked by a 

bowing with dense medullary canal, Type II marked by a bowing with abnormal medullary cavity, Type 

III marked by a cystic lesion, which may be fractured and Type IV marked by a bowing with fracture and 

pseudarthrosis. The prognosis progressively decreases from type I to type IV. 

 

 
 

Figure 16: Congenital pseudarthrosis of the tibia according to Crawford classification. X-ray images 

from360,384,398 
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Histological analysis showed that the pseudarthrosis (PA) site is composed of a fibrous hamartoma 

(aberrant overgrowth of local cells that resembles local tissue) 399,400. This hamartoma is rich in 

fibroblasts and extracellular matrix and can also contain fibrocartilage. The presence of giant osteoclasts 

was also reported401. The periosteum at the bone ends is considered pathological. It is described as 

thick, rich in fibroblasts with a reduced extracellular matrix and contains neural-like cells391,402. The 

periosteum also displays an impaired vascularization402. Several hypotheses have been suggested to 

understand the pathogenesis of CPT, like a mechanical blocking by the fibrous hamartoma and reduced 

vascularization, but overall, the origin of the CPT remains poorly understood. 

 

2.3.2. Surgical treatment for congenital pseudarthrosis of the tibia 

 

CPT is one of the most challenging orthopedic conditions to treat and the risk of failure is high.  The 

treatment of CPT is only surgical and aims to consolidate the tibia while restoring its axis and limiting 

size inequality between legs. Even after consolidation, the risk of fracture remains high until skeletal 

maturity is reached. Three surgical techniques are traditionally used to treat CPT with similar success 

rates. An approach described by Charnley consists in the resection of the pseudarthrosis site and the 

combination of stable intramedullary nailing and a bone graft403. The vascularized bone transfer 

technique consists in an important resection of the pseudarthrosis and the grafting of a healthy bone 

(contralateral fibula or rib)404. The Ilizarov technique relies on the use of an external fixator combined 

with a resection of the pseudarthrosis site405. New surgical approaches have been described to treat 

CPT. The induced membrane technique, or Masquelet technique, was described at the end of the 1990s 

by Alain-Charles Masquelet to treat large diaphyseal defects406. This surgical procedure is also used to 

treat CPT and shows encouraging results407. The induced membrane technique is usually a 2 step-

surgery procedure (Figure 17)408–411. During the first surgery, the pseudarthrosis site is resected to 

create an environment free of necrotic, non-viable, or pathological tissues. Intramedullary nailing is used 

to provide mechanical stability and a polymethylmethacrylate cement spacer is placed between the 2 

bone fragments. The cement spacer creates a foreign body reaction that leads to the formation of a 

membrane at the cement surface, called induced membrane412,413. Six- to ten-weeks later, the second 

surgery consists in the removal of the cement spacer while preserving the induced membrane. An 

autogenous graft, composed of bone, spongy bone, and periosteum collected from the iliac crest, is 

placed within the induced membrane. One of the interests of this surgical approach is the presence of 

the induced membrane414. The membrane creates a favorable environment for the consolidation, as it 

prevents fibrous tissue invasion, allows quick vascularization of the graft, and protects it from 

resorption414,415. The induced membrane is a highly vascularized tissue organized in layers of epithelial 

cells, fibroblasts, mesenchymal cells, and extracellular matrix416–419. The presence of immune cells and 

osteoclasts was reported420. The induced membrane is also a source of growth factors such as TGFβ, 

VEGF, and BMP2412,417,421,422. Animal models of the induced membrane technique have been developed 

to study the induced membrane and its role to promote bone healing417,418,423–425. Overall, despite 

progress in surgical procedures, CPT remains a highly-challenging condition with an important risk of 
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failure and amputation can be performed as a last resort426–428. There is a current need for a better 

understanding of the pathological mechanisms causing CPT to improve therapeutical approaches. 

 

 

Figure 17: Induced membrane surgical technique. X-rays from a 30-month-old patient, before surgery (left), at 
the end of the first surgery (middle), the second surgery (right), and 6 years post-surgery (right). PA: pseudarthrosis. 

X-ray images from 407. 
 
 

3. Genetic basis of Neurofibromatosis type 1 

 

NF1 is an autosomal dominant disorder caused by mutations or pathogenic variants (PV) in the NF1 

gene. Half of NF1 patients inherited a mutation from a parent and half present a de novo mutation. NF1 

exhibits a very high mutation rate (1x10-4 per gamete per generation), 10 to 100 times higher than other 

genes. NF1 gene size is not sufficient to explain its high mutation rate. Around 3000 NF1 PVs have 

been currently described, distributed all along the NF1 gene without a “hotspot” region 293,429. Large NF1 

deletions account for about 5 to 10% of the cases. Around 80% of the PVs cause a truncation of the 

neurofibromin, due to missense/nonsense variants or insertion/deletion, or abnormal splicing causing a 

frameshift and premature end of transcription. The remaining 10% of NF1 PVs correspond to missense 

variants leading to an alteration of the activity of the protein293. A challenge in the clinical care of NF1 

patients is the rare genotype-phenotype correlations430–433. Severe phenotypes, including facial 

dysmorphism and cardiovascular features, are associated with large NF1 deletions434–436. Few PVs are 

associated with mild phenotypes, like the c2970-2972 delAAT that leads to the absence of cutaneous 

neurofibromas437. However, these correlations remain rare and suggest that PVs are not the origin of 

phenotypic heterogeneity between patients. This idea is reinforced by reports of clinical heterogeneity 

between patients within the same family and carrying the same variant438,439. NF1 also exists in mosaic 

forms. Mosaic NF1 is due to NF1 mutation at postzygotic stage and leads to segmental development of 

symptoms. Mosaic NF1 patients develop similar symptoms as NF1 patients but the frequency and 

severity are reduced440,441 The affected body regions are extremely variable and dependent on the timing 

and cellular distribution of the mutation. 

 

In 1971, Alfred Knudson, studying retinoblastoma, describe the “2-hit hypothesis”442,443. This hypothesis 

suggests that both alleles of a tumor-suppressor gene must be inactivated for cellular tumoral 

transformation to occur. A patient inherits a germline mutation from a parent and acquires a second 
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mutation at post-fertilization stages. This second-hit or somatic mutation is the critical event leading to 

tumorigenesis443,444. NF1 is an autosomal dominant disorder. Thus, patients carry a first NF1 germline 

PV at heterozygous state. The NF1 gene, as a negative regulator of the MAPK cascade and 

PI3K/Akt/mTOR pathway, regulates cell proliferation and is classified as a tumor-suppressor gene. 

Consistent with Knudson's two-hit hypothesis, a second NF1 PV was identified in tumors in patients with 

NF1. In detail, NF1 biallelic inactivation was identified in plexiform neurofibromas, cutaneous 

neurofibromas, MPNSTs, optic pathway glioma, and other tumors in NF1 patients445–450. NFs are 

composed of several cell types, including Schwann cells, fibroblasts, and immune cells, but only 

Schwann cells are harboring the NF1 somatic PV451. This second somatic event in Schwann cells is 

required for NF formation. Interestingly, while Knudson's two-hit hypothesis was initially described for 

tumor development, the presence of a second NF1 hit has also been described in non-tumoral NF1 

manifestations. Melanocytes composing CALMs harbor 2 mutated NF1 alleles452,453. In one study, NF1 

sequencing was performed on cNF Schwann cells and CALM melanocytes from the same patient and 

showed the same somatic event in the 2 cell populations, suggesting a common origin of these 

symptoms. For bone manifestations, the presence of NF1 biallelic inactivation was detected for CPT 

and scoliosis401,454. Several studies showed the presence of a second NF1 mutation in the fibrous tissue 

from the PA site401,455–457. Recently, Brekelmans et al. showed the presence of NF1 biallelic inactivation 

in periosteum-derived cells from the PA site, suggesting the involvement of periosteum in CPT458. 

 

Different types of somatic mutations can lead to NF1 biallelic inactivation, such as a second punctual 

PV or loss of heterozygosity (LOH) by deletion or isodisomy (Figure 18). As an autosomal dominant 

disorder, NF1 patients carry a germline PV that is detected at 50% of NF1 sequences (heterozygote 

state) in a control tissue such as blood. A new point punctual PV affecting the remaining WT NF1 allele 

leads to the presence of 2 non-functioning NF1 alleles in the same cell. During sequencing, the germline 

mutation remains detected at 50% of NF1 sequences and the second PV is detected up to 50% 

depending on the percentage of cells in the tissue carrying the NF1 biallelic inactivation. In around 30% 

of cases, the NF1 germline PV is detected at a frequency above 50%373,459. In this case, the 

heterozygous state is lost (loss of heterozygosity or LOH).  LOH can be due to a deletion of the WT NF1 

allele. In this case, a reduced number of NF1 copies (copy variant number, CVN) compared to control 

genes is detected during sequencing. After deletion, a DNA repair process can be performed by cells, 

by copying the remaining chromosome. Duplication of chromosome 17 harboring pathogenic NF1 

variant can also be the consequence of abnormal chromosomal segregation during mitosis. In these 

cases, the copy of the chromosome carrying the mutated version leads to the presence of 2 NF1 alleles 

carrying the same PV. During sequencing, the frequency of the germline is above 50% and the CVN will 

be normal, thus this type of event is named copy neutral LOH (cnLOH). The study of allele frequency 

balance and informative single nucleotide polymorphisms (SNPs) are essential tools to validate LOH. 
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Figure 18: Detection of NF1 biallelic inactivation by sequencing. In a wild-type tissue, all cells are carrying 2 
NF1 WT alleles (NF1+/+), and only the WT NF1 is detected during sequencing. In a heterozygote tissue, cells carry 
one WT NF1 allele and one NF1 allele (NF1+/-) with the germline pathogenic variant (PV). Half of NF1 sequences 
correspond to the WT allele and half to the allele carrying the germline PV. In a tissue where 50% of the cells are 
carrying NF1 biallelic inactivation, three options are possible. In the case of a 2nd punctual PV, the tissue is 
composed of heterozygote cells and cells carrying the germline mutation and a somatic PV. During sequencing, the 
germline PV is detected at 50%, and the WT allele and somatic PVs are detected at 25%. In the case of loss of 
heterozygosity (LOH) by deletion, the tissue is composed of heterozygote cells and cells carrying only one NF1 
allele, that carry NF1 germline PV. During sequencing, the germline PV is detected at 66%, and the number of NF1 
copies is reduced. In the case of copy-neutral LOH, the tissue is composed of heterozygote cells and cells carrying 
two NF1 alleles with the germline PV. During sequencing, the germline PV is detected at 75%, and the number of 
NF1 copies is normal. 
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4. NF1 diagnosis and treatments 

4.1. Clinical diagnosis 

 

As NF1 is a progressive disease with a high heterogeneity, the clinical diagnosis can be challenging. A 

first list of criteria to diagnose NF1 was established in 1987 and was revised in 2021 to better differentiate 

NF1 from similar diseases (NF2, Legius Syndrome)278,279. Currently, NF1 diagnosis is given to a patient 

with at least 2 of the following criteria (Figure 19)279: 

- Six or more café-au-lait macules (>5mm before puberty and >15mm after puberty) 

- Two or more neurofibromas or one plexiform NF 

- Skin freckling 

- Optic pathway glioma 

- Two or more Lisch nodules or choroidal abnormalities 

- One bone lesion: sphenoid dysplasia, anterolateral bowing, or pseudarthrosis of a long bone 

- A heterozygous pathogenic NF1 variant with a variant allele fraction of 50% in normal tissue 

- A parent with an NF1 diagnosis 

 

 

Figure 19: Criteria to define NF1 from the International Consensus Group on Neurofibromatosis Diagnostic 
Criteria. From279 
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4.2. Treatments 

 

Currently, there is no global treatment to prevent the development of NF1 manifestations. NF1 patients 

have frequent clinical follow-ups and symptoms are treated independently and based on their severity. 

For tumoral manifestations, surgical approaches are the most frequent. They can be combined with 

chemotherapy. The Food and Drug Administration (FDA) recently approved the use of the MEK inhibitor 

Selumetinib for the treatment of inoperable pNFs in children460,461. Several other MEK inhibitors are 

currently in clinical trials (Cabozantinib, Trametinib, Binimetinib), raising the hope of an improved 

prognosis and treatment for NF1 patients. 

 

The current management of bone manifestations also relies on surgical approaches when required. The 

use of pharmaceutical approaches is considered but remains at preliminary state. The use of Lovastatin, 

which displays RAS inhibitory properties, on bone manifestations in an NF1 mouse model did not show 

promising results462. MEK inhibition was combined with local delivery of BMP2 and led to an 

improvement of bone repair phenotype in NF1-mouse model463,464. A recent clinical trial using BMP2 on 

CPT was launched to investigate its clinical interest but was stopped due to low recruitment. The 

challenge in the use of MEK inhibitors for CPT or scoliosis is the strong toxicity of these molecules, 

specifically for a pediatric cohort. The current perspectives are the use of local delivery approaches, the 

combination of molecules with synergic effects, the use of  MEK inhibitors with bone-specific effect 

(Ponatinib can target the osteoblastic MEKK2) or the use of molecules non-targeting the MAPK cascade 

(Asfotase-α plays a role on PPi and inorganic phosphate)462,465,466.   

 

5. Animal models to identify the cellular origin of NF1 symptoms 

 

Animal models have been generated to study NF1, including zebrafish, minipigs, dogs, and rodents467–

469. Genetically engineered mice are the predominant model. The first attempt to generate a mouse 

model of NF1, by generating the Nf1 knock-out allele (Nf1-), gave disappointing results. Homozygous 

Nf1-/- mice are lethal during development due to cardiac malformations, while the heterozygote Nf1+/- 

mice do not develop tumors and have a normal life expectancy470,471. Mice do not recapitulate the 

spontaneous NF1 biallelic inactivation observed in human and required for the development of NF1 

manifestations469. To overcome this problem, conditional Nf1 inactivation, using the CRE/LOX system 

with the Nf1 floxed allele (Nf1fl), was used where Nf1 is inactivated in specific subsets of cells. These 

cell-specific approaches aimed to understand the cells of origin of NF1 manifestations and the 

pathological mechanisms caused by Nf1 biallelic inactivation. 

 

5.1. Mouse models to study NF1 tumoral manifestations 

 

Neurofibromas are tumors composed of Schwann cells and fibroblasts. Genetic studies showed that 

only Schwann cells are carrying NF1 biallelic inactivation, suggesting that SCs are the cell of origin of 

neurofibromas451. In 2002, Zhu et al. showed that Nf1 inactivation in Schwann cells using the Krox20Cre 
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mouse model leads to the development of pNFs472. pNFs were also induced in mice where Nf1 is 

inactivated in P0ACre- and DhhCre-traced Schwann cells, confirming that SCs are responsible for pNF 

development473,474. The importance of the timing of Nf1 inactivation for pNFs was studied by using the 

inducible PlpCreERT model475,476. Overall, pNFs develop predominantly when Nf1 is inactivated at 

embryonic stages in Schwann cell precursors (SCPs) from the nerve roots. While many models 

recapitulate pNFs, these models did not recapitulate cNFs472–475. Few studies focused on the cell of 

origin of cNFs. Le et al. showed that the cells of origin of cNFs are located within the skin. They applied 

tamoxifen on the skin of neonatal CMVCreERT2; Nf1fl/- mice, where CRE-ERT2 is expressed in all cells, 

resulting in cNF formation at the site of treatment477. They identified skin-derived neural progenitors 

(SKPs) as the population responsible for cNF development, but SKPs are a heterogenous population477. 

The identification of nerve root SPCs and SKPs as the cells of origin for pNFs and cNFs respectively 

led to 2 hypotheses: either pNFs and cNFs have distinct origins or there is a population of cells giving 

rise to SCPs and SKPs at the origin of both pNFs and cNFs478. Two recent mouse models, using the 

Hoxb7Cre and Prss56Cre, recapitulate pNFs and cNFs (diffuse cNFs for Hoxb7Cre)479,480. Hobx7 marks 

neural crest derivates from the dorsal nerve roots as well as SKPs480,481. Prss56 marks a specific 

population of neural crest derivatives, called boundary cap cells, that can give rise to SCPs and SKPs, 

showing a possible common embryonic origin of cNFs and pNFs479,482. The Prss56-NF1 KO model will 

be detailed in the next chapter. The different mouse models also allowed a better understanding of the 

pathophysiology of NFs. NF development is highly dependent on the microenvironment as the presence 

of a heterozygous background is required for pNF development in some models472,473,483–485. Immune 

cells, including neutrophils, macrophages, dendritic cells, and T cells, trigger NF formation by secreting 

factors promoting tumorigenesis and fibroblast accumulation, such as TGF-β, CXCL10, CSF-1, and 

CCL2483–489. Skin and nerve injuries also promote NF tumorigenesis479,490. 

 

Optic pathway gliomas (OPGs) are tumors formed of glial cells, including astrocytes. Several CRE 

models were generated to study the cellular origin and timing of Nf1 inactivation in OPG337. Nf1-somatic 

mutation in neural stem/progenitor cells, using the GfapCre or BlbpCre, leads to OPG development by 3 

months491–493. The timing of the mutation is also critical, as Nf1 loss in Prom1-expressing cells after 

postnatal day 1 cannot induce tumorigenesis. These models allowed progress in the understanding of 

OPG development and recent studies showed the contribution of neuronal excitation as a key factor in 

OPG development494,495. 

 

5.2. Mouse models to study NF1 bone manifestations 

 

The cellular origin of bone manifestations is a challenging question as the cell type(s) carrying NF1 

somatic mutation in patient bones and CPT is still unknown. To better understand the impact of Nf1 

inactivation on bone homeostasis and repair, several mouse models were used. Some models were not 

cell-type specific, such as the Nf1+/- model or the use of Adenovirus-CRE on Nf1fl/fl mice, while other 

models were specific to mesenchymal-derived cells (Prx1Cre), osteoblasts (OsxCre, Col1.1Cre), osteocytes 

(Dmp1Cre) and chondrocytes (Col2a1Cre). 
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Chapter 4:  Neural crest cells, Schwann cells, and boundary cap cells 
 

1. Neural crest cells and their derivatives 

 

The neural crest (NC) is an early embryonic multipotent cell population described in 1868 by Whilem 

His and considered at the fourth embryonic layer510. The NC is a major source of cells for vertebrate 

development. Neural crest cells (NCCs) form a transient population that emerges from the neural tube 

at the time of closing and migrates through the embryo to give rise to more than 30 cell types (Figure 

20). Understanding the fate and contribution of NCCs has been possible by using several animal models 

(chick, xenopus, zebrafish, rodent) and techniques, including cell labeling, genetic fate-mapping, and 

cell/tissue ablation or transplantation511–515.  

 

 

 

Figure 20: Neural crest development. Neural crest cells (NCCs) are specified in the neural plate borders. NCCs 
delaminate at the time of neural tube closure, before migrating. Adapted from Developmental Biology, Eleventh 
Edition (2016). 

 

1.1. Specification, delamination, and migration of neural crest cells 

 

The neural crest formation begins during gastrulation. The specification of the NC starts with the 

formation of specific domains within the ectoderm, the neural plate borders, that are located between 

the neural plate and the non-neural ectoderm. The formation of the neural plate borders is regulated by 

signals, including Wnt and FGFs, secreted by the surrounding tissues (neural plate, non-neural 

ectoderm, underlying mesodermal layer)516–519. The specification is characterized by the progressive 

expression of transcription factors such as Snail/Slug, Twist, and FoxD3515,520–522. In parallel, the neural 

plate folds to form the neural tube. At the time of closure, neural plate border cells undergo an epithelial-

to-mesenchymal transition (EMT), leading to their delamination from the neuroepithelium. EMT is a 

strong phenotypical change, marked by a decrease in the expression of adhesion molecules (type 1 

Cadherins) as well as morphological modifications515,523,524. These steps are regulated by the expression 

of specific transcription factors, named “neural crest specifiers” and induced by Notch, BMP, and 

Wnt515,525,526. Differences in EMT regulation are observed along the anteroposterior axis. After EMT, 

NCCs acquire a migratory phenotype and start migrating in the cephalic region before progressing on 

the anteroposterior axis following several streams (Figure 20)527–529. Cranial NCCs migrate in two waves: 

cells forming the cranial ganglia migrate to a dorsal position while cells forming the skeletal elements of 
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the face migrate to a ventral position and invade branchial arches. Trunk NCCs form three paths of 

migration as they can migrate (i) ventrally in the intersomitic space and migrate following the 

ventrolateral pathway, (ii) through the sclerotome and follow the ventromedial pathway, or (iii) by the 

dorsolateral pathway, between the dorsal ectoderm and the dermomyotome. The regulation of NCC 

migration is complex and relies on signals from cell-to-cell contact, secreted molecules, and interactions 

with the ECM529. These signals can have attractive or repulsive effects. Neuropilin/Semaphorin and the 

Erythropoietin-producing human hepatocellular (Eph) receptors/Ephrin axis are among the most 

important signaling pathways involved in the regulation of NCC migration529–532. 

 

 

Figure 21: Pathways of trunk NCC migration. Adapted from529 

 

After migration, NCCs finally undergo differentiation. NCCs are present all along the anteroposterior axis 

of the embryo and are usually divided in 4 subpopulations: the cranial neural crest (cephalic region to 

the 6th rhombomere), the vagal crest (7 first somites), the trunk crest (from the 8th to the 24th somite) and 

the sacral neural crest (from the 25th somite) (Figure 22). The different populations display specific cell 

fate, migratory pathway, gene expression, and regulation. While all NCC populations contribute to 

melanocytes and glial cells, cranial NCCs give rise to the skeletal elements of the face, vagal NCCs to 

the cardiac outflow tract, trunk NCCs to sensory neurons and adrenomedullary cells, and sacral NCCs 

to the enteric nervous system511,528,533–535. The differences in potential between NCC populations could 

be due to intrinsic differences between subpopulations or distinct environmental factors at different 

levels of the neural tube. Heterotopic transplantation experiments showed that NCCs can form neural 

and glial cells as well as melanocytes regardless of their axial level of origin. However, only cranial 

NCCs exhibit mesenchymal potential. Cranial NCCs transplanted in the sacral region form ectopic 

cartilage, while sacral NCC grafted in the cranial region will not form cartilage511,536. These experiments 

showed intrinsic heterogeneity between NCC subpopulations. 
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Figure 22: Distribution and fate of neural crest cell subpopulations. Adapted from511 

 

1.2. Schwann cell precursors and immature Schwann cells 

 

Schwann cells are derived from the neural crest, by a progressive specialization from NCCs before 

E10.5, to Schwann Cell precursors (SCPs) from E10.5 to E13.5, immature Schwann cells around E15.5, 

and finally mature SCs, myelinating or non-myelinating (Figure 23)537,538. 

 

 
Figure 23: Schwann cell development. Markers expressed at each stage are listed in the boxes. Adapted 
from537,539,540 
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Schwann cell precursors arise from NCCs around E10.5. SCPs require neuregulin 1 type III (NRG1-III) 

signaling from axonal binding to survive and can migrate through embryonic tissues using nerves541. 

They differ from NCCs by the expression of glial genes, like Dhh and Plp537. SCPs play different 

functions, including guiding nerve endings and promoting the survival of DRG neurons and 

motoneurons542–544. SCPs were initially considered as glial-lineage restricted, but studies in the last 

decade revealed the multipotentiality of this population (Figure 24)545,546. SCPs form a significant 

proportion of endoneurial fibroblasts in peripheral nerves and melanocytes in the skin547,548. SCPs are 

also able to differentiate into osteoblasts and chondrocytes in the axial and cranial skeleton, dental 

mesenchymal cells, chromaffin cells, and autonomic neurons (enteric and parasympathetic cells)36,549–

555. SCPs are considered as “secondary supply of neural crest-like cells” during development, providing 

cells to organs forming after neural crest migration. In addition, SCPs are involved in the regulation of 

tissue development. In the skin, SCPs secrete paracrine factors, such as VEGF and CXCL12, to 

promote vascular differentiation and coordinate blood vessel and nerve networks556,557. The presence 

of SCP-like cells in adult tissue remains unknown. 

 

 

Figure 24: Fate of neural crest cells and Schwann cell precursors during development. BM: bone marrow. 
MSCs: mesenchymal stem cells. Adapted from545,546  

 

SCPs differentiate into immature Schwann cells around E15.5-E16.5538. This transition is regulated by 

Nrg1, Notch1, and Edn558,559. Immature SCs differ from SCPs as they are non-migrating cells and no 

longer require axonal factors to survive. Instead, immature SCs establish an autocrine loop by secreting 

paracrine factors promoting their survival, including insulin-growth factor 2 (IGF2), PDGF-B, and 
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NT3560,561. Immature SCs play 2 crucial roles: they promote structural changes in embryonic nerves and 

separate the axons for myelination in a process called radial sorting. During early development, SCPs 

and axons are the only components of nerves. Immature SCs induce changes in the structure of nerves 

by secreting factors, such as Dhh that recruits mesenchymal cells to form perineurial and epineural 

nerve sheath, ephrin-B to interact with endoneurial fibroblasts and VEGF to recruit endothelial cells and 

promote nerve vascularization538,547,562,563.  Radial sorting starts at perinatal stages and is active during 

the first 10 postnatal days. This process separates axons with a large caliber that require myelination 

from axons with a small caliber that do not require myelination564. Groups of 3 to 8 immature Schwann 

cells form bundles of axons by creating a common basal lamina around them. Schwann cells 

progressively form cytoplasmic processes to detect large caliber axons and place them at the periphery 

of the bundle. SCs proliferate and allow large axons to exit the bundle, acquire a 1:1 relationship with a 

pro-myelinating SC and become myelinating. As axonal separation progress, the axon bundle reduces 

in size, and only contains small caliber axons, which do not require myelination. The remaining structure 

will form a Remak bundle with non-myelinating SCs537,564,565. Radial sorting is highly dependent on the 

interactions of SCs with axons and the ECM (laminin, collagens)537,564,566,567. 

 

 

Figure 25: Radial sorting regulates the last step of Schwann cell differentiation. Adapted from 537,560 

 

1.3. Schwann cells 

1.3.1.  Identity and functions 

 

Based on their ability to produce myelin, Schwann cells are divided in 2 types: myelinating (mSC) and 

non-myelinating Schwann cells (nmSC). Immature Schwann cells have the potential to differentiate into 

both myelinating and non-myelinating SCs and their fate is decided during radial sorting. Among the 

signaling promoting myelinating fate, Nrg1-III from axons is one of the most important568,569. Nrg1-III is 

expressed by axons proportionally to their size, thus SCs around large caliber axons differentiate into 

mSCs and SCs around small caliber axons differentiate into nmSCs. Overexpression of Nrg1-III in non-

myelinated sympathetic neurons leads to their myelination. mSCs differentiate into a promyelinating 
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stage, with expression of genes including Sox10, Pou3f1, Pou3f2570,571. These factors induce the 

expression of Krox20, the master regulator of myelination, as it drives the transcription of the myelin 

structural proteins and factors involved in myelin lipid synthesis572–574. SCs progressively sheath the 

axon with myelin, composed mostly of lipids and proteins (Myelin basic protein, PLP, P0). The myelin 

sheath insulates axons and allows increased speed of neuronal signals.  

Non-myelinating SCs are associated with small caliber axons, including C fiber nociceptors, 

preganglionic sympathetic, and neuromuscular junctions575. They are usually associated with several 

axons and their number can vary depending on the fiber type. Surprisingly, nmSCs can be 

immunocompetent cells, expressing pattern recognition receptors such as Toll-like receptors576,577. Non 

myelinating SCs can also contribute to the niche of adult stem cells, including bone marrow 

hematopoietic stem cells578. 

 

1.3.2.  Schwann cells in tissue regeneration 

 

Schwann cells play a crucial role in adult nerve regeneration. While the central nervous system fails to 

regenerate following injury, peripheral nerves can regrow. SCs are active players in peripheral nerve 

repair (Figure 26)579–581. Following injury, SCs detach from nerves and reprogram to become repair 

Schwann cells (repSCs). This process is characterized by SC demyelination, with down-regulation of 

pro-myelinating genes such as Krox20, Myelin basic protein (Mbp), and Myelin protein zero (Mpz). In 

parallel, genes expressed during SC development are upregulated, including neural cell adhesion 

molecule (Ncam), p75 neurotrophin receptor (Ngfr), and glial fibrillary acidic protein (Gfap)582,583. While 

repSCs seem to undergo dedifferentiation to an immature stage, they also express genes specific to the 

repair process, like Olig1, growth factors such as brain-derived neurotrophic factor (BDNF), glial cell-

derived neurotrophic factor (GDNF), NGF or VEGF, and immune factors (IL-1α, IL-1B, TNFα, MCP-

1)584–588. Repair SCs contribute to the removal of the distal part of the damaged axon and the myelin 

debris in collaboration with macrophages589–593. After clearance of the injury site, repSCs align to form 

a structure named the band of Büngner and express trophic factors to guide axon regrowth588,594. After 

axon regeneration, repSCs proliferate and redifferentiate into myelinating or non-myelinating SCs by 

repressing regeneration-related genes and upregulating genes involved in myelination and quiescence. 

Nerve regeneration is a multicellular process. Macrophages and blood vessels are essential as a source 

of trophic factors and scaffold for SC migration593,594. The transition of mature SCs to repSCs is tightly 

regulated by many signaling pathways. Two key signalings are c-Jun and the MAPK cascade. c-Jun is 

expressed at a low level in SCs and is not essential for nerve development and physiology. After injury, 

c-Jun is highly upregulated in SCs and drives the transition to repSC by repressing myelination584,595–

597. c-Jun inactivation in SCs leads to decreased neuronal survival and limited regeneration. The MAPK 

cascade is also activated in SCs after injury and induces demyelination and inflammatory 

response598,599. Different MAP kinases are involved in this process, including ERK, p38MAPK, and JNK, 

and the specific role of each kinase remains to be further studied579,600–602. C-Jun is known to be 

regulated by the MAPK, indicating a possible connection between MAPK and c-Jun in response to injury. 

 



 63 

 
Figure 26: Role of Schwann cells during nerve regeneration. 

 

In addition to their role in nerve repair, Schwann cells also participate in the regeneration of other tissues, 

including the digit tip, the mandible, and the skin  (Figure 27)251,603,604. One example of the critical role 

of SC for tissue healing is limb regeneration in salamanders. Salamanders can fully regenerate a limb 

after amputation, by the formation of a blastema of undifferentiated cells605. Kumar et al. showed that 

innervation, and more precisely Schwann cells plays a crucial role in this process. SCs provide a trophic 

factor, the newt anterior gradient protein (nAG), required for blastema formation and maintenance606,607. 

In mammals, the function of SCs was described during digit tip regeneration. Amputation of the distal 

part of a phalangeal element can regenerate with reconstitution of the bone, nail, neurovascular network, 

and connective tissue608–610. Like salamander limb regeneration, digit tip repair relies on the formation 

of a blastema, composed of PDGFRA+ mesenchymal precursors611. Digit tip regeneration is nerve-

dependent, as denervation inhibits blastema formation causing impaired healing. Johnston et al. showed 

that amputation is followed by differentiation of SCs into SOX2+ repSCs. SOX2-deficient SCs fail to 

become repSCs causing impaired blastema formation and digit tip regeneration. Using interactome 

analyses, they identified 2 factors, PDGF-AA and oncostatin-M (OSM) as essential trophic factors 

secreted by repSCs, to promote blastema formation, proliferation, and differentiation603,612. Additionally, 

after skin injury, SCs dedifferentiate to become SOX2+ repSCs secreting TGFβ that promotes 

myofibroblast proliferation and wound healing613,614.  



 64 

 

Figure 27: Schwann cells are a source of paracrine factors for tissue repair. After tissue injury, Schwann cells 
differentiate into repair Schwann cells, marked by the activation of the MAPK and c-Jun pathways and changes in 
gene expression. Repair Schwann cells express newt anterior gradient (nAG) protein during salamander limb 
regeneration, OSM and PDGF-AA during murine digit tip regeneration, and TGFβ during murine wound healing. 
Adapted from 603 

 

2. Boundary caps 

2.1. Identity and functions 

 

In addition to the derivatives described in the section above, neural crest cells give rise to a specific 

population of cells, called boundary caps (BCs). BCs are a transient cluster of cells, located along the 

developing spinal cord, at the region of the dorsal root entry zones and motor exit points615. The neural 

crest origin of dorsal BCs was confirmed using chick to quail transplantation, but the origin of ventral 

BCs is still debated as they could also contain cells derived from the ventral neural tube615–618. The gene 

Krox20 (EGFR2 in human) was the first marker identified to label BC cells572. In 2009, Coulpier et al. 

used Krox20-GFP mice to perform comparative transcriptomic analyses of BC cells, NCCs, and 

Schwann cell precursors and identified several markers to label BC cells (Krox20, Prss56, Wif1, 

Sema6A, Hey2, Npr3)619. Among them, Krox20 and Prss56 (also named L20) are the most specific to 

BCs and are expressed by both dorsal and ventral BCs (Figure 28). Prss56 and Krox20 are expressed 

in BC from E10.5 to E16.5, confirming that BCs are transient structures.  

 

 

Figure 28: Markers to identify boundary caps. In situ hybridization on E12.5 mouse embryo shows that only 
Krox20 and Prss56 specifically mark dorsal and ventral BCs. Adapted from619 
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The formation of BCs coincides with the stage of exit of the motor axons from the neural tube. BCs are 

involved in motoneuron connection as the depletion of Krox20-expressing BC cells leads to the exit of 

motoneuron cell bodies from the neural tube and their death620,621. This “gatekeeping” function of BCs 

relies on the action of Semaphorin 6A and Netrin 5621–623. 

 

To understand the fate of BC cells, lineage tracing analyses using the Krox20Cre and Prss56Cre were 

performed479,482,624. While Prss56-derived cells can be traced until adult stages, Krox20 is expressed in 

immature Schwann cells from E16.5, limiting lineage tracing using the Krox20Cre after E16.5. These 

analyses showed that BC cells exit boundary caps and migrate along peripheral nerves to give rise to 

several cell populations (Figure 29).  

 

 

Figure 29: Migration of Prss56-expressing cells from the dorsal and ventral nerve roots. NT: Neural tube, 
DRG: Dorsal root ganglia. Adapted from 482. 

 

Both dorsal and ventral BC cells give rise to Schwann cells and endoneurial fibroblasts in nerve roots. 

Dorsal BC cells migrate to the dorsal root ganglia (DRG) where they can form sensory neurons. 

Interestingly, while both Krox20- and Prss56-derived cells can give rise to nociceptive neurons, only 

Prss56-derived cells form mechanoceptive and proprioceptive neurons.  Ventral BC cells exit BC from 

E11.5 and migrate until E13 along peripheral nerves to reach peripheral tissue, including the skin. In the 

skin, Prss56-derived cells differentiate into glial cells, predominantly non-myelinating SCs, associated 

with nerve fibers, around hair follicles, or free-nerve ending of nociceptive neurons, as well as 

melanocytes (Figure 30). BC derivatives in the skin also correspond to a population of multipotent skin-

derived neural progenitors (SKP). Gresset et al. showed the pluripotency of skin Prss56-derived BC 

cells as they can differentiate into neurons, Schwann cells, fibroblast, adipocytes, melanocytes, and 

chondrocytes in vitro482. Pluripotency was also observed in vivo using DRG and injured sciatic nerve 

injection482. Krox20-derived cells from ventral BC also migrate along nerves to reach the skin but, 

between E12.5 and 13.5, these cells delaminate from the nerves and migrate along blood vessels. This 

switch is accompanied by repression of their glial identity and the expression of pericytic genes625. 
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Figure 30: Fate of Prss56-expressing boundary cap cells during development. Adapted from 479,482,625 

 

The comparative analysis of Prss56- and Krox20-derived boundary caps cells suggests cellular 

heterogeneity within boundary caps (Figure 30). One hypothesis is that BCs contain 3 subpopulations 

of cells: (i) cells expressing both Prss56 and Krox20 and giving rise to Schwann cells in nerve roots, 

sensory neurons, and satellite glia, (ii) cells expressing only Krox20, migrating to the skin and reaching 

a perivascular location to become pericytes and (iii) cells expressing only Prss56, migrating to the skin 

and giving rise to Schwann cells, melanocytes, and dermal stem cells625. This model of heterogeneity 

of BC cells remains to be further demonstrated and the presence of BC-derived cells in other peripheral 

tissue remains unstudied. 

 

2.2. Boundary caps as the cell of origin of NF1 

 

BC derivatives contribute massively to the glial compartment of nerve roots and skin, two sites where 

glial cells lead to tumor formation in NF1. Nf1 inactivation in Krox20-derived cells by using Krox20Cre, 

Nf1fl/- mice causes the formation of plexiform neurofibromas, but no dermatological manifestations were 

observed in this model472. Radomska et al. investigated the implication of Prss56-derived cells in NF1 

by generating Prss56-Nf1 KO mice: Prss56Cre; R26tdTom; Nf1fl/fl (Prss56-Nf1fl/fl) and Prss56Cre; R26tdTom; 

Nf1fl/- (Prss56-Nf1fl/-) mice479,625.  Prss56-Nf1fl/- mice recapitulate Nf1 biallelic inactivation in Prss56 

expressing-BC cells and their derivatives in a heterozygote background as observed in patients, while 
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Prss56-Nf1fl/fl mice allow specific Nf1 biallelic inactivation in the Prss56 lineage. Mutant mice develop 

NF1 symptoms at 10 ± 4.5 months and 13.1 ± 3.9 months for Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice 

respectively. These symptoms include plexiform paraspinal neurofibroma in the thoracic and cervical 

region, rich in Prss56-derived nmSCs, as well as non-Prss56-derived immune cells, fibroblasts, and 

fibrotic tissue. Additionally, mutant mice develop cutaneous neurofibromas, with accumulation of 

Prss56-derived nmSCs, and non-Prss56-derived macrophages, mastocytes, and fibroblasts. Analysis 

of mutant skin from E11 to 12 months old mice showed the progressiveness of cNFs. No difference is 

observed in the skin of mutant mice at E15.5, but an increased number of Prss56-derived SCs is 

observed at birth, accompanied by morphological changes of traced Schwann cells at 3 months leading 

to micro-cNFs at 6 months of age and macroscopic cNFs, with pruritus at 12 months. The development 

of cNFs is stimulated by local skin injury when inflammation promotes tumor development. Comparative 

analysis of Prss56-Nf1fl/fl model with other NF1 models (Krox20Cre, DhhCre) showed that subepidermal 

glia is labeled only by Prss56Cre, suggesting it could be the source of cNFs479. In this model, 

accumulation of Prss56-derived melanocytes in the dermal compartment, that can be reminiscent of 

CALMs is also observed (Figure 31)479. 

 

 

 

Figure 31: Prss56-expressing boundary cap cells as the cellular origin of NF1.  Prss56-Nf1fl/fl and Prss56-

Nf1fl//-  mutant mice recapitulate several NF1 symptoms : (i) Nf1-deficient Schwann cells from the nerve root and 
DRG lead to paraspinal plexiform neurofibroma development, composed of tdTom+ Schwann cells, (ii) Nf1-deficient 
Schwann cells in the skin cause formation of cutaneous neurofibroma, macroscopically visible (black arrowhead) 
and composed of tdTom+ cells, (iii) TdTom+ Nf1-deficient melanocytes accumulates in the skin of mutant mice 
leading to skin hyperpigmentation. Adapted from479,625 
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The Prss56-Nf1 KO model is the first one to develop spontaneous cNFs and is a promising model to 

understand cNF development and perform pre-clinical studies. This model is highly interesting as it 

recapitulates several features of NF1, including plexiform and cutaneous neurofibromas, as well as skin 

hyperpigmentation, showing a common cellular origin of neurodermatological lesions of NF1. Additional 

studies from Dr. Topilko’s group indicate that mutant mice display eye lesions reminiscent of Lisch 

nodules (unpublished data), suggesting that this model could develop multiple NF1 symptoms. The 

presence of bone phenotypes in this model, including congenital pseudarthrosis of the tibia, has not 

been studied yet and is the aim of the 3rd part of the thesis.  
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Aims of the thesis 
 
Each year, around 180 million persons are impacted by a fracture worldwide. Bone repair is a highly 

efficient process, leading to scarless healing. However, around 10% of fracture present delay or 

unsuccessful healing, rising the need for therapeutical approaches to enhance bone healing626,627. 

Bone repair relies on the activation and differentiation of skeletal stem/progenitor cells (SSPCs) 

from the periosteum, the bone marrow and the skeletal muscle surrounding the fracture site. The 

periosteum is known to be a major source of cells for bone and cartilage formation after fracture, 

but the identity of periosteal SSPCs (pSSPCs), their mechanisms of activation and differentiation 

are poorly understood. Moreover, the involvement of the periosteum in bone repair defects is 

unknown. The goal of the thesis is to investigate the heterogeneity and function of pSSPCs during 

bone repair and their role in congenital pseudarthrosis of the tibia (CPT), a severe orthopedic 

condition linked to the disease Neurofibromatosis type 1 (NF1). 

 

Aim 1: Heterogeneity and activation of periosteal stem/progenitor cells in response to 

bone fracture 

In this aim, I assessed the heterogeneity of pSSPCs at steady state and their response to fracture 

at single cell level using the single-cell RNAseq technology. The pattern of pSSPCs activation was 

compared to that of SSPCs in skeletal muscle that contribute together to the endochondral 

ossification process during bone repair. The functional role of BMP signaling in this coordinated 

action of periosteal and skeletal muscle SSPCs was investigated. This work was published in 

Journal of Bone and Mineral Research in 2022 and correspond to article n°1: “Skeletal 

Stem/Progenitor Cells in Periosteum and Skeletal Muscle Share a Common Molecular Response 

to Bone Injury”. 

 

Aim 2:  Role of periosteal stem/progenitor cells in cartilage-to-bone transformation 

during bone repair 

In this work, we determined the role of pSSPCs in a mouse model of pseudarthrosis due to 

overactivating mutation of the Fgfr3 gene, known to be involved in dwarfism. Using cell grafting 

approaches, we studied the impact of Fgfr3 overactivation on pSSPC chondrogenic differentiation, 

maturation and cartilage-to-bone transformation. We investigated the potential of pSSPCs for cell-

based therapy to correct this pseudarthrosis phenotype. This work was published in Stem Cell 

Reports in 2020 and correspond to article n°2: “FGFR3 in Periosteal Cells Drives Cartilage-to-Bone 

Transformation in Bone Repair”. 

 

Aim 3: Role of the periosteum in congenital pseudarthrosis of the tibia related to NF1  

In this aim, I elucidated the role of the periosteum in CPT by combining the analysis of bone 

samples from CPT patients and the relevant Prss56-Nf1 KO mouse model. First, I 
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performedgenetic, transcriptomic and in vitro analyses of periosteum and periosteal cells from CPT 

patients to understand how NF1 biallelic inactivation in the periosteum cause CPT. In parallel, I 

investigated the cellular origin of CPT in the Prss56-Nf1 KO mouse model to understand the cellular 

and molecular mechanisms leading to pseudarthrosis after fracture in this model. This work is 

presented in article n°3 (to be submitted): “Pro-fibrotic Schwann cells and skeletal stem/progenitor 

cells cause congenital pseudarthrosis of the tibia in NF1”. 
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Bone regeneration relies on the activation and differentiation of SSPCs recruited from the skeletal tissue, 

i.e., bone marrow compartment and periosteum, but also from the adjacent skeletal muscle. In addition 

to their difference of origin, SSPCs from various sources display differences in functions and potential. 

In this study, we aimed to compare the potential of SSPCs from bone marrow, periosteum and muscle 

and decipher the mechanisms of their activation following injury. We performed comparative analysis of 

the potential of primary SSPCs from the different sources and showed that only SSPCs from skeletal 

muscle and periosteum are contributing to the endochondral ossification process. We studied periosteal 

heterogeneity by using single-cell RNA sequencing of primary periosteal cells of Prx1Cre; R26mTmG mice. 

We detected 3 main cell populations, including SSPCs, macrophages and osteoclasts. By integrated 

analyses of primary cells of uninjured periosteum and periosteum 3 days post-fracture, we identified a 

population of fibrochondroprogenitors specific to injury response. This cell population express genes 

related to extracellular matrix production, skeletal development, proliferation and immune response, 

suggesting that they are injury-activated cells. Detailed analysis of the fibrochondroprogenitor population 

allowed us to decipher the pattern of pSSPCs activation. After injury, pSSPCs leave their 

stem/progenitor state to become fibrogenic cells before engaging into chondrogenic differentiation. This 

pattern of activation is identical between SSPCs from the periosteum and the skeletal muscle. Further 

analyses identified the Bone Morphogenetic Protein (BMP) signaling as one of the earliest signaling 

upregulated in both SSPC from periosteum and skeletal muscle after injury. Inactivation of the Bmpr1a 

gene in PDGFRA+ SSPCs using the mouse model PdgfraCreERT ; Bmpr1afl/fl led to a mild bone repair 

phenotype. Using tissue transplantation from PdgfraCreERT ; Bmpr1afl/fl mice at the fracture site of wild-

type mice, we showed a reduced contribution of Bmpr1a-deficient SSPCs from periosteum and skeletal 

muscle to callus formation. This reduced contribution is due to reduced migration and proliferation of 

Bmpr1a-deficient SSPCs. Overall, this study uncovers the activation of pSSPCs after fracture and 

showed that pSSPCs and SSPCs from skeletal muscle share a common activation trajectory and are 

both regulated by the BMP signaling. 
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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
3
h
Pn$1

1 AiþA iþ1ð Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ai*A iþ1ð Þ
p

" #

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

Journal of Bone and Mineral Researchn 4 JULIEN ET AL.

  



 79 

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.)
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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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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 Bmpr1acontrolmice. (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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Supplemental Fig. S1: Prx1-derived cells encompass the majority of skeletal 

stem/progenitor sub-populations. 

(A) Experimental design. Bone marrow stromal cells (BMSCs), periosteal cells (PCs) and 

skeletal muscle mesenchymal progenitors (muMPs) were isolated from Prx1Cre;RosamTmG 

mice, amplified in culture and analysed by flow cytometry. (B) Gating strategy used in Fig.  1. 

Prx1-derived GFP+ cells were gated after doublet exclusion; hematopoietic cells 

(CDs=TER119+CD45+) and endothelial cells (TIE2+) were excluded and ITGAV+ cells were 

included in the analysis. THY1 and 6C3 marker expression allow the identification of THY1-

/6C3-, THY1+/6C3- and THY1-/6C3+ sub-populations. Representative image of FACS plot. 

(C) Gating strategy used to analyze BMSCs, PCs and muMPs in panel D. After doublet 

exclusion, hematopoietic cells (TER119+CD45+) and endothelial cells (TIE2+) were excluded 

and ITGAV+ cells were analyzed. THY1 and 6C3 markers expression define the different sub-

populations and GFP+ cells were assessed in the three sub-populations. Representative 

image of FACS plot. (D) Quantification of the proportion of TER119-/CD45- cells in the total 

single cell population; TIE2-/ITGAV+ cells in TER119-/CD45- population and each sub-

population in TIE2-/ITGAV+ cells with the proportion of GFP+ cells in each sub-population. 

n=5-7 per group, each dot represents a primary culture. Values represent the median and 

interquartile range, exact p-value calculated by 2-way ANOVA followed by Tukey test. 
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Supplemental Fig. S2: Marker expression in scRNAseq of periosteal cells at steady 

state.  

(A-C) Feature plots of stem/progenitor (A), tenocyte (B) and pericyte (C) markers in periosteal 

cells at steady state.  
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Supplemental Fig. S3: ScRNAseq analyses of periosteal cells at d3 post-fracture. 

(A) Experimental design of scRNAseq. (B) Split UMAP visualization of uninjured (left) and d3 

post-fracture (right) datasets. (C) Feature plot of eGFP expression. eGFP expression is mainly 

detected in non-hematopoietic sub-populations containing stem/progenitors, fibroblasts and 

fibrochondro progenitors.  (D) Top left, UMAP projection of sub-clusterization of non-

hematopoietic PCs as in Fig. 3E. Feature plots of chondrogenic (Sox9, Acan, Col2a1, Col10a1) 

and proliferative (Mki67) gene expression in fibro chondroprogenitors (FCP). 
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Supplemental Fig. S4: Single-cell RNAseq analysis of Prx1-derived skeletal muscle cells 

upon fracture.  

(A) Experimental design. Prx1-derived skeletal muscle cells were isolated from skeletal 

muscles surrounding the tibia from uninjured tibias and at days 3 and 5 post-fracture, and 

sorted based on GFP-expression prior to scRNAseq. (B) UMAP projections of color-coded 

clustering of integrated uninjured (grey), d3 (green) and d5 (purple) cells represented by 

sample (left) or by cluster (right) show 14 clusters grouped in 5 cell populations named 

FAP/MP, pericytes, tenocyte-like cells (Teno.), fibroblasts (Fibro.) and Spp1/Lgals3 cells, 

consistent with results described in 1. Cell populations are delimited by a black dotted line and 

cluster identities are indicated on the right. (C) Feature plot of eGFP expression. (D) Dotplot 

of indicated genes expression identifying FAP/MP, tenocyte-like cell, pericyte, fibroblast and 

Spp1/Lgals3 cell populations. (E) Feature plots of integrated uninjured, d3 and d5 post-fracture 

muMPs datasets showing chondrogenic (Sox9, Acan, Col2a1, Col10a1) and proliferative 

(Mki67) genes expression. 
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Supplemental Fig. S5: Gene Ontology analyses of microarray samples identifies distinct 

gene signatures at d2 and d7 post-fracture.  

(A, C) Enrichment map following GSEA analysis of microarray data from 2. (A) Comparison of 

unfractured (green dots) vs d2 post-fracture samples (orange dots). (C) Comparison of d2 

(orange dots) vs d7 (purple dots) post-fracture samples. Dots corresponding to the same 

function are surrounded by a black line and named accordingly with the gene ontology terms. 

(B, D) Analysis of molecular pathways enriched at d2 vs unfractured (B) and at d7 vs d2 post-

fracture (D). Gene ontology names for a common molecular pathway are grouped by color.  
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Supplemental Fig. S6: BMP related gene expression in response to fracture in PCs and 

muMPs.  

(A) Experimental design of scRNAseq. PCs were isolated from Prx1Cre;RosamTmG mice by 

explant culture from uninjured tibia and from fractured tibias at day3 post-fracture (d3) and 

used at P0 for scRNAseq. The 2 datasets were integrated as in Fig. 3A. (B) BMP lineage 

score expression in uninjured and d3 post-fracture PCs. (C) BMP lineage score expression 

per cell population in uninjured and d3 post-fracture PCs. (D) Proportion of cell expressing 

BMP lineage score per cell population and per time points in PCs. (E) Experimental design. 

Prx1-derived skeletal muscle cells were isolated from skeletal muscles surrounding the tibia 

from uninjured tibias and at days 3 and 5 post-fracture, and sorted based on GFP-expression 

prior to scRNAseq. The 3 datasets were integrated, and the subsequent analyses were 

performed on the total muMPs population as in Supplemental Fig S3. (F) BMP lineage score 

expression in uninjured, d3 and d5 post-fracture muMPs. (G) BMP lineage score expression 

per cell population in uninjured, d3 and d5 post-fracture muMPs. (H) Proportion of cell 

expressing BMP lineage score per cell population and per time point in uninjured, d3 and d5 

post-fracture muMPs. SSPCs: skeletal stem/progenitor cells, Macro.: macrophages, FCP: 

fibrochondroprogenitors, Oc: osteoclasts, Neutro.: neutrophils, Fibro.: fibroblasts, Teno.: 

tenocyte like cells, FAP/MP: Fibro-adipo progenitors/mesenchymal progenitors.  
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Supplemental Fig. S7: Inducible Prx1CreERT mouse strain does not drive efficient Cre 

recombination in adult bone.  

(A-B) Top, Experimental design of tamoxifen injection (TMX) in Prx1CreERT;RosaLacZ mice. (A) 

TMX was injected 3 times a week for 4 consecutive weeks from week 9 after birth. Fractures 

were performed on week 12 and TMX was administrated the day before fracture and at days 

1 and 3 post-fracture. (B) TMX was injected at days -7, -6 and -5 before fracture. Bottom, 

Longitudinal callus sections stained with safranin’O (SO) at d7 post-fracture. Callus is delimited 

by a black dotted line. High magnifications of cartilage area stained with SO and adjacent 

sections stained with X-Gal showing rare recombined blue cells pointed by black arrows. (C) 

Histomorphometric quantification of callus, cartilage and bone volumes at d14 post-fracture of 

Bmpr1afl/fl control and Prx1CreERT;Bmpr1afl/fl  mutant mice induced according to protocols (A) 

and (B). No significant differences between control and mutant groups in each condition. n=3-

5 per group, each dot represents a single animal. Exact p-value calculated with two-sided 

Mann-Whitney test, values represent mean ± SD. Scale bars: low magnification 1mm, high 

magnification: 200μm.  
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Supplemental Fig. S8: Prx1- and Pdgfra- lineages contribute to cartilage and bone after 

fracture. 

(A) Expression of Pdgfra in uninjured and d3 post-fracture PCs from scRNAseq dataset in 

Fig.3. (B) Expression of Pdgfra in uninjured, d3 and d5 post-fracture muMPs from scRNAseq 

dataset in Fig. S3. (C) Left, Experimental design of flow cytometry analyses of skeletal muscle 

cells isolated from tamoxifen-induced PdgfraCreERT;RosamTmG mice. Right, FACS plots show 

that the recombination efficiency is 65.9%, corresponding to the percentage of GFP+ cells in 

the total PDGFRa+ cells.  (D) Localization of Prx1- and Pdgfra-derived cells in the fracture 

callus of Prx1Cre;RosamTmG or tamoxifen-induced PdgfraCreERT;RosamTmG mice respectively at 

d14 post-fracture. Longitudinal callus sections stained with Safranin-O (SO, left) and adjacent 

sections counterstained with DAPI to visualize GFP and Tomato signals (right). High 

magnifications show that all chondrocytes in cartilage and osteocytes in bone (b, white arrows) 

are Prx1-derived GFP+. In PdgfraCreERT;RosamTmG calluses, cartilage and bone contains 

Pdgfra-derived GFP+ chondrocytes and osteocytes, as well as Tomato+ cells that are not Cre-

recombined. (E) Top, Experimental design of EDL muscle and periosteum grafts from 

Prx1Cre;RosamTmG or tamoxifen-induced PdgfraCreERT;RosamTmG mice transplanted at the 

fracture site of wild-type hosts. Bottom, Longitudinal callus sections stained with SO at d14 

post-fracture (left) and adjacent sections counterstained with DAPI at high magnification 

showing EDL- (top, yellow dotted line marks the limit between EDL muscle graft and callus) or 

periosteum-derived (bottom) cells within the callus. Prx1Cre;RosamTmG EDL and periosteum 

grafts (left) give rise exclusively to Prx1-derived GFP+ chondrocytes (white arrowheads) and 

osteocytes (white arrows) in the callus. PdgfraCreERT;RosamTmG EDL and periosteum grafts 

(right) give rise to GFP+ Pdgfra-derived chondrocytes (white arrowheads) and osteocytes 

(white arrows) but also to non-recombined Tomato+ chondrocytes (orange arrowhead). b: 

bone, delimited by a white dotted line; bm: bone-marrow. Scale bars: low magnification 1mm, 

high magnification for cartilage: 200μm, for bone: 50μm. 
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Supplemental Figure S9: Bmpr1a inactivation in Pdgfra-derived cells does not affect 

muMPs cellular identity. (A) Experimental design of Pdgfra-derived muMPs analyses by 

genotyping and flow cytometry. PdgfraCreERT;RosamTmG;Bmpr1a+/+ (Bmpr1acontrol) and 

PdgfraCreERT; RosamTmG;Bmpr1afl/fl (Bmpr1acKO) mice were induced at d7, d6, d5 and d1 before 

experiment. Skeletal muscle cells were isolated, sorted based on GFP expression and cultured 

in vitro prior to genotyping and flow cytometry analyses. (B) Bmpr1a genotyping confirmed that 

tamoxifen (TMX) induction leads to cre-mediated recombination of Bmpr1a gene in GFP+ 

Pdgfra-derived muMPs. (C) Flow cytometry analyses of GFP+ Pdgfra-derived muMPs isolated 

from Bmpr1acontrol and Bmpr1acKO mice reveal comparable percentages of CD29+, CD140a+ 

and SCA1+ cells between control and mutant GFP+ Pdgfra-derived muMPs. n = 4 independent 

cultures per group. 
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Supplemental Table 1: List of genes used for lineage score analyses in 
scRNAseq analyses. 
 

Skeletal muscle 
mesenchymal 
progenitors/ 

Stem/progenitor 
cells 

"Cd34", "Cxcl12", "Prrx1", "Ly6a", "Pdgfra", "Eng" 

 

 

 

 

 

Fibrogenic 

Abi3bp, 'Adam12', 'Anxa2', 'Aspn', 'Bgn', 'Cav1', 'Col12a1', 
'Col1a1', 'Col5a1', 'Col5a2', 'Col5a3', 'Col6a1', 'Col6a2', 
'Col6a3', 'Col8a1', 'Creb3l1', "Crispld2", "Dstn", 'Emilin1', 

'Fbln5', 'Gpm6b', 'Lamb1', 'Lox', 'Loxl2', 'Pmp22', 'Postn', 'Ptn', 
'Ptx3', 'Serp1', 'Serpinh1', 'Smoc2', 'Tagln', 'Tagln2', 'Tgfb2', 

'Tgfbi', 'Tnn', 'Tsn', 'Vim', 'Col14a1', 'Fbln2', 'Mmp13', 'Fscn1', 
'Ecm2',  'Loxl3', 'Lum', 'Mfap4', 'Mmp14', 'Mmp2', 'Ogn', 

'Olfml2b', 'Pdpn', 'Aplp2', "Csgalnact1" 

 

Chondrogenic 
Col2a1, "Acan", "Sox9", "Pth1r", "Fgfr3", "Wnta", "Wnt5a", 

"Sox6" 
 

Fibrochondrogeni
c 

Col2a1, "Acan", "Sox9", "Postn", "Tagln", "Col5a1"  

Macrophages "Adgre1", "Ptprc", "Csf1r", "Ly76"  

Neutrophils "Elane", "S100a8", "Ngp"  

Migration 

Acta2, "Actr3", "Ager", "Akap12", "Akt1", "Bag4", "Dmtn", 
"Fgfr1", "Itgb1", "Itgb3", "Itgb3", "Pak1", "Pak3", "Prkce", "Ptk2", 

"Slc8a1", "Tgfb1", "Tgfbi", "Thbs1", "Tsc2”, “Uts2", "Zfp640", 
"Cxcr4", "Fbxo5", "Abi3bp", "Col8a1", "Emilin1", "Lox", "Mfap4", 

"Pmp22", "Smoc2", "Pdpn", "Loxl2" 

 

BMP signaling 
pathway 

Bmpr1a, "Bmpr1b", "Bmpr2", "Smad4", "Smad1", "Smad5", 
"Smad9", "Acvr1" 
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Supplemental Table 2 
 Cluster Identity Markers 

Fig 2 

0 

Skeletal stem/progenitor 

cells 

"Cd34", "Cxcl12", "Prrx1", 

"Ly6a", "Pdgfra", "Eng" 

1 

2 

3 

4 

5 

6 
Macrophages 

"Adgre1","Ptprc", 

"Csf1r","Ly76" 7 

8 Osteoclasts "Acp5", "Ctsk","Ocstamp" 
    

Fig 3 

0 
Skeletal stem/progenitor 

cells 

"Cd34", "Cxcl12", "Prrx1", 

"Ly6a", "Pdgfra", "Eng" 

1 

2 

3 

4 Fibroblasts "Tagln", "Lgals1", "Tpm4", 

5 Fibrochondro progenitors "Col2a1", "Acan", 

6 

Macrophages 
"Adgre1","Ptprc", 

"Csf1r","Ly76" 

7 

8 

9 

10 

11 

12 

13 Osteoclasts "Acp5", "Ctsk","Ocstamp" 

14 
Neutrophils Elane", "S100a8", "Ngp" 

15 
    

Fig 4A 

0 Skeletal stem/progenitor "Cd34", "Cxcl12", "Prrx1", 

1 
Fibrogenic cells 

"Aspn", "Postn", "Col1a1", 

"Col5a1", "Col6a1", "Ogn", 2 

3 Chondrogenic cells "Col2a1", "Sox9", "Acan" 
    

Supp Fig 3 

0 

FAP/MP 
"Cd34", "Pdgfra", "Prrx1", 

"Ly6a" 

1 

2 

3 

4 

5 

6 

9 

11 

12 

7 Fibroblasts "S100a4", "Col1a1", 

8 
Pericytes "Mylk", "Des", "Cspg4" 

13 

10 Tenocyte-like cells "Kera", "Tnmd", "Scx" 

14 Spp1/Lgals3 "Spp1", "Lgals3" 

 
Supplemental Table 2: List of markers used to define cell clusters in scRNAseq 
analyses.   
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During endochondral ossification, the chondrocytes forming cartilage mature and enlarge to become 

hypertrophic. The cartilage is progressively resorbed and replaced by bone, either by apoptosis of the 

chondrocytes or by transdifferentiation of hypertrophic chondrocytes into osteoblasts. The presence of 

this process during bone regeneration has been shown, but its importance and the involvement of cells 

from the periosteum remain unknown. Many signaling pathways and growth factors are known to play 

a crucial role during chondrogenesis and chondrocyte maturation. Among them, the Fibroblast Growth 

Factor (FGF) family and their receptors FGFR1-3 are key players in skeletal development, and 

mutations in the FGFR3 gene cause several forms of dwarfism. However, the role of the FGFR3 gene 

during bone repair is still unknown. In this study, we aimed to investigate the role of FGFR3 in the 

activation and differentiation of SSPCs after fracture. We studied the phenotype of Prx1Cre; Fgfr3Y367C 

mice, where the limb mesenchyme-derived cells carry an over activating mutation in the Fgfr3 gene, 

known to be involved in a severe achondroplasia phenotype. This model showed reduced limb size with 

abnormal structure of the tibial growth plate. After fracture, we observed a complete absence of 

endochondral ossification and fracture consolidation one-month post-injury. Lineage and cell 

transplantation analyses showed that cells derived from the periosteum of Fgfr3 mutant mice can 

differentiate into chondrocytes. However, Fgfr3-deficient chondrocytes are not able to mature into 

hypertrophic chondrocytes and transdifferentiate into osteoblasts. Instead, Fgfr3-deficient cells 

accumulate and form persistent fibrocartilage preventing bone repair. Periosteal intrinsic deficiency was 

sufficient to cause a pseudarthrosis phenotype. This severe repair phenotype can be corrected by 

transplantation of wild type pSSPCs at the fracture site of Prx1Cre; Fgfr3Y367C mice. Overall, we 

demonstrated the requirement of the transdifferentiation process of periosteal-derived chondrocytes into 

osteoblasts during bone regeneration, and the role of the FGFR3 receptor in this process. This work 

also highlights the interest of studying pSSPCs as a source of cells for tissue engineering and the 

development of bone cell therapies. 
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SUMMARY

Most organs and tissues in the body, including bone, can repair after an injury due to the activation of endogenous adult stem/progenitor

cells to replace the damaged tissue. Inherent dysfunctions of the endogenous stem/progenitor cells in skeletal repair disorders are still

poorly understood. Here, we report that Fgfr3Y637C/+ over-activating mutation in Prx1-derived skeletal stem/progenitor cells leads to fail-

ure of fracture consolidation. We show that periosteal cells (PCs) carrying the Fgfr3Y637C/+ mutation can engage in osteogenic and chon-

drogenic lineages, but following transplantation do not undergo terminal chondrocyte hypertrophy and transformation into bone

causing pseudarthrosis. Instead, Prx1Cre;Fgfr3Y637C/+ PCs give rise to fibrocartilage and fibrosis. Conversely, wild-type PCs transplanted

at the fracture site of Prx1Cre;Fgfr3Y637C/+ mice allow hypertrophic cartilage transition to bone and permit fracture consolidation. The re-

sults thus highlight cartilage-to-bone transformation as a necessary step for bone repair and FGFR3 signalingwithin PCs as a key regulator

of this transformation.

INTRODUCTION

Bone fracture repair is an efficient regenerative process,

which depends on a controlled inflammatory response, fol-

lowed by the recruitment of skeletal stem/progenitor cells,

deposition of cartilage and bone matrix and skeletal tissue

remodeling. Skeletal stem/progenitor cells are recruited

from multiple sources in the bone fracture environment,

including the bone marrow, the periosteum, and the sur-

rounding soft tissues but cannot be strictly distinguished

using genetic lineage tracing (Abou-Khalil et al., 2015;

Chan et al., 2015; Duchamp de Lageneste et al., 2018; Deb-

nath et al., 2018; Matsushita et al., 2020; Ortinau et al.,

2019; Van Gastel et al., 2012; Worthley et al., 2015; Zhang

et al., 2005; Zhou et al., 2014a). However, several strategies

have revealed that the periosteum comprises populations

of skeletal stem/progenitor cells largely involved in callus

formation through intramembranous and endochondral

ossification (Debnath et al., 2018; Duchamp de Lageneste

et al., 2018; Ortinau et al., 2019). These studies emphasized

the periosteum as a key contributor to bone repair and

likely affected in skeletal repair dysfunctions.

When bone repair is compromised by extensive injuries

or pathological conditions, failure of the bone regenerative

process can lead to delayed-union or non-union but the

underlying cause of this failed healing is often undeter-

mined. An adverse inflammatory environment or impaired

revascularization of the fracture site may contribute to the

bone repair deficit, but the role of the main players, the

skeletal stem/progenitor cells, is less understood. Whether

cells cannot be properly activated in response to injury or

do not support the subsequent stages of skeletal tissue

deposition and remodeling is difficult to assess in vivo due

to the diversity of skeletal stem/progenitor cell populations

that may participate in repair.

Here, we explored the role of periosteal cells (PCs) in

bone repair and uncovered PC dysfunctions in Prx1Cre;

Fgfr3Y367C/+ mice that exhibit a severe bone repair pheno-

type of pseudarthrosis. Fibroblast growth factor receptor 3

(FGFR3) is a key regulator of endochondral ossification dur-

ing bone development. Gain-of-function point mutations

in FGFR3 gene causing upregulation of FGFR3 signaling

are associated with the human genetic disease achondro-

plasia or dwarfism, affecting the cartilage growth plate in

developing long bones with abnormal chondrocyte prolif-

eration and differentiation, loss of columnar organization,

and overall reduction in long bone growth (Bonaventure

et al., 1996; Mugniery et al., 2012; Pannier et al., 2009;

Rousseau et al., 1994). We report that mice carrying the

Fgfr3Y637C/+ activating mutation in the Prx1-derived skel-

etal stem/progenitor cells exhibit short limbs during post-

natal growth and pseudarthrosis following a tibial fracture.

The pseudarthrosis phenotype is marked by the accumula-

tion of fibrotic tissue and un-resorbed cartilage in the

center of the fracture callus. We show that impaired

bone healing in Prx1Cre;Fgfr3Y367C/+ mice is correlated

Stem Cell Reports j Vol. 15 j 955–967 j October 13, 2020 j ª 2020 The Authors. 955
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with intrinsic deficiencies in PCs affecting the endochon-

dral ossification process, and more specifically cartilage-

to-bone transformation that is taking place at a critical

time when cartilage replacement by bone is crucial to

consolidate the fracture gap. The requirement of this trans-

formation step for bone repair is still debated and our re-

sults reveal that this transformation is required for effective

healing (Hu et al., 2017; Yang et al., 2014; Zhou et al.,

2014b).

RESULTS

Impaired Bone Regeneration and Pseudarthrosis in

Prx1Cre;Fgfr3Y367C/+ Mice

To investigate the role of FGFR3 in bone repair, we crossed

Fgfr3Y637C/+ mice with the Prx1Cre mouse line to target the

mesenchymal lineage in the limb (Logan et al., 2002;

Pannier et al., 2009). This mesenchymal lineage gives rise

to the skeletal stem/progenitor cells in the periosteum

that contributes to fracture repair in the adult (Duchamp

de Lageneste et al., 2018). While mice expressing the het-

erozygous Fgfr3Y637C/+ mutation ubiquitously recapitulate

a severe form of dwarfism and die within 2 months after

birth, the Prx1Cre;Fgfr3Y367C/+ mice also displayed shorter

long bones in the limbs but survived until adulthood.

Adult Prx1Cre;Fgfr3Y367C/+ mice exhibited a 65% reduction

in tibia length (Figure 1A). Consistent with the known

dwarfism phenotype, we observed a strong disorganization

of the epiphyseal cartilage in 1- and 3-month-old

Prx1Cre;Fgfr3Y367C/+ mice with an abnormal shape and size

of hypertrophic chondrocytes compared with control

mice (Figure 1B). Immunofluorescence staining on epiphy-

seal cartilage of 3-month-old Prx1Cre;Fgfr3Y367C/+ mice

showed absence of Collagen X (COLX) and Osterix (OSX)

expression in the area below the cartilage where trabeculae

are missing compared with controls (Figure 1C). We also

observed a significant reduction of vascularization and an

absence of CD31/Endomucin (EMCN) double-positive

vessels at the cartilage-to-bone transition zone in Prx1Cre;

Fgfr3Y367C/+ mice, indicating an impairment of endochon-

dral ossification (Figures 1C and 1D).

We induced open non-stabilized tibial fractures in

3-month-old Prx1Cre;Fgfr3Y367C/+ mice and Prx1Cre;Fgfr3+/+

control mice. Histomorphometric analyses showed a se-

vere impairment of bone healing as indicated by a marked

reduction in callus and bone volumes in Prx1Cre;

Fgfr3Y367C/+ mice throughout the stages of repair (Fig-

ure 2A). Cartilage volume was also reduced through to

day 14 followed by cartilage accumulation from day 21

post-fracture. At 28 days post-fracture, micro-computed to-

mography (micro-CT) and histological analyses showed a

complete absence of bone bridging of Prx1Cre;Fgfr3Y367C/+

calluses, whereas Prx1Cre;Fgfr3+/+ control mice displayed

fully ossified calluses with reconstitution of the cortex to

bridge the fracture gap. Although new bone formation

was detected at the periphery of Prx1Cre;Fgfr3Y367C/+ cal-

luses, there was a complete absence of bone deposition in

the center of the callus (Figures 2B, 2C, and S1). Instead,

we identified areas of unresorbed fibrocartilage with low

Safranin O (SO) staining and abnormal COLX expression

and areas of fibrous tissue depositionmarked by the matrix

protein Periostin in Prx1Cre;Fgfr3Y367C/+ mice that are char-

acteristic of pseudarthrosis (Figures 2D and 2E). By day 56,

micro-CT analyses showed partial bridging of the two ossi-

fied parts of the callus in Prx1Cre;Fgfr3Y367C/+ mice with a

persistent decrease in bone volume (Figure S2).

Cartilage-to-Bone Transition Is Disrupted in

Prx1Cre;Fgfr3Y367C/+ Fracture Callus

The pseudarthrosis phenotype in Prx1Cre;Fgfr3Y367C/+mice

indicated a lack of endochondral ossification during bone

repair. Indeed, when we evaluated bone repair strictly

through intramembranous ossification using a unicortical

defect repair model in Prx1Cre;Fgfr3Y367C/+ mice, we did

not observe delayed healing compared with Prx1Cre;

Fgfr3+/+ mice (Figure S3). Endochondral ossification de-

pends on proper chondrocyte differentiation, followed by

maturation to hypertrophic chondrocytes and finally carti-

lage-to-bone transition to allow the replacement of the

cartilaginous matrix by bone. The volume and percentage

of hypertrophic cartilage were markedly decreased in the

callus of Prx1Cre;Fgfr3Y367C/+ mice compared with controls

(Figure 3A). At day 7 post-fracture, we observed the pres-

ence of SOX9-expressing cells in the cartilage of control

and mutant mice (Figure 3B). By day 14 post-fracture,

although chondrocytes expressed markers of hypertrophy,

such as vascular endothelial growth factor (VEGF) and

COLX, we observed a reduced amount of COLX+ hypertro-

phic cartilage (Figure 3C). Hypertrophic chondrocytes also

exhibited abnormal shape and reduced size in Prx1Cre;

Fgfr3Y367C/+ mice that may also contribute to the reduced

cartilage volume. These results suggest that mutant chon-

drocytes can initiate chondrogenic differentiation and

maturation but failed to achieve hypertrophy. We then

examined the crucial step of cartilage-to-bone transition

in Prx1Cre;Fgfr3Y367C/+ mice. Further analyses of the transi-

tion zone at day 14 post-fracture showed no co-localization

of COLX+ cells and OSX+ cells in the new bone area of the

transition zone in Prx1Cre;Fgfr3Y367C/+ calluses. POSTN was

undetected within cartilage but was highly expressed in

the fibrotic area suggesting absence of terminal hypertro-

phy and fibrotic accumulation by day 14 in Prx1Cre;

Fgfr3Y367C/+ calluses. This correlated with a poor vasculari-

zation as shown by the absence of CD31/EMCN double-

positive vessels in Prx1Cre;Fgfr3Y367C/+ calluses compared
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with controls (Figure 3D). In previous studies, the presence

of proliferating chondrocytes in the transition zone has

been associated with the ability of terminal hypertrophic

chondrocytes to transdifferentiate into osteoblasts (Hu

et al., 2017; Yang et al., 2014; Zhou et al., 2014b). We

observed a strong reduction in the number of KI67+ and

SOX2+ chondrocytes in the transition zone of Prx1Cre;Fg-

fr3Y367C/+ calluses compared with controls (Figure 3E).

These results indicate abnormal chondrocyte hypertrophy

followed by lack of cartilage-to-bone transition that may

lead to the pseudarthrosis phenotype in Prx1Cre;Fg-

fr3Y367C/+ mice.

Prx1Cre;Fgfr3Y367C/+ PCs Fail to Undergo Cartilage-to-

Bone Transformation

We sought to test the involvement of PCs in this defective

endochondral ossification process during bone repair given

their efficient contribution to this process (Duchamp de

A

C D

B

Figure 1. Reduced Tibia Length and Abnormal Tibial Epiphyseal Cartilage Organization in Prx1Cre;Fgfr3Y367C/+ Mice

(A) Three-month-old Prx1Cre;Fgfr3Y367C/+ and Prx1Cre;Fgfr3+/+ mice (top), radiographs of hindlimbs (bottom), and quantification of tibia

length (right) (n = 5 per group). Scale bar, 0.5 cm.

(B) Representative Safranin O (SO) staining of epiphyseal cartilage of uninjured tibia from 1- to 3 month-old Prx1Cre;Fgfr3+/+ and

Prx1Cre;Fgfr3Y367C/+ mice. Scale bar, 50 mm.

(C) Immunofluorescence of Collagen X (COLX), Osterix (OSX), and CD31/Endomucin (EMCN) at the transition zone between the epiphyseal

hypertrophic cartilage (hc) and the metaphysis in uninjured tibia from 3 months old Prx1Cre;Fgfr3+/+ and Prx1Cre;Fgfr3Y367C/+ mice (n = 3).

Scale bar, 50 mm.

(D) Quantification of CD31 and EMCN immunofluorescence at the transition zone between the epiphyseal cartilage and the metaphysis from

Prx1Cre;Fgfr3+/+ and Prx1Cre;Fgfr3Y367C/+ mice (n = 6).

Values represent mean ± SD. **p < 0.01 using Mann-Whitney test.
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Figure 2. Altered Bone Regeneration and

Pseudarthrosis in Prx1Cre;Fgfr3Y367C/+ Mice

(A) Histomorphometric analyses of callus,

cartilage, and bone volumes at days 7, 10, 14,

21, and 28 post-fracture in Prx1Cre;Fgfr3+/+

and Prx1Cre;Fgfr3Y367C/+ mice (n = 4 or 5 per

group).

(B) Representative micro-CT images of

Prx1Cre;Fgfr3+/+ and Prx1Cre;Fgfr3Y367C/+ cal-

luses at 28 days post-fracture. White arrow

points to the absence of bone bridging in

Prx1Cre;Fgfr3Y367C/+ callus (n = 4–5 per group).

Scale bar, 1 mm.

(C) Longitudinal sections stained with Mas-

son’s trichrome (TC) of Prx1Cre;Fgfr3+/+ and

Prx1Cre;Fgfr3Y367C/+ calluses 28 days post-

fracture. High magnification showing conti-

nuity of the newly formed cortex in

Prx1Cre;Fgfr3+/+ callus (box 1, red arrows) and

absence of new bone in the center of

Prx1Cre;Fgfr3Y367C/+ callus (box 2, asterisk).

Scale bars, 1 mm (left) and 300 mm (right).

(D) Longitudinal sections stained with SO of

Prx1Cre;Fgfr3+/+ and Prx1Cre;Fgfr3Y367C/+ cal-

luses 28 days post-fracture (callus delimited

with a black dotted line). Scale bar, 1 mm.

(E) High magnification of fibrocartilage (fc)

stained with SO and COLX immunostaining

showing few COLX+ cells adjacent to

fibrocartilage and bone (b) in Prx1Cre;

Fgfr3Y367C/+ callus (box 3, top). High magni-

fication of fibrosis stained with Picrosirius

(PS) and Periostin (POSTN) immunostaining

in Prx1Cre;Fgfr3Y367C/+ callus (box 4, bottom).

Scale bar, 100 mm. Values represent mean ±

SD. *p < 0.05, **p < 0.01 using Mann-Whitney

test.
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Figure 3. Impaired Cartilage Differentiation and Cartilage-to-Bone Transition in Prx1Cre;Fgfr3Y367C/+ Fracture Callus

(A) Histomorphometric quantification of hypertrophic cartilage volume and percentage of hypertrophic cartilage volume in total cartilage

volume at days 7 and 14 post tibial fracture in Prx1Cre;Fgfr3+/+ and Prx1Cre;Fgfr3Y367C/+ mice (n = 4 or 5 per group).

(B) Longitudinal sections of Prx1Cre;Fgfr3+/+ (control) and Prx1Cre;Fgfr3Y367C/+ (mutant) calluses (delimited with a black dotted line) at day

7 post-fracture stained with SO. High magnification of cartilage area (box 1, 2) and SOX9 immunostaining showing the presence of

chondrogenic cells in the callus of control and mutant mice. Scale bars, 1 mm and 50 mm (boxes 1 and 2).

(C) Longitudinal sections of Prx1Cre;Fgfr3+/+ and Prx1Cre;Fgfr3Y367C/+ calluses at day 14 post-fracture stained with SO. High magnification of

hypertrophic cartilage (hc) area (box 3, 5) and COLX immunostaining on adjacent sections showing positive staining in control and mutant

hc, and within new bone trabeculae (b) in control but not in mutant (asterisk). High magnification of hypertrophic chondrocytes (box 4, 6)

and VEGF immunostaining showing abnormal cellular size and shape in mutant. Scale bars, 1 mm, 300 mm (boxes 3 and 5), and 25 mm

(boxes 4 and 6).

(D) Immunostaining for COLX, OSX, Periostin (POSTN), and CD31/EMCN at the cartilage-to-bone transition zone in Prx1Cre;Fgfr3+/+ and

Prx1Cre;Fgfr3Y367C/+ calluses 14 days post-fracture (n = 5 per group). Scale bar, 50 mm.

(E) High magnification of cartilage area next to bone and immunostaining for KI67 and SOX2 (box 7 and 8). Quantification of KI67+ and

SOX2+ hypertrophic chondrocytes in day 14 post-fracture calluses from Prx1Cre;Fgfr3+/+ and Prx1Cre;Fgfr3Y367C/+mice (n = 5 per group) Scale

bar, 25 mm. Values represent the mean ± SD. **p < 0.01 using Mann-Whitney test.
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Lageneste et al., 2018; Colnot, 2009). We did not identify

changes in the proportions of skeletal stem/progenitor

cells, osteo-chondroprogenitors and stromal cells in the

GFP+ PC populations from Prx1Cre;RosamTmG;Fgfr3Y367C/+

mutantmice comparedwith Prx1Cre;RosamTmG;Fgfr3+/+ con-

trol mice (Figures 4A and 4B) (Chan et al., 2015). Mutant

PCs could engage into the osteogenic, adipogenic, and

chondrogenic lineages in vitro as observed for control PCs

(Figure 4C). When mutant PCs were transplanted at the

fracture site of wild-type hosts, they integrated into the

cartilage by differentiating into SOX9+ chondrocytes at

day 10 (Figures 5A and 5B). However, unlike control PCs

they failed to mature and undergo chondrocyte hypertro-

phy by day 14. Mutant PCs gave rise to cells producing fi-

brocartilage in the center of the fracture callus in place of

hypertrophic cartilage (Figure 5C). By day 21, cartilage-to-

bone transformation had occurred and osteocytes derived

from control PCs were localized within new bone trabec-

ulae (Figure 5D, top). Mutant PCs were not detected within

hypertrophic cartilage or new bone by day 21 but localized

within fibrous tissue and caused a pseudarthrosis-like

phenotype (Figure 5D, bottom). Histomorphometric anal-

ysis confirmed that the transplantation of mutant PCs at

the fracture site of wild-type mice impaired healing as

shown by decreased callus and bone volumes by day 14

and increased fibrosis by days 14 and 21 compared

with wild-type callus transplanted with control PCs (Fig-

ure 5E). Thus, transplanted PCs carrying an over-activating

mutation in FGFR3 cannot form hypertrophic cartilage

or bone via endochondral ossification during bone

repair but cause pseudarthrosis through a cell-autonomous

mechanism.

Exogenous PCs Can Rescue Pseudarthrosis in

Prx1Cre;Fgfr3Y367C/+ Mice

Wenext attempted to rescue the pseudarthrosis phenotype

in Prx1Cre;Fgfr3Y367C/+ mice with the tyrosine kinase inhib-

itor PD173074 that can arrest the G0/G1 phase of the

FGFR3-expressing cells (Jonquoy et al., 2012; Martin

et al., 2018). Although PD173074 treatment increased

cartilage and hypertrophic cartilage volumes in the fracture

callus of mutant mice, the treatment did not stimulate

cartilage-to-bone transition and did not affect callus and

bone volumes (Figure S4). Given the cell-autonomous

defect of mutant PCs, we turned to a cell-based approach

to rescue the pseudarthrosis phenotype (Figure 6A). PCs

isolated from Prx1Cre;RosamTmG;Fgfr3+/+ mice integrated

into the fracture callus of mutant hosts and were able to

differentiate into hypertrophic chondrocytes by day 14

and subsequently gave rise to osteocytes within new

A

B C

Figure 4. In Vitro Characterization of Prx1Cre;Fgfr3Y367C/+ Periosteal Cells

(A) Experimental design of Prx1Cre;RosamTmG;Fgfr3+/+ (control) and Prx1Cre;RosamTmG;Fgfr3Y367C/+ (mutant) PC analyses via flow cytometry

and in vitro differentiation.

(B) Representative fluorescence-activated cell sorting plots of GFP+ (Prx1-derived) PCs negative for hematopoietic and endothelial

markers, and positive for ITGAV marker (left). Percentage of stem/progenitor (THY1!/6C3! cells), stromal (THY1!/6C3+ cells), and osteo/

chondroprogenitor (THY1+/6C3! cells) sub-populations in GFP+ PCs as defined (Chan et al., 2015) (right) (n = 3 from 3 independent

experiments per group). Values represent the mean ± SD.

(C) Osteogenic (alizarin red staining), adipogenic (oil red O staining), and chondrogenic (Alcian blue staining) in vitro differentiation of

control and mutant PCs (n = 3 from 3 independent experiments per group). Values represent the mean ± SD.
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bone trabeculae by day 21 (Figure 6B, top). Conversely, in

mutant hosts treated with Tisseel matrix carrier alone, we

observed the pseudarthrosis phenotype of mutant mice

(Figure 6B, bottom). By day 28, the transplantation of

Prx1Cre;RosamTmG;Fgfr3+/+ PCs in mutant hosts had a signif-

icant impact on bone healing as shown by the decrease in

A

B

D

C

E

Figure 5. Transplantation of Prx1Cre;Fgfr3Y367C/+ Periosteal Cells Impairs Bone Healing

(A) Experimental design of Prx1Cre;RosamTmG;Fgfr3+/+ (control) and Prx1Cre;RosamTmG;Fgfr3Y367C/+ (mutant) PC isolation and transplantation

at the fracture site of wild-type host.

(B) Lineage tracing of GFP+ control and mutant PCs at 10 days post-fracture. SO staining and SOX9 immunofluorescence on longitudinal

sections of host calluses showing SOX9/GFP double-positive cells from control and mutant donor in the cartilage (box 1 and 2). Scale bars,

1 mm and 25 mm (high magnification).

(C and D) Lineage tracing of GFP+ control and mutant PCs at days 14 (C) and 21 (D) post-transplantation. SO staining and DAPI/GFP/

Tomato fluorescence on longitudinal sections of host calluses (black dotted line). (C) Control PCs differentiate into hypertrophic

chondrocytes (hc) (box 3, white arrowhead) but mutant PCs form elongated fibrocartilage cells by day 14 (fc, box 4). (D) Control PCs give

rise to osteocytes within new bone trabeculae (b, box 5, white arrowhead) in the center of the callus, whereas mutant PCs form fibrotic (fib,

box 6) cells by day 21 leading to pseudarthrosis (black arrow) (n = 5 per group). Scale bars: 1 mm, 100 mm (C, high magnification), and

25 mm (D, high magnification).

(E) Histomorphometric quantification of callus, cartilage, bone, and fibrosis volumes at days 14 and 21 post-fracture and PCs trans-

plantation (n = 5 per group). Values represent mean ± SD. *p < 0.05, **p < 0.01 using Mann-Whitney test.
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C D

Figure 6. Transplantation of PCs Corrects the Prx1Cre;Fgfr3Y367C/+ Pseudarthrosis Phenotype

(A) Experimental design of transplantation of Tisseel matrix or Prx1Cre;RosamTmG;Fgfr3+/+ PCs at the fracture site of Prx1Cre;Fgfr3Y367C/+

hosts.

(legend continued on next page)
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callus, unresorbed cartilage and persistent fibrosis volumes,

and by the increase in bone volume (Figure 6C). The callus

was fully ossified with complete resorption of cartilage and

fibrous tissue in 7 out of 11 cases (Figure 6D). Transplanted

PCs in mutant hosts were sufficient to support endochon-

dral ossification by compensating for the failure of mutant

hypertrophic cartilage to transform into bone, and pre-

venting fibrocartilage and fibrosis accumulation. All

together, these data establish that the pseudarthrosis

phenotype in Prx1Cre;Fgfr3Y367C/+ mice is linked with an

intrinsic deficiency of PCs to differentiate into late hyper-

trophic chondrocytes, leading to a defect in cartilage-to-

bone transformation and absence of bone bridging, that

can be prevented by exogenous PCs transplantation.

DISCUSSION

Here, we elucidate the underlying mechanisms of bone

repair defect in the Prx1Cre;Fgfr3Y367C/+ mouse model that

exhibit a pseudarthrosis phenotype. We identify inherent

deficiencies of PCs carrying the Fgfr3Y367C heterozygous

mutation and causing the pseudarthrosis phenotype after

cell transplantation. These PCs deficiencies were not re-

vealed using fluorescence-activated cell sorting analyses

or in vitro differentiation assays that are classically used to

identify functional impairment of skeletal stem/progenitor

cells. Instead, we implanted mutant PCs into a bone frac-

ture environment to study their behavior and to establish

a correlation between the impaired regenerative potential

of PCs in vivo and the bone repair deficit. Mutant PCs trans-

planted at the fracture site of wild-type hosts were detected

in the cartilage within the fracture callus indicating that

they did not exhibit deficiency in recruitment or migra-

tion. However, transplanted PCs could not differentiate

into late hypertrophic chondrocytes and undergo carti-

lage-to-bone transformation, a process that cannot be eval-

uated in vitro. Mutant PCs were sufficient to impair bone

healing in a wild-type host highlighting the cell-autono-

mous effect of exogenous PCs on bone repair and their

involvement in the pseudarthrosis phenotype. The bone

repair phenotype in Prx1Cre;Fgfr3Y367C/+ mice mimics the

severe human condition of pseudarthrosis that can be asso-

ciated with trauma or disease, suggesting that deficient PCs

may be correlated with other pseudarthrosis phenotypes.

We also report the ability of control PCs to consolidate

the bone fracture by producing hypertrophic cartilage

that can transform into bone independent of the disease

environment. This suggests that PCs could be beneficial

in cell-based approaches to treat pseudarthrosis, given their

positive effect on the very dynamic process of bone heal-

ing. Furthermore, in a cell-based therapy setting, it is gener-

ally accepted that long-term integration of transplanted

cells is needed for efficient treatment (O’Keefe et al.,

2020b; O’Keefe et al., 2020a). Our results illustrate that

transient integration of PCs may be sufficient to correct a

skeletal repair disorder.

The results show that cartilage-to-bone transformation

mediated by PCs during bone repair is regulated by

FGFR3 signaling. Fibroblast growth factors and their recep-

tors are important regulators of bone development and are

re-expressed in hypertrophic cartilage after bone fracture

(Du et al., 2012; Nakajima et al., 2001; Schmid et al.,

2009; Su et al., 2008). In the FGFR3 model carrying the

Fgfr3G369C/+ gain-of-function mutation with milder achon-

droplasia phenotype, delayed healing of un-stabilized or

semi-stabilized tibial fractures has been reported due to

altered chondrogenesis and hypertrophic differentiation

(Chen et al., 2017; Su et al., 2008). However, callus ossifica-

tion was not inhibited in the Fgfr3G369C/+ model suggesting

that cartilage-to-bone transformation was not affected.

Thus, our results using the Fgfr3Y367C/+ model bring further

insights on the essential role of FGFR3 during bone repair

in regulating not only chondrocyte differentiation but

also cartilage-to-bone transformation necessary for endo-

chondral ossification. The functional requirement of this

cartilage-to-bone transformation process for the success

of bone repair is still underestimated. We provide evidence

that when this process is disrupted bone healing fails.

Although intramembranous ossification at the periphery

(B) SO staining and DAPI/GFP/Tomato fluorescence on longitudinal sections of Prx1Cre;Fgfr3Y367C/+ calluses (delimited by a black dotted

line) at days 14 and 21 post-fracture. GFP+ PCs form hypertrophic chondrocytes (box 1, white arrowheads) by day 14 and osteocytes (white

arrow) within new bone (b, dotted line) by day 21 post-transplantation. By days 14 and 21, the center of mutant calluses transplanted with

Tisseel matrix is composed of fibrocartilage (box 2, n = 4 or 5 per group). Scale bars, 1 mm, 100 mm (for d14, high magnification), and

25 mm (for d21, high magnification).

(C) Histomorphometric quantification of callus, cartilage, bone, and fibrosis volumes at day 28 post-fracture (n = 9 or 11 per group).

(D) Representative micro-CT images of Prx1Cre;Fgfr3Y367C/+ calluses by day 28 post-fracture showing bone bridging after PCs transplantation

and absence of bone bridging (white arrow) after transplantation with Tisseel matrix. SO and PS staining on callus sections after

transplantation of PCs showing complete ossification and absence of fibrocartilage and fibrous tissue accumulation (box 3, n = 7 cases out

of 11). Representative callus sections confirm the presence of pseudarthrosis (black arrows) and at high magnification of fibrocartilage (fc)

and fibrous tissue (fib) in mice transplanted with Tisseel matrix (box 4, n = 9 cases out of 9). Scale bars, 1 mm and 100 mm (high

magnification). Values represent mean ± SD. **p < 0.01, ***p < 0.005 using Mann-Whitney test.
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of the callus is not delayed in the Prx1Cre;

Fgfr3Y367C/+model, healing is halted due to absence of carti-

lage-to-bone transformation in the center of the callus. In

addition, abnormal chondrocyte hypertrophy and transi-

tion to bone is associatedwith fibrocartilage and fibrous tis-

sue accumulation that also interferes with bone bridging,

revealing a central role of FGFR3 signaling in controlling

the balance between ossification and fibrosis. These find-

ings have major impacts on the management of patients

affected with achondroplasia that may require surgery for

limb lengthening as managing the level of stabilization

and endochondral ossification may be crucial to allow suc-

cessful healing (Chilbule et al., 2016; Kitoh et al., 2014).

Beyond this specific clinical setting, the results bring

fundamental insights on the mechanisms of bone repair

defects in pseudarthrosis and the role of PCs and FGFR3

in the essential step of cartilage-to-bone transformation

during bone repair.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6ScNj, Prx1Cre, and Rosa-tdTomato-EGFP (RosamTmG) trans-

genic mice were obtained from Jackson Laboratory (Bar Harbor,

ME). Fgfr3Y367C mice were generated in Dr. Legeai-Mallet’s labora-

tory (Pannier et al., 2009). In brief, the pointmutationwas inserted

within exon 9 at position 367 of the Fgfr3 gene, directly followed

by a floxed neo cassette. Under Cre recombination, the neo cassette

is removed, allowing expression of the mutated allele of the Fgfr3

gene. Mice were bred and genotyped in our laboratory using

primers purchased from Eurofins (Eurofins Scientific, Lux). Five-

to 8-week-old mice were used for in vitro experiments and

3 month-old mice for in vivo experiments. Male and female mice

were used and distributed homogenously within experimental

groups. All procedures were approved by the Paris University and

Creteil University Ethical Committees.

Primary Cultures of PCs

PCs were obtained as described previously (Duchamp de Lageneste

et al., 2018). In brief, mouse hindlimbs (tibias and femurs) were

harvested free of skin, and muscles were dissected using scissors

and forceps, without damaging the periosteum. Epiphyses were

cut and bonemarrowwas flushed using growthmedia (MEMa sup-

plemented with 20% lot-selected non-heat-inactivated FBS, 1%

penicillin-streptomycin, Life Technologies, Carlsbad, CA). The re-

maining flushed bones free of bone marrow were placed in culture

and PCs migrated out of the explants after 3 days in growth me-

dium. Explants were removed after 2 weeks and PCs were

expanded after one passage in culture for in vivo and in vitro

experiments.

In Vitro Differentiation

In vitro differentiation of PCs in the three mesenchymal lineages

(osteoblasts, chondrocytes, and adipocytes) were performed as

described previously (Duchamp de Lageneste et al., 2018). Osteo-

genic, adipogenic, and chondrogenic differentiation was per-

formed for 4 weeks, 10 and 3 days, respectively. Cells were stained

with alizarin red S, oil red O, or Alcian blue solutions to stain

mineralization, lipid droplets, and glycosaminoglycans,

respectively.

Flow Cytometry Analyses

PCs were isolated as described above and incubated with CD45-

BV650 (563410, BD Biosciences), TER-119-BV650 (747739, BD

Biosciences), TIE2-APC (124009, BioLegend), CD51-BV711

(740755, BD Biosciences), THY1-BV786 (564365, BD Biosciences),

and 6C3-PeCy7 (BLE108313, BioLegend) in PBS-brilliant stain

buffer (563794, BD Biosciences) for 15 min on ice protected from

light. Cells were then washed by adding 1 mL of wash medium

(MEMa supplemented with 2% lot-selected non-heat-inactivated

FBS and 1% penicillin-streptomycin) and centrifuged for 10 min

at 1,500 rpm. Supernatant was discarded and cell pellets were

resuspended in 200 mL of wash medium and 7-AAD (559925, BD

Biosciences) was added just before analysis as viability marker.

Beads (01-2222-42, Thermo Fischer Scientific) were used for initial

compensation set up and FMO (fluorescence minus one) controls

were used to determine background level of each color. Analyses

were performed on a BD LSRFortessa SORP (BDBiosciences) and re-

sults analyzed using FlowJo software, version 10.2.

Tibial Fracture, Unicortical Defect Injury, and Cell

Transplantation

Open non-stabilized tibial fractures and unicortical defects were

performed as previously described to study bone regeneration

through endochondral and intramembranous ossification, respec-

tively (Duchamp de Lageneste et al., 2018). For cell transplanta-

tion, 100,000 PCs were embedded in a fibrin gel (Baxter, France,

Tisseel, composed of human fibrinogen 15 mg/mL and thrombin

9 mg/mL) and the cell pellet was transplanted at the time of frac-

ture (Abou-Khalil et al., 2015; Duchamp de Lageneste et al., 2018).

PD173074 Treatment

Prx1Cre;Fgfr3Y367C/+ mice received intraperitoneal injections of

PD173074 (Sigma, St. Louis, MO, ref. P2499) at a concentration

of 10 mg/kg per injection. One injection per day was performed

on the day of tibial fracture and every day until harvesting at

days 7 and 14 post-fracture. Control mice were injected daily

with 5% DMSO in PBS.

Histomorphometry and In Vivo Cell Tracing

Mice were euthanized, and tibias were harvested and fixed for 24 h

in 4% paraformaldehyde followed by decalcification in 19% EDTA

for 3weeks. Tibias were embedded in paraffin orO.C.T. compound.

Ten-micron-thick cryosections or paraffin sections were stained

with Safranin O (SO), Masson’s trichrome (TC), or Picrosirius (PS)

for histomorphometric analyses to determine callus, cartilage,

bone, and fibrosis volumes as described previously (Abou-Khalil

et al., 2014, 2015). In brief, images of the stained sections were

captured and analyzed using ZEN software to determine the sur-

face of callus and cartilage on SO sections, bone on TC sections,

and fibrosis on PS sections. Total volume of each component was

determined using the dedicated formula (Abou-Khalil et al.,
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2014). Hypertrophic cartilage was quantified based on the cell

morphology of hypertrophic chondrocytes (cells with a large cyto-

plasm in the SO+ area and specific organization) (Su et al., 2008).

For cell transplantation experiments, Prx1-derived cells expressing

GFP were detected by analysis of GFP signal on cryosections adja-

cent to SO and TC. Images were captured using a Zeiss Imager D1

AX10 light microscope and ZEN software (Carl Zeiss Microscopy,

Gottinger, Germany).

Vascularization at the cartilage-to-bone transition zone was

quantified at three different regions per section and on two sec-

tions per sample. The surface of AF488 and AF546 signal per mm2

was measured using ZEN software (Carl Zeiss Microscopy).

Numbers of KI67+ and SOX2+ hypertrophic chondrocytes was

determined by the average count of positive cells in three sections

at the center of the callus per sample.

Immunofluorescence and Immunohistochemistry

For immunofluorescence, tibias and fracture calluses were pro-

cessed as described previously (Kusumbe et al., 2015). Samples

were fixed in ice-cold paraformaldehyde 4% for 4 h, decalcified

in EDTA 19% at 4!C for 2–5 days and placed in sucrose 30% for

24 h before embedding inO.C.T. Thirtymicron thick cryosections

were collected for CD31/EMCN immunostaining and 10-mm-

thick cryosections for the other markers. After blocking in 5%

serum 0.25% Triton PBS for 1 h, sections were incubated with

the primary antibody overnight at 4!C to label CD31 (AF3628,

1:100, BioTechne), EMCN (sc-65495, 1:100, Santa Cruz), COLX

(ab58632, 1:200, Abcam), OSX (ab22552, 1:200, Abcam), SOX2

(ab97959, 1:400, Abcam), SOX9 (ab182530, 1:1,000, Abcam),

KI67 (ab15580, 1:200, Abcam), and POSTN (AF2955,1:400,

BioTechne). Sections were washed and incubated with secondary

antibody Alexa Fluor 488 goat anti-rabbit (A11034, 1:1,000, Invi-

trogen), Alexa Fluor 488 donkey anti-goat (A11055, 1:1,000, Invi-

trogen), Alexa Fluor 546 goat anti-rabbit (A11056, 1:1,000,

Invitrogen), Alexa Fluor 647 goat anti-rabbit (A-21245, 1:1,000,

Invitrogen), and rhodamine donkey anti-rat (712-025-150,

1:400, Jackson ImmunoResearch). Sections were mounted with

Fluoromount-G mounting medium with DAPI (00-4959-52, Life

Technologies).

For immunohistochemistry staining, sections were rehydrated

and incubated in 5% serum 0.25% Triton PBS for 1 h before incu-

bation at 4!C overnight with primary antibody anti-VEGF

(ab46154, 1:750, Abcam) and SOX9 (ab182530, 1:1,000, Abcam).

Sections were incubated with biotin-coupled secondary antibody,

followed by streptavidin-HRP (554066, 1:200, BD Biosciences)

and staining was revealed using DAB-Plus Substrate Kit (002020,

Invitrogen).

ForCOLX immunostaining aDako EnVisionKit (N.2031501005;

1:50, BIOCYC) was used.

Micro-Computed Tomography Imaging

The injured tibia were dissected and micro-CT images were

captured with a SkyScan 1172 micro-CT (Bruker, Hamburg, Ger-

many) using the following settings: 80 kV, 100 mA, exposure time

100 ms, filter Al 0.5, and pixel size 19.98 mm. The scanned images

were reconstructed as a stack of slices of each sample using Nrecon

software (Bruker, Hamburg, Germany) and DataViewer software

(Bruker, Hamburg, Germany). The callus bone volume was quanti-

fied by delimitating the callus area without the cortex using CTan

software (Bruker, Hamburg, Germany).

Statistical Analyses

Statistical significance was determined with two-sided Mann-

Whitney test and reported in GraphPad Prism v.6.0a. p values

were determined as follows: *p % 0.05, **p < 0.01, ***p < 0.005.

All samples were included. All analyses were performed using a

blind numbering system.
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Figure S2. Reduced bone formation in Prx1
Cre

;Fgfr3
Y367C/+ 

mutant calluses. 

(A) Quantification of bone volume via µCT in the callus of Prx1
Cre

;Fgfr3
+/+

 control and Prx1
Cre

;Fgfr3
Y367C/+ 

mutant 

mice at day 28 and 56 post-fracture  (n=4-5 per group). (B) Representative µCT images of Prx1
Cre

;Fgfr3
Y367C/+ 

and 

Prx1
Cre

;Fgfr3
+/+ 

calluses at 56 days post-fracture. Values represent the mean ± SD. **p<0.01 using Mann-Whitney 

test.  Scale bar: 1mm.   
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Congenital pseudarthrosis of the tibia (CPT) is a severe pediatric bone repair disorder leading to 

spontaneous tibial fracture and fibrous non-union. CPT can be classified as isolated CPT or NF1-related 

CPT for patients affected with the genetic disorder Neurofibromatosis type 1 (NF1). NF1 is caused by 

mutation in the NF1 gene encoding the RAS/MAPK regulator Neurofibromin. NF1 patients develop 

peripheral nerve tumors (neurofibromas), skin hyperpigmentation and orthopedic manifestations 

including CPT. Neurofibromas and skin hyperpigmentation are caused by NF1 biallelic inactivation in 

Schwann cells and melanocytes respectively. NF1 biallelic inactivation was detected at pseudarthrosis 

site but the cellular origin of CPT remains unknown. A new mouse model of NF1, the Prss56-Nf1 KO 

model, was recently developed by inactivating Nf1 in boundary cap (BC) cells. This model is the first 

one to recapitulate several NF1 features, including neurofibromas and skin hyperpigmentation, rising 

the question of a common cellular origin of all NF1 manifestations. In this study, we aimed to elucidated 

the cellular origin and pathogenic mechanisms of CPT through the combined analysis of samples from 

patients with CPT and the Prss56-Nf1 KO mouse model. In humans, we investigated the localization of 

biallelic NF1 inactivation by sequencing of bone samples from CPT patients. Our results showed that 

CPT is associated with NF1 biallelic inactivation in periosteum and pSSPCs from the pseudarthrosis 

site. Biallelic inactivation of NF1 was found in patients with NF1-related and isolated CPT, indicating that 

the majority of CPT is related to NF1 biallelic inactivation. NF1 loss induces overactivation of the MAPK 

pathway in the periosteum and pSSPCs at pseudarthrosis site. Transcriptomic analyses of pathological 

periosteum from the pseudarthrosis site and control periosteum from the iliac crest showed the presence 

of pro-fibrotic pSSPCs at the pseudarthrosis site. Periosteal SSPCs from the pseudarthrosis site display 

impaired fate and form fibrosis after transplantation at the fracture site of immunodeficient mice.  

To elucidate the cellular and molecular mechanisms of CPT, we studied the Prss56-Nf1 KO mouse 

model. We showed that this model recapitulates a pseudarthrosis phenotype after fracture. By cell 

lineage analysis, we showed that BC derivatives correspond to a rare population of cells in bone, 

including a subpopulation of SSPCs and Schwann cells in the periosteum. After fracture, BC-derivatives 

are present in cartilage and bone of control mice. In Prss56-Nf1 KO mice, BC-derived cells are located 

in bone and fibrosis and their contribution to cartilage is strongly reduced.  Nf1-mutated pSSPCs show 

an intrinsic differentiation defect, and form fibrosis after fracture. Analysis of the dynamic of MAPK 

pathway activation in pSSPCs after fracture showed reduced activation of this pathway as cells transition 

from fibrogenic to chondrogenic state. Nf1-mutated pSSPCs exhibit overactivation of the MAPK pathway 

blocking their transition to chondrogenesis and causing their retention in the fibrogenic stage. In addition 

to this impairment of Nf1-mutated pSSPCs, we demonstrated that the fracture environment of Prss56-

Nf1 KO mutant mice affects the differentiation of wild-type pSSPCs, driving them to form fibrosis as well. 

The pro-fibrotic effect of the mutant environment is mediated by Nf1-deficient Schwann cells. We 

identified the pro-fibrotic factor TGFβ as one of the factors involved in the impaired differentiation of wild-

type pSSPCs. Inhibition of TGFβ corrects the pseudarthrosis phenotype in Prss56-Nf1 KO mice. Overall, 

this study unravels the cellular origin of CPT and the mechanisms leading to the lack of bone repair 

following NF1 inactivation in the periosteum. The understanding of the pathological mechanisms of CPT 

opens the way to the development of new specific therapeutic strategies, such as the use of anti-fibrotic 

agents targeting TGFβ. 
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Summary 

Congenital pseudarthrosis of the tibia (CPT) is a severe orthopedic condition marked by spontaneous 

tibial fractures and fibrous non-union. Half of CPT patients are affected by the multisystemic disorder 

Neurofibromatosis type 1 (NF1), due to mutations in the tumor suppressor gene NF1. Here, we uncover 

the cellular origin and pathogenic mechanisms of CPT in parallel analyses of CPT patients and Prss56-

Nf1 KO mice carrying Nf1 gene inactivation in Boundary Cap (BC) cells. We identify NF1 biallelic 

inactivation and pro-fibrotic periosteal skeletal stem/progenitor cells (pSSPCs) in human periosteum. In 

mice, Nf1 loss in BC-derived pSSPCs and Schwann cells (SCs) in periosteum leads to tibial 

pseudarthrosis. This phenotype is due to fibrotic accumulation at the injury site caused by Nf1-deficient 

pSSPCs that adopt a pro-fibrotic fate and Nf1-deficient SCs that induce fibrogenic differentiation of wild-

type pSSPCs. TGFβ inhibition corrects the pseudarthrosis phenotype in mice, suggesting new 

therapeutic strategies targeting pro-fibrotic factors for CPT and other NF1 symptoms.  

Keywords 
periosteum – bone repair – Neurofibromatosis type 1 – Congenital Pseudarthrosis – Schwann cells – 

skeletal stem/progenitor cells 
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Introduction 

 

Congenital pseudarthrosis of the tibia (CPT) is a very severe pediatric bone repair disorder characterized 

by tibial bowing at birth leading to spontaneous fracture and fibrous non-union. Despite progress in 

surgical procedures, CPT treatment remains highly challenging with a significant risk of amputation 

(Pannier, 2011). CPT can be classified as isolated CPT, of unknown etiology, or NF1-related CPT in 

patients also diagnosed with Neurofibromatosis type 1 (NF1). NF1 is one of the most common 

multisystemic genetic disorders that affects 1 in 3000 births. It predisposes patients to a variety of 

symptoms, including benign nerve sheath tumors, called cutaneous and plexiform neurofibromas 

(NFBs), skin hyperpigmentation (Café-au-lait macules, CALMs), learning disabilities, optic pathway 

glioma, and orthopedic manifestations (Gutmann et al., 2017). NF1 is caused by heterozygous 

mutations in the NF1 gene encoding the tumor-suppressor neurofibromin, a negative regulator of RAS 

and the MAPK pathway. However, the cellular origin and spatio-temporal variability of NF1 symptoms 

are poorly understood. NFBs and CALMs have been shown to result from NF1 biallelic inactivation in 

specific cell types, i.e., Schwann cells and melanocytes respectively  (Kluwe et al., 1999; Maertens et 

al., 2006). The cell type(s) affected in other symptoms such as bone lesions are still unknown. Until now, 

most studies on NF1-related bone phenotypes have focused on the impact of Nf1 inactivation in the 

skeletal lineage independent of other NF1 symptoms (de la Croix Ndong et al., 2014; El Khassawna et 

al., 2012; Kamiya et al., 2017; Sharma et al., 2013; Wang et al., 2011). However, other studies in the 

last decade have suggested that NF1 second hit mutations occur in neural crest derivatives during 

development (Le et al., 2011; Wu et al., 2008; Zhu et al., 2002). Recent work by Radomska et al. 

demonstrated that Prss56-expressing boundary cap (BC) cells, a transient cell population of plastic 

neural crest derivatives, are the cellular origin of cutaneous and plexiform NFBs, as well as skin 

hyperpigmentation (Radomska et al., 2019). The common BC origin of NF1 dermatological and 

neurological lesions raises the question of a common cellular origin of all NF1 symptoms, including CPT. 

NF1 biallelic inactivation has been detected in CPT, and clinical studies have reported pathological 

periosteum at pseudarthrosis sites, suggesting its involvement in CPT (Brekelmans et al., 2019; 

Hermanns-Sachweh et al., 2005; Stevenson et al., 2006). The periosteum, the tissue on the outer layer 

of bones, is a major source of skeletal stem/progenitor cells (SSPCs), forming cartilage and bone after 

fracture, as well as a source of immune, endothelial and neural cells for bone repair (Debnath et al., 

2018; Duchamp de Lageneste et al., 2018; Julien et al., 2022; Li et al., 2019; Matthews et al., 2021; 
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Raggatt et al., 2014; van Gastel et al., 2020). In this study, we establish the cellular origin of CPT by the 

combined analysis of bone tissues from CPT patients and the Prss56-Nf1 KO mouse model (Prss56Cre; 

R26tdTom; Nf1fl/fl and Prss56Cre; R26tdTom; Nf1fl/-). Using targeted NF1 gene sequencing and single nuclei 

RNAseq (snRNAseq), we found that CPT is associated with NF1 biallelic inactivation in human 

periosteum and that pathological periosteum contains pro-fibrotic periosteal SSPCs (pSSPCs). Tibial 

fracture in Prss56-Nf1 KO mice induced a pseudarthrosis-like phenotype with absence of bone bridging 

and fibrotic accumulation. We discover that BC-derived Nf1-deficient pSSPCs and Schwann cells (SCs) 

within periosteum contribute together to the pseudarthrosis phenotype. Using single nuclei RNAseq 

analyses of mouse periosteum, we elucidate the role of the MAPK pathway in pSSPCs activation and 

provide the molecular mechanism underlying the fibrotic fate of Nf1-deficient pSSPCs. We show that 

paracrine factors in the Prss56-Nf1 KO fracture environment switch the fate of wild type SSCPs toward 

fibrosis and that Nf1-deficient SCs play a central role in mediating this paracrine effect causing the 

pseudarthrosis phenotype.  Furthermore, we identify the pro-fibrotic factor TGFβ as a driver of fibrotic 

accumulation in Prss56-Nf1 KO mice. BC derivatives are thus at the origin of CPT in NF1, in addition to 

NFBs and skin hyperpigmentation, showing that NF1 symptoms share a common cellular origin and 

common pathogenic mechanisms.  
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Results 

 

Identification of NF1 biallelic inactivation in pathological periosteum of CPT patients 

To investigate the tissue specificity of NF1 biallelic inactivation in CPT, we performed NF1 targeted 

sequencing of tissues from the affected pseudarthrosis (PA) site, the unaffected iliac crest (IC) and blood 

of 17 patients undergoing surgical treatment for CPT (Fig. 1A-B, Table S1).  We detected NF1 biallelic 

inactivation primarly in the periosteum at PA site (13/17 patients, Fig. 1C) and in cultured pSSPCs of 8 

of the 13 patients carrying 2 hits in the periosteum tissue (Fig. 1D). We also identified NF1 biallelic 

inactivation in fibrous tissue (6/17 patients), in bone (6/17), and in bone marrow (4/17) at PA site and in 

skeletal muscle (3/14) and skin (2/14) adjacent to the PA site. NF1 biallelic inactivation was not detected 

in the blood and IC. Interestingly, NF1 biallelic inactivation was detected not only in patients with NF1-

related CPT but also in patients with isolated CPT, suggesting that most CPTs are caused by NF1 loss 

of function (Fig. 1E). In 4/5 patients affected by combined tibia and fibula CPT, the same NF1 second 

hit was present in tibia and fibula, indicating that the second mutational event occurred early during 

embryogenic skeletal patterning (Fig. 1F). Additionally, we found that patients P3, P7 and P15, with 

isolated CPT, harbor an identical second NF1 hit mutation in PA periosteum and in muscle and/or skin 

surrounding the PA site (Fig. 1G). This suggests that the second NF1 hit mutation happened in a non-

skeletal restricted lineage. NF1 loss was associated with overactivation of the MAPK pathway as shown 

by increased pERK signal in periosteum and pSSPCs from PA site, as well as increased proliferation of 

pSSPCs (Fig. 1H-I). Overall, CPT is associated with NF1 biallelic inactivation in the periosteum and 

pSSPCs. Yet, we detected 2 patients without NF1 mutations in PA fibrous tissue although it was found 

in periosteum suggesting the contribution of non-NF1 mutant cells to CPT. 

 

Human periosteal SSPCs at pseudarthrosis site are pro-fibrotic  

To explore the impact of NF1 biallelic inactivation on the periosteum, we compared PA periosteum from 

patients P5 and P13 with IC periosteum from patient P13 using single nuclei RNAseq (snRNAseq) 

analyses (Fig 2A, Fig S1A-C). We identified 5 main cell populations: pericytes/smooth muscle cells 

(SMC), endothelial cells, adipocytes, immune cells, and SSPCs encompassing several subpopulations 

expressing PDGFRA, ADAM12, or osteochondral genes (Fig 2B-C, Fig S1D). The percentage of 

SSPCs, ADAM12+ SSPCs, and osteochondral SSPCs was increased in periosteum from PA site (Fig. 
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2D). In addition, PA periosteum displayed increased fibrogenic, osteogenic and chondrogenic lineage 

score, as well as increased MAPK activation and response to TGFβ compared to IC periosteum, 

revealing the pro-fibrotic phenotype of pSSPCs in PA periosteum (Fig. 2E). We performed RNAseq 

analyses of primary pSSPCs from PA site and IC. We confirmed the fibrotic phenotype of PA pSSPCs 

as they overexpress fibrogenic and MAPK-related genes and are enriched for Gene Ontology related to 

skeletal development and extracellular matrix (Fig. 2F-G). We observed impaired in vitro chondrogenic 

(5/6 patients) and osteogenic differentiation (4/6 patients) of pSSPCs from PA compared to IC pSSPCs 

(Fig. S1E-H). To investigate the impact of NF1-loss of function on the in vivo differentiation potential of 

pSSPCs, we grafted PA- or IC-derived pSSPCs at the fracture site of immunodeficient mice. PA-derived 

pSSPCs switched from a chondrogenic to a fibrogenic fate after fracture as they were detected within 

fibrotic tissue, while IC-derived pSSPCs mostly contributed to callus cartilage. In addition, PA pSSPCs 

increased callus fibrosis compared to IC pSSPCs confirming their pro-fibrotic properties in vivo (Fig. 2H-

I). 

 

Tibial pseudarthrosis in mice lacking Nf1 gene in Prss56-derived boundary cap cells  

To better understand the cellular bases of CPT, we investigated the Prss56-Nf1 KO mouse model. At 3 

months of age, we did not detect differences in cortical porosity and trabecular BV/TV parameters in 

Prss56Cre; R26tdTom; Nf1fl/fl (Prss56-Nf1fl/fl) and Prss56Cre; R26tdTom; Nf1fl/- (Prss56-Nf1fl/-) mutant tibia 

compared to Prss56Cre; R26tdTom; Nf1+/+ (Prss56-Nf1+/+) controls (Fig. S2A-B). After tibial fracture, 

reduced callus and bone volumes were detected in both Prss56-Nf1fl/fl and Prss56-Nf1fl/- mutant mice 

compared to Prss56-Nf1+/+ controls through all stages of repair, as well as delayed cartilage formation 

and resorption (Fig S2 C-D). From day 14 post-fracture, we observed persistence of fibrotic tissue in the 

callus (Fig 3A-B). Absence of bone bridging was striking by one month on microCT scans of Prss56-

Nf1fl/fl and Prss56-Nf1fl/- mutant calluses (Fig 3C). Failed bone healing was marked by the presence of 

unresorbed cartilage and fibrotic tissue, composed of non-cartilaginous extracellular matrix, 

macrophages and blood vessels reminiscent of CPT (Fig 3E-F). Nf1 inactivation in Prss56-derived BC 

cells thus leads to pseudarthrosis. 
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BC-derivatives give rise to pSSPCs and SCs in periosteum contributing to fracture repair and 

callus fibrosis 

To determine the role of BC cells in the pseudarthrosis phenotype, we traced them from developmental 

stages through adulthood in the tibia. TdTom+ Prss56-expressing cells were restricted to BC at 

embryonic stage E12.5 (Fig. S3A). In the tibia, tdTom+ cells were localized in the perichondrium from 

E13.5 and in the cartilage template from E14.5, but no expression of Prss56 was detected (Fig. S3A-

B). These results indicate that tdTom+ traced cells were derived from Prss56-expressing BC cells that 

migrated into the skeletal element. Analysis of single cell RNAseq datasets of the developing hindlimbs 

from Kelly et al. confirmed the absence of Prss56 expression in limb mesenchyme during development 

(Fig. S3C-E). In adult bone, lineage tracing showed that tdTom+ BC-derived cells represent a rare 

population of cells in uninjured tibia found predominantly within the periosteum. TdTom+ cells 

correspond to a population of PDGFRA+ pSSPCs and a population of SOX10+ Schwann cells (SCs, 

Fig. 4A). An increased number of tdTom+ was observed in the periosteum of Prss56-Nf1fl/fl mutant mice 

compared to controls, with equivalent proportions of pSSPCs and Schwann cells (Fig. 4B). We 

confirmed that the periosteum is only source of tdTom+ cells involved in the pseudarthrosis phenotype. 

Analyses of the other sources of cells contributing to bone repair showed that the bone marrow did not 

contain tdTom+ cells and tdTom+ SSPCs from the skeletal muscle did not contribute to callus formation 

(Fig. S4). In the fracture callus 14 days post-injury, Prss56-derived tdTom+ cells were detected in the 

cartilage and bone of Prss56-Nf1+/+ control mice but their contribution to cartilage decreased in Prss56-

Nf1fl/fl mice (Fig. 4C-D). Instead, tdTom+ cells were localized in fibrotic tissue of Prss56-Nf1fl/fl calluses 

and corresponded to PDGFRA+ fibrogenic cells and SOX10+ SCs (Fig. 4E). TdTom+ SCs in callus 

fibrosis exhibit a repair Schwann cell phenotype as they are positive for the stemness marker SOX2, 

are negative for the differentiation marker Myelin Basic Protein (MBP) and are not along TH+ nerves 

(Fig. 4E). By 28 days post-fracture, the newly formed periosteum was enriched in tdTom+ cells in 

Prss56-Nf1fl/fl mice (Fig 4F). 

 

Nf1-deficient periosteal SSPCs fail to transition from fibrogenic to chondrogenic state  

To functionally assess the impact of Nf1 inactivation on periosteal cell fate, we grafted periosteum or 

cultured pSSPCs from Prss56-Nf1fl/fl mutant or Prss56-Nf1+/+ control mice at the fracture site of wild-

type hosts (Fig. 5A). We observed a reduced contribution to cartilage of mutant tdTom+ periosteum-
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derived cells or pSSPCs. These tdTom+ mutant cells were present in callus fibrosis, indicating an 

impaired fate of Nf1-deficient pSSPCs following fracture (Fig. 5A, Fig. S5A-E). To characterize the 

molecular mechanisms controlling periosteal cell fate impairment, we generated snRNAseq datasets 

from uninjured periosteum, and periosteum and hematoma at days 5 and 7 post-fracture (Fig 5B, Fig 

S6A). In the integrated dataset, we identified 10 cell populations: endothelial cells, pericytes/smooth 

muscle cells (SMC), Schwann cells, SSPCs, osteoblasts, fibrogenic cells, chondrocytes, adipocytes, 

osteoclasts and immune cells (Fig. S6B-D). Pseudotime analyses of the subset of SSPCs, fibrogenic 

cells, osteoblasts and chondrocytes revealed the pattern of pSSPC activation in 4 successive phases : 

(i) stem/progenitor phase marked by the expression of stemness markers (Ly6a, Cd34), predominant in 

uninjured dataset, (ii) immune response marked by the expression of inflammatory related-genes (Cxcl5, 

Il33), (iii) fibrogenic stage marked by active expression of extracellular matrix proteins (Postn, Aspn), 

predominant at 5 days post-fracture and (iv) a bifurcation between osteogenesis and chondrogenesis, 

predominant at day 7 post-fracture (Fig. 5C-D, Fig. S6E-F). Since Nf1 is a master regulator of MAPK 

pathway, we assessed the MAPK pathway activation using a lineage score based on the expression of 

MAPK target and related genes. We observed that MAPK score increased between uninjured 

periosteum and day 5 post-fracture, before decreasing at day 7 (Fig. 5E).  Along pseudotime, we 

observed an increase of MAPK score between SSPC stage and fibrogenic stage, followed by a decrease 

when cells engage into osteochondral lineages. In details, MAPK score was reduced in cells with high 

chondrogenic lineage score and Acan expression, but remained constant in cells with high osteogenic 

lineage score (Fig. 5F). This suggests that pSSPCs specifically downregulate the activation of MAPK 

pathway to transition from the fibrogenic stage to the chondrogenic stage. SOX9 and phosphoERK 

(pERK) co-immunostaining in day 7 post-fracture wild-type calluses confirmed a negative correlation 

between SOX9 and pERK signals (Fig 5G). Analyses of SOX9 and pERK signal in tdTom+ cells showed 

higher pERK signal and reduced SOX9 expression in Prss56-Nf1fl/fl compared to Prss56-Nf1+/+ calluses. 

Negative correlation between pERK and SOX9 signal was observed in Prss56-Nf1+/+ calluses while 

Prss56-Nf1fl/fl cells only exhibited high pERK and low SOX9 signals (Fig 5H). Overall, Nf1-deficient 

pSSPCs fail to downregulate MAPK activation preventing them from transitioning from the fibrogenic 

and the chondrogenic stage required for callus formation. 
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Nf1-deficient Schwann cells drive fibrosis accumulation and pseudarthrosis 

Since the fibrotic tissue at pseudarthrosis site is mainly composed of non-Prss56-derived cells, we 

explored the role of environmental factors influencing SSPC fate after fracture. We transplanted sorted 

wild-type GFP+ pSSPCs from Prx1Cre; R26mTmG mice at the fracture site of Prss56-Nf1fl/fl or Prss56-

Nf1+/+ hosts.  GFP+ cells formed cartilage in the control Prss56-Nf1+/+ environment and fibrosis in the 

mutant Prss56-Nf1fl/fl environment 14 days post-fracture, showing the influence of the mutant callus 

environment on pSSPC fate (Fig. 6A). We generated snRNAseq datasets of day 7 post-fracture 

periosteum and hematoma of Prss56-Nf1fl/fl mice and integrated with day 7 dataset Prss56-Nf1+/+ mice 

from Fig. 5 (Fig. 6B). Integrated datasets identified 8 cell populations composed of non-traced cells: 

endothelial cells, pericytes/SMC, SSPCs, osteoblasts, fibrogenic cells, chondrocytes, osteoclasts and 

immune cells (Fig S7A-E). We focused our analysis on the subset of pSSPCs, fibrogenic cells, 

osteoblasts and chondrocytes and observed a reduced percentage of cells in chondrogenic clusters and 

increased percentage of cells in fibrogenic clusters in Prss56-Nf1fl/fl compared to Prss56-Nf1+/+ dataset 

(Fig. 6C-D). Thus, the mutant environment affects chondrogenic differentiation of wild-type pSSPCs and 

promotes accumulation of fibrogenic cells. To identify the cell type responsible for this deleterious effect 

in the mutant environment, we first investigated the role of Nf1-deficient pSSPCs. Transplanted pSSPCs 

from Prss56-Nf1fl/fl mice induced callus fibrosis in wild-type hosts 14 days post-fracture compared to 

Prss56-Nf1+/+ pSSPCs. By 28 days post-fracture, the fibrosis was resorbed and bone bridging was 

apparent indicating that Nf1-deficient pSSPCs alone did not cause pseudarthrosis (Fig. S5F-G). Hence, 

we considered Nf1-deficient SCs, the other BC-derivatives localized within periosteum. Transplantation 

at the fracture site of wild-type hosts of SCs isolated from Prss56-Nf1fl/fl mice induced pseudarthrosis as 

displayed by the absence of bone bridging at 28 days and fibrous accumulation at both 14- and 28-days 

post-fracture (Fig. 6E). Nf1-deficient SCs are therefore the main source of paracrine factors switching 

wild-type SSPC fate in the pseudarthrosis phenotype.  

 

Fibrotic fate of periosteal SSPCs is mediated by TGFβ signaling 

To identify the pro-fibrotic factors in the mutant environment, we proceeded with in depth analyses of 

pSSPCs in our snRNAseq datasets. We focused on cluster 6 that corresponds to cells transitioning from 

the fibrogenic to the chondrogenic stage, marked by an increasing chondrogenic lineage score and 

expression of specific genes such as Col12a1 and Itga11 (Fig. 7A-C). Gene Ontology (GO) analyses 
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showed upregulation of GO linked to calcium transport, cellular process and migration specifically in 

Prss56-Nf1+/+ cells and GO linked to proliferation specifically in Prss56-Nf1fl/fl cells (Fig. 7C). GO related 

to the profibrotic factor TGFβ was upregulated specifically in cluster 6 of Prss56-Nf1fl/fl dataset, 

suggesting TGFβ as a paracrine factor affecting the fate of pSSPCs (Fig. 7D-E, Fig S7F). We observed 

increased Tgfb1 expression and percentage of phospho-SMAD2 (TGFβ downstream effector) positive 

cells in day 7 Prss56-Nf1fl/fl calluses compared to Prss56-Nf1+/+ (Fig. 7F-G). To test functionally the role 

of TGFβ, we inhibited TGFβ signaling by IP injection of TGFβ blocking antibody in Prss56-Nf1fl/fl mice at 

days 5, 8 and 11 post-fracture. Mice treated with TGFβ blocking antibody exhibited bone bridging and 

improved union score, as well as reduced fibrosis accumulation at day 28 post-fracture (Fig 7H), 

indicating that TGFβ is a key paracrine factor involved in the pseudarthrosis phenotype. 
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Discussion  

 

In this study, we uncover the cellular origin of CPT in parallel analyses of CPT patients and Prss56-Nf1 

KO mice. We identified NF1 biallelic inactivation in human pathological periosteum, and specifically in 

periosteal SSPCs that exhibit a pro-fibrotic phenotype. These findings correlate with the localization of 

BC-derived Nf1-deficient pSSPCs in the periosteum of Prss56-Nf1 KO mice. Functionally, both human 

and murine NF1-deficient pSSPCs contribute to fibrous tissue in CPT due to a fate switch from 

chondrogenesis to fibrogenesis after fracture. Using snRNAseq, we described the temporal dynamics 

of the MAPK pathway during pSSPC activation and differentiation. The MAPK pathway is first up-

regulated in pSSPCs that transition from a stem / progenitor stage to fibrogenesis in response to bone 

injury and is then down-regulated during the transition from fibrogenesis to chondrogenesis. These 

results provide the molecular mechanism explaining the retention of Nf1-deficient pSSPC in the 

fibrogenic stage as they fail to downregulate MAPK signaling due to the loss of neurofibromin inhibitory 

action. Fibrogenic pSSPCs in the center of the callus then interfere with the endochondral ossification 

process and prevent fracture consolidation. The results may have a larger impact in understanding other 

bone repair disorders, associated with periosteum defect and callus fibrosis, and that may share similar 

mechanisms with CPT. 

 

Most surprisingly, our results highlight the role of SCs, a neural cell type, in promoting callus fibrosis in 

CPT.  Data from CPT patients and Prss56-Nf1 KO mice support that Nf1-deficient pSSPCs are not the 

only cell type involved in CPT. Indeed, in 3 patients, we identified NF1 loss in periosteum but not in 

pSSPCs.  In Prss56-Nf1 KO mice, we detected Nf1-deficient SCs in the periosteum and the fibrous 

tissue. These Nf1-deficient SCs cause pseudarthrosis and are the major source of deleterious paracrine 

factors driving wild type pSSPCs toward fibrosis. Thus, both wild type and Nf1-deficient pSSPCs 

together contribute to fibrotic accumulation. The involvement of non-mutated cells in CPT is confirmed 

in 2 patients where NF1 loss was identified in pathological periosteum but not in fibrous tissue. SCs in 

the fibrotic tissue of Prss56-Nf1 KO mice exhibit a repair SC phenotype. Previous studies showed that 

the MAPK pathway regulates the transition from SCs to repair SCs suggesting that Nf1-deficient SCs 

are blocked as repair SCs and maintain the secretion of pro-fibrotic factors in CPT (Cervellini et al., 

2018; Harrisingh et al., 2004; Napoli et al., 2012). We identified the profibrotic factor TGFβ1 as a critical 

driver of fibrotic accumulation in CPT and inhibiting TGFβ led to improved healing in Prss56-Nf1 KO 
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mice. This paves the way for the use of anti-fibrotic treatment such as TGFβ inhibitors, for CPT. This 

study also provides the first evidence that SCs can impair non-nervous peripheral tissue repair. Previous 

studies reported the key paracrine role of SCs in skin and digit tip regeneration, but the role of SCs in 

bone repair remains elusive and further studies are needed to understand the role of SC in adult tissue 

regeneration (Johnston et al., 2016, 2013; Parfejevs et al., 2018).  

 

The involvement of both pSSPCs and SCs in CPT suggests new mechanisms for NF1 bone 

manifestations. CPT and other NF1 bone phenotypes have been investigated independent of other NF1 

symptoms, presumably since the cell types involved have distinct embryonic origins. SCs and 

melanocytes, responsible for NFBs and CALMs, are neural-crest derived, while axial and appendicular 

bones are derived from the mesoderm. Our genetic analysis of the NF1 mutational landscape in CPT 

revealed that NF1 2nd hit mutation occurs early during embryonic development and is not restricted to 

the skeletal lineage. We identified boundary caps (BCs) as a source of neural crest-derived cells in long 

bones and as the cellular origin of CPT. BC give rise to both pSSPCs and SCs causing the CPT 

phenotype. CPT thus shares a common cellular origin with NF1 neurodermatological features and 

particularly NFBs that are due to NF1 loss in BCs and their derivatives in peripheral nerves (Radomska 

et al., 2019). The Prss56-Nf1 KO model carrying Nf1 inactivation in BCs is the first relevant model to 

faithfully recapitulate NF1 features, suggesting that several if not all NF1 symptoms may be due to loss 

of Nf1 in BC-derivatives. The presence of other bone phenotypes in this model, including spine 

deformities or cranial abnormalities, remains to be determined. In addition, to sharing a common cellular 

origin, we further show that NFBs and CPTs share common pathogenic mechanisms. In NFBs, SCs 

secrete profibrotic factors, including TGFβ and SCF, to promote fibroblast accumulation and proliferation 

involved in tumor progression (Badache et al., 1998; Mashour et al., 2001; Patmore et al., 2012). Nf1-

deficient SCs exert a similar pro-fibrotic role during bone repair causing CPT. NF1 pathology is also 

characterized by a heterogeneity of symptoms and variability in their severity, which could be partly 

explained by location and timing of NF1 mutations in BC cells. Overall, this study calls from a more 

integrated analysis of NF1 features and suggests the use of common therapeutical approaches such as 

anti-fibrotic agents to treat NF1 manifestations.  
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Data availability 

All RNAseq and single nuclei RNAseq datasets will be deposited in the Gene Expression Omnibus 

(GEO) at time of submission. 

Acknowledgements 

This work was supported by Association Neurofibromatoses et Recklinghausen to C.C and B.P., 

Osteosynthesis and Trauma Care Foundation to C.C. and St.P., ANR-18-CE14-0033 and ANR-21-

CE18-007-01 to C.C, P.T. and B.P., and NIAMS R01 AR072707 to C. C. and Ted Miclau. S. Perrin and 

O. Duchamp de Lageneste were supported by a PhD fellowship from Paris Cité University.  

We thank A. Henry, A. Guigan and O. Pellé from the Flow Cytometry platforms of IMRB and Imagine 

Institute, L. Slimani and K. Henri from Life Imaging Facility of Paris Cité University (Plateforme Imagerie 

du Vivant “Micro-CT platform”), all the staff from the Imagine genomic core facility at Imagine Institute 

and N. Cagnard from Bioinformatics Platform at Imagine Institute for advice and technical assistance. 

We thank A. Julien, C.-A. Wotawa, F. Coulpier, S. Berger, E. Tacu, E. Paniel and M. Mansour for 

technical assistance or advice.  

 

Competing interests 

Authors declare no competing interests. 

  



 154 

Figures and legends 

 

Figure 1: Congenital pseudarthrosis of the tibia is linked to NF1 biallelic inactivation in human 

periosteum. 

A. X-ray of the pseudarthrosis of the tibia and the fibula of patient P15 (white arrows). B. Experimental 

design. DNA was extracted from tissues or periosteal SSPCs (pSSPCs) collected at the pseudarthrosis 

(PA) site, the iliac crest (IC) and from blood of CPT patients undergoing surgery, and NF1 targeted 

sequencing was performed. C. NF1 genotyping of tissues from 17 CPT patients shows the absence of 

NF1 biallelic inactivation in blood and IC and the presence of NF1 biallelic inactivation in the periosteum 

at PA site in 13/17 patients. NF1 biallelic inactivation in detected in 6/14 patients in the fibrous tissue 

and bone, in 4/17 in the bone marrow, in 3/17 in the muscle and in 2/17 in the skin from the PA site.  D. 

NF1 genotyping of periosteum and SSPCs from PA site shows the presence of NF1 biallelic inactivation 

in pSSPCs from PA site in 8/13 patients. E. Number of patients with NF1-related CPT and isolated CPT 

carrying NF1 biallelic inactivation. F. NF1 sequencing of 5 patients with combined tibia and fibula 

pseudarthrosis. The presence of the same second NF1 hit mutation in the tibia and fibula PA is detected 

in 4/5 patients. *Imbalance in informative SNP rs146315101 suggests a cnLOH. **cnLOH was 

determined using informative SNPs. G. NF1 sequencing of patients P3, P7 and P15 shows the presence 

of the same 2nd NF1 point mutation in the periosteum, muscle and skin at the PA site in patients P3 and 

P7 and in periosteum and muscle in patient P15. H. phospho-ERK (pERK) immunofluorescence on 

periosteum sections shows an increased number of pERK+ cells in the periosteum from PA site 

compared to the periosteum from IC (white arrows). Quantification of the percentage of pERK+ cells in 

the periosteum from PA and IC (n=4 per group). I. Increased MAPK pathway activation in pSSPCs from 

PA site compared to pSSPCs from IC measured by the ratio of pERK/ERK on Western Blot (n=6 per 

group, each symbol represents a patient from Fig. S1G). H. Increased in vitro proliferation of PA pSSPCs 

compared to IC pSSPCs. (n=6 per group). p-value: * p < 0.05. NS: not sampled, cnLOH: copy neutral 

loss of heterozygosity, BM: Bone marrow, Spongy b.: spongy bone, Fibrous t.: fibrous tissue, WT: wild-

type. Scale bar: 50µm. 
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Figure 2:  Human pathological periosteum contains pro-fibrotic SSPCs  

A. Experimental design. Nuclei were extracted from periosteum of PA site or IC, sorted and processed 

for single-nuclei RNAseq. The datasets were integrated for analyses. B. UMAP projection of color-coded 

clustering (top) and sampling (bottom) of the integration of the datasets of IC periosteum from P13 (IC-

P13, green), PA periosteum from P13 (PA-P13, blue) and PA periosteum from P5 (PA-P5, orange). C. 

Feature plots of the SSPC lineage score and the expression of ADAM12, PDGFRA, ACAN and RUNX2. 

D. Percentage of the cells per dataset in SSPC populations, ADAM12+ SSPCs, PDGFRA+ SSPCs, and 

osteochondral SSPCs. E. Violin plots of the fibrogenic, osteogenic, chondrogenic, cellular response to 

TGFβ and MAPK activation lineage score per dataset. F. Venn diagram and list of genes upregulated 

in PA pSSPCs (left) and IC pSSPCs (right) in only patient P3 (blue), only patient P7 (red) and both 

patients (purple). G. Gene ontology of the upregulated genes in pSSPCs from IC (left) and PA site (right) 

of patients P3 and P7.H. Experimental design: PA or IC pSSPCs from patients P3 and P4 were 

transplanted at the fracture site of immunodeficient mice. Volume of fibrosis in day 14 post-fracture 

callus of immunodeficient mice grafted with human pSSPCs from IC and PA, showing increased fibrosis 

in the callus of mice grafted with PA cells (n=7-8 per group).  

I. Representative callus section stained with Picrosirius (PS). High magnification of cartilage stained in 

Safranin’O and fibrosis stained in PS and immunofluorescence of the human KU80 protein at day 14 

post-fracture showing that IC pSSPC-derived cells are located mostly in cartilage while PA pSSPC-

derived cells are located in fibrosis (white arrow). VAF: variant allele frequency, WT: wild-type, cnLOH: 

copy neutral loss of heterozygosity, point mut.: point mutation, cal: callus, fib: fibrosis, cart: cartilage. p-

value: * p < 0.05, ** p < 0.01. Scale bars: Low magnification: 1mm. High magnification: 100µm. 
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Figure 3: Tibial pseudarthrosis in Prss56-Nf1 KO mice 

A. Experimental design of tibial fracture in Prss56Cre; R26tdTom; Nf1+/+ (Prss56-Nf1+/+) control, Prss56Cre; 

R26tdTom; Nf1fl/fl (Prss56-Nf1fl/fl) and Prss56Cre; R26tdTom; Nf1fl/- (Prss56-Nf1fl/-) mutant mice. B. 

Histomorphometric quantification of the volume of callus fibrosis at days 7, 14, 21 and 28 post-fracture 

in Prss56-Nf1+/+, Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice (n=5-6 per group). C. Representative microCT 

images of callus from Prss56-Nf1+/+, Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice at 28 days post-fracture, 

showing absence of bone bridging in Prss56-Nf1fl/fl and Prss56-Nf1fl/- mutant mice (white arrows). D. 

Top, representatives callus sections of Prss56-Nf1+/+, Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice at 28 days 

post-fracture stained with Picrosirius (PS). Bottom, high magnification of callus periphery showing bone 

bridging (box 1, black arrows) in Prss56-Nf1+/+ control mice, and presence of fibrosis (box 2 and 4) and 

unresorbed cartilage (stained with Safranin’O, box 3) in Prss56-Nf1fl/fl and Prss56-Nf1fl/- mutant mice. E. 

Percentage of calluses from Prss56-Nf1+/+, Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice showing bone union 

(white), semi-union (grey) or non-union (black) on microCT scan at day 28 post-fracture (n=6 per group). 

F. Immunofluorescence on fibrotic callus tissue at day 28 post-fracture in Prss56-Nf1fl/fl mice showing 

expression of the extracellular matrix proteins periostin (POSTN), but not Collagen II (COL2), Collagen 

X (COLX), expression of the immune marker CD68 and the endothelial marker PECAM1 but no 

expression of the nerve marker TH (n=3). cal: callus, b: bone, bm: bone marrow, fib: fibrosis, cart: 

cartilage. p-value: * p < 0.05, ** p < 0.01. Scale bars: Panel C: 1mm, Panel D: low magnification: 1mm, 

high magnification: 100µm. Panel F: 50µm. 
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Figure 4: Boundary cap-derived periosteal SSPCs and SCs are traced in adult periosteum and 

callus fibrosis  

A. Longitudinal sections of uninjured tibia of 3-month-old Prss56-Nf1+/+ mice stained with Hematoxylin-

Eosin showing the periosteum (po) and immunofluorescence on adjacent sections showing tdTom+ 

periosteal skeletal stem/progenitor cells (pSSPCs) expressing PDGFRα and tdTom+ Schwann cells 

(SCs) expressing SOX10 along TH+ nerves within the periosteum (orange box: transverse imaging). B. 

Percentage of total tdTom+ cells and of pSSPCs (PDGFRα+) and SCs (p75-NTR+) in the tdTom+ 

population in uninjured periosteum of Prss56-Nf1+/+ and Prss56-Nf1fl/fl mice determined by flow 

cytometry (n=5 per group). C. Lineage tracing of Prss56-expressing Boundary Cap (BC)-derived tdTom+ 

cells (white arrows) in callus cartilage (labelled by SOX9), bone (labelled by OSX) and fibrosis (labelled 

by POSTN) of Prss56-Nf1+/+ and Prss56-Nf1fl/fl mice 14 days after fracture. D. Quantification of tdTom+ 

signal in callus, cartilage, bone and fibrosis of Prss56-Nf1+/+ and Prss56-Nf1fl/fl mice 14- and 28-days 

post-fracture (n=5 per group). E. Immunofluorescence on callus sections of Prss56-Nf1fl/fl mice day 14 

post-fracture shows the presence of PDGFRα+ fibroblasts and SOX10+ SCs in fibrotic tissue. SCs are 

expressing SOX2 but not Myelin Basic Protein (MBP) and are not located along TH+ nerves. F. Lineage 

tracing of Prss56-derived tdTom+ cells in the new periosteum of day 28 post-fracture calluses in Prss56-

Nf1+/+ and Prss56-Nf1fl/fl mice showing an increased number of tdTom+ cells in Prss56-Nf1fl/fl mutant.  

Percentage of tdTom+ cells and of PDGFRα+ pSSPCs in the tdTom+ population in digested periosteum 

28 days post-fracture of Prss56-Nf1+/+ and Prss56-Nf1fl/fl mice determined by flow cytometry (n=4-6 per 

group). po: periosteum, b: bone, fib: fibrosis, cart: cartilage. p-value: * p < 0.05, ** p < 0.01, *** p < 0.001. 

Scale bars: Panel A: 50µm. Panel B: 25µm. Panel F: Low magnification: 1mm. High magnification: 

25µm. Panel H: 10µm. Panel I: 50µm. 
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Figure 5: Fibrogenic fate of Nf1-deficient periosteal cells during bone repair  

A. Left: Experimental design. Periosteum or cultured tdTom+ periosteal skeletal stem/progenitor cells 

(pSSPCs) were isolated from Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice and transplanted at the fracture site of 

wild-type hosts. Middle: Representative images of the contribution of grafted tdTom+ cells (white arrows) 

showing that cells from Prss56-Nf1+/+ mice are detected in cartilage (labelled by SOX9) and cells from 

Prss56-Nf1fl/fl mice are detected in fibrosis (labelled by POSTN). Right: Percentage of grafted tdTom+ 

cells in cartilage and fibrosis (n=5 per group). B.  Experimental design of single nuclei RNAseq 

(snRNAseq) experiment. Nuclei were isolated from uninjured periosteum, or periosteum and hematoma 

at day 5 and 7 post-fracture of wild type mice, sorted and processed for snRNAseq. C. UMAP projection 

of color-coded clustering and monocle pseudotime trajectory of the subset of SSPCs, fibrogenic cells, 

osteoblasts and chondrocytes from integrated uninjured, day 5 and day 7 post-fracture samples. The 

four populations are delimited by black dashed lines.  D. Violin plots of SSPC, fibrogenic and 

chondrogenic lineage scores in uninjured (uninj.), day 5 and day 7 post-fracture datasets. E. Violin plot 

of the MAPK score in uninjured, day 5 and day 7 post-fracture datasets. F. Scatter plots of MAPK score 

along pseudotime, chondrogenic lineage score, Acan expression, fibrogenic and osteogenic lineage 

scores. G. Immunofluorescence of SOX9 and phospho-ERK (pERK) in day 7 post-fracture callus section 

of wild type (WT) mice. Quantification of SOX9 and pERK signal per cell show negative correlation 

between pERK and SOX9 signals (red line) (n = 397 cells from 8 callus sections of 4 mice). H. Left: 

Quantification of SOX9 and pERK fluorescent signal per tdTom+ cells in day 7 post-fracture callus of 

Prss56-Nf1+/+ and Prss56-Nf1fl/fl mice. Right: Correlation analysis of pERK and SOX9 signals in tdTom+ 

cells in Prss56-Nf1+/+ (top) and Prss56-Nf1fl/fl (bottom) mice (n = 209 to 238 cells from 9 sections of 3 

mice per group). cart: cartilage, fib: fibrosis. Scale bars: Panel B: Low magnification: 1mm, High 

magnification: 100µm. Panel I: Low magnification: 150µm, High magnification: 25µm. 
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Figure 6: Pro-fibrotic effect of the fracture environment and Nf1-deficient Schwann cells in 

Prss56-Nf1 KO mice 

A. Left: Experimental design. Cultured GFP+ pSSPCs were isolated from Prx1Cre; R26mTmG mice and 

transplanted at the fracture site of Prss56-Nf1+/+ control or Prss56-Nf1fl/fl mutant hosts. Middle: 

Representative images of the contribution of GFP+ pSSPCs to cartilage (labelled by SOX9) in Prss56-

Nf1+/+ hosts and to fibrosis (labelled by POSTN) in Prss56-Nf1 fl/fl hosts. Right: Percentage of the 

contribution of grafted GFP+ pSSPCs to cartilage and fibrosis in Prss56-Nf1+/+ and Prss56-Nf1 fl/fl hosts 

(n=4 per group). B. Experimental design. Nuclei were isolated from the periosteum and hematoma at 

day 7 post-fracture of Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice, sorted and processed for snRNAseq. Both 

datasets were integrated for analysis. C. UMAP projection of color-coded clustering of the subset of 

SSPCs, fibrogenic, chondrogenic and osteogenic cells from the integration of day 7 post-fracture 

Prss56-Nf1+/+ and Prss56-Nf1fl/fl datasets. Lineage score of the 4 populations. D. UMAP projection of 

color-coded sampling of the subset of SSPCs, fibrogenic, chondrogenic and osteogenic cells from the 

integration of day 7 post-fracture Prss56-Nf1+/+ and Prss56-Nf1fl/fl datasets. Violon plot of the lineage 

score of chondrogenic and fibrogenic score per dataset. Percentage of cells per cluster in Prss56-Nf1+/+ 

and Prss56-Nf1fl/fl datasets. E. Top: Experimental design. tdTom+ Schwann cells (SCs) were isolated 

from Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice and transplanted at the fracture site of a wild type hosts. Middle:  

Representative microCT images of 28 days post-fracture calluses of wild type mice grafted with tdTom+ 

SCs from Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice, showing absence of bridging in mice grafted with Nf1-

deficient SCs (white arrow). Bottom: percentage of day 28 post-fracture calluses showing union (white), 

semi-union (grey) or non-union (black) on microCT scan. Histomorphometric quantification of the volume 

of callus fibrosis at 14- and 28-days post-fracture (n=4-5 per group). cart: cartilage, fib: fibrosis. p-value: 

* p < 0.05, ** p < 0.01. Scale bars: Panel A: 100µm. Panel E: 1mm. 

  



 165 

 

 

  



 166 

Figure 7: TGFβ mediates the pro-fibrotic effect of the fracture environment in Prss56-Nf1 KO 

mice 

A. Left: UMAP projection of monocle pseudotime trajectory of the subset of SSPCs, fibrogenic, 

chondrogenic and osteogenic cells from the integration of day 7 post-fracture Prss56-Nf1+/+ and Prss56-

Nf1fl/fl datasets. Right: UMAP projection of the integrated datasets with cluster 6 labelled in red. B. 

Scatter plot of the chondrogenic score along pseudotime. Cells from cluster 6 are in red and are located 

at the beginning of the chondrogenic differentiation. C. Violin plots of Col12a1 and Itga11 expression. 

D. Top: Gene Ontology of upregulated genes in cluster 6 of Prss56-Nf1+/+ and Prss56-Nf1fl/fl datasets. 

Bottom: Gene Ontology of upregulated genes in cluster 6 of Prss56-Nf1fl/fl dataset in “Signaling 

pathways” category. E. TGFβ score in cluster 6 from Prss56-Nf1+/+ and Prss56-Nf1fl/fl datasets. F. 

Relative expression of Tgfb1 in day 7 post-fracture callus of Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice (n=5 

per group). G. Percentage of phospho-SMAD2 positive (pSMAD2+) cells in the day 7 post-fracture callus 

of Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice (n=4 per group). H. Left: Experimental design. Prss56-Nf1fl/fl mice 

were treated with blocking TGFβ antibody or IgG1control isotype at day 5, 8 and 11 post-fracture. 

Representative microCT images of callus of Prss56-Nf1fl/fl mice treated with TGFβ blocking antibody or 

IgG1 isotype control at 28 days post-fracture, showing absence of bridging in mice grafted with Nf1-

deficient Schwann cells (white arrows). Right: Histomorphometric quantification of the volume of callus 

fibrosis of Prss56-Nf1fl/fl mice treated with blocking TGFβ antibody or IgG1 isotype control at 28 days 

post-fracture. (n=4 per group). Scale bars: Panel G: 50µm, Panel I: 1mm. 
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Figure S1:  Analyses of human pathological periosteum and PA pSSPCs (related to Figure 1 and 

2). 

A. Experimental design. Nuclei were extracted from periosteum of IC of P13 and PA site of P13 and 

P15, sorted and processed for snRNAseq. B. Sorting strategy of nuclei stained with Sytox-7AAD for 

snRNAseq. Sorted nuclei are delimited by a red box. C. Violin plots of the UMI counts, detected genes, 

percentage of mitochondrial and ribosomal genes in each snRNAseq dataset. UMAP projection of the 

three datasets independently. Cell populations are delimited by dashed lines. D. Feature plots of the 

lineage score of pericytes / smooth muscle cells (SMC), endothelial cells, immune cells and adipocytes 

in the integrated datasets. E. Experimental design. Periosteum collected at the pseudarthrosis (PA) site 

or iliac crest (IC) was cultured to isolate periosteal skeletal stem/progenitor cells (pSSPCs), for NF1 

genotyping, in vitro proliferation and differentiation. F. Flow cytometry analyses of cultured pSSPCs from 

PA site and IC, showing that they express mesenchymal markers (CD73, CD105) but not immune and 

endothelial markers (CD14, CD31, CD45). Samples are in red and Fluorescent Minus One (FMO) 

controls are in blue. G. NF1 sequencing of pSSPCs from IC and PA site of patients P3, P4, P7, P9, P11 

and P13, used for in vitro characterization. (n=6 per group). H. Chondrogenic, osteogenic and 

adipogenic differentiation of pSSPCs from PA and IC. Relative expression of Sox9, Runx2, and Pparg 

by in vitro differentiated pSSPCs from IC and PA into the chondrogenic, osteogenic and adipogenic 

lineage respectively. (n=6 per group).  VAF: variant allele frequency, WT: wild-type, cnLOH: copy neutral 

loss of heterozygosity. p-value: ** p < 0.01. 
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Figure S2: Bone and bone repair phenotype of Prss56-Nf1 KO mice (related to Figure 3) 

A. Cortical porosity and bone volume/total volume (BV/TV) of trabecular bone of uninjured tibia from 3 

month-Prss56-Nf1+/+, Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice (n = 5-7 per group). 

B. Representative longitudinal and transverse microCT images of uninjured tibia from 3 month-Prss56-

Nf1+/+, Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice. n.s.: non-significant. Scale bar: 500µm. C. Representatives 

callus sections of Prss56-Nf1+/+, Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice at 28 days post-fracture stained 

with Safrarnin’O (SO). D. Histomorphometric quantification of the volume of callus, cartilage, and bone 

at days 7, 14, 21 and 28 post-fracture of Prss56-Nf1+/+, Prss56-Nf1fl/fl and Prss56-Nf1fl/- mice. (n=5-6 per 

group). 
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Figure S3: Absence of Prss56 expression in tibia during bone development (related to Figure 4)  

A. RNAscope experiments using tdTom and Prss56 probes on boundary cap and tibia sections from 

E12.5, E13.5 and E14.5 Prss56-Nf1+/+ embryos. tdTom+ cells are detected within the perichondrium (p) 

from E13.5 and the cartilaginous matrix (cart) from E14.5 (white arrowheads). B. Number of tdTom and 

Prss56 expressing cells per tibia sections of E12.5, E13.5 and E14.5 Prss56-Nf1+/+ embryos (n=5-6 

embryos per group). C. UMAP projection of integrated scRNAseq datasets from digested hindlimbs at 

E11.5, E13.5, E15.5 and E18.5 from (Kelly et al., 2020) D. Dot plot of genes identifying endothelial cells 

(Pecam1, Cdh5), myogenic cells (Myog, Tnnt1), pericytes (Acta2, Rgs5), chondrogenic cells (Col2a1, 

Acan), mesenchymal cells (Prrx1, Prrx2), skin cells (Krt14, Epcam), and immune cells (Lyz2, Ptprc). E. 

Feature plot of Prss56 gene expression. 
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Figure S4: The periosteum is the only source of Prss56-derived SSPCs and Schwann cells for 

bone healing. (related to Figure 4) 

A. Experimental design. Periosteum, bone marrow, and skeletal muscle were collected from Prss56-

Nf1+/+and Prss56-Nf1fl/fl mice and digested for flow cytometry analysis. B. Percentage of tdTom+ cells in 

periosteum (Po), skeletal muscle (Mu) and bone marrow (BM) from Prss56-Nf1+/+and Prss56-Nf1fl/fl mice 

(n=5-7 per group). C. Flow cytometry analysis of tdTom+ cells isolated from periosteum, bone marrow 

and skeletal muscle of Prss56-Nf1+/+and Prss56-Nf1fl/fl mice showing the presence of tdTom+ Lin- 

(CD11b-, CD31-, CD45-) SSPCs in the periosteum and skeletal muscle and tdTom+ Lin- Schwann cells 

(SC) in the periosteum. (n=5-7 per group). D. Experimental design. EDL muscles or periosteum were 

collected from Prss56-Nf1+/+and Prss56-Nf1fl/fl mice and grafted at the fracture site of a wild-type host. E. 

Volume of tdTom signal in the callus of wild-type host at 14 days post-fracture and periosteum (Po) or 

skeletal muscle (Mu) graft isolated from Prss56-Nf1+/+or Prss56-Nf1fl/fl mice. F. Representative 

Safranin’O (SO) staining of transverse callus section at day 14 post-fracture and EDL muscle graft from 

Prss56-Nf1+/+or Prss56-Nf1fl/fl mice (grafted delimited by orange dashed line). High magnification of the 

cartilage in adjacent section showing the absence of contribution of Prss56-derived cells from the 

skeletal muscle of Prss56-Nf1+/+and Prss56-Nf1fl/fl mice to the host callus. Cart: cartilage.  * p < 0.05, *** 

p < 0.001. Scale bars: Low magnification: 1mm. High magnification: 50 µm. 
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Figure S5: Intrinsic deficiency of Prss56-derived periosteal cells is not sufficient to induce 

pseudarthrosis phenotype. (related to Figure 5 and 6) 

A. Experimental design. Periosteum was isolated from Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice and 

transplanted at the fracture site of a wild-type host. B. Representative Safranin’O (SO) staining of 

longitudinal day 14 post-fracture callus section of wild-type host grafted with periosteum from Prss56-

Nf1+/+ or Prss56-Nf1fl/fl mice (graft is delimited by red dashed line). Representative images of the 

contribution of tdTom+ cells showing that cells from Prss56-Nf1+/+ graft are located in cartilage (labelled 

by SOX9) and cells from Prss56-Nf1fl/fl graft are located in fibrosis (labelled by POSTN). C. Percentage 

of the contribution of control and mutant tdTom+ cells to cartilage and fibrosis (n = 5-6 per group). D. 

Experimental design. Cultured tdTom+ periosteal skeletal stem/progenitor cells (pSSPCs) were isolated 

from Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice and analyzed by flow cytometry or transplanted at the fracture 

site of a wild-type host. E. Flow cytometry analysis of Prss56-Nf1+/+ or Prss56-Nf1fl/fl cultured periosteal 

cells showing that cultured tdTom+ are PDGFRa+ SSPCs (97.4% ± 4.6 for Prss56-Nf1+/+ mice and 98 % 

± 2.4 for Prss56-Nf1fl/fl mice) (n= 5-6 per group). F. Histomorphometric quantification of the volume of 

cartilage and fibrosis at days 14 and 28 post-fracture of wild-type mice grafted with pSSPCs from 

Prss56-Nf1+/+ or Prss56-Nf1fl/fl mice. (n= 3-5 per group). G. Representative Picrosirius (PS) staining of 

sections of day 28 post-fracture callus grafted with pSSPCs from Prss56-Nf1+/+or Prss56-Nf1fl/fl mice 

showing bone bridging in both groups. (n = 3 – 5 per group). * p < 0.05, ** p < 0.005. Scale bars: Low 

magnification: 1mm. Panel B: 50µm for SOX9 and 100µm for POSTN. Panel G: High magnification: 

200µm. 
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Figure S6: Periosteal response to fracture at single-nuclei resolution (related to Figure 5) 

A. Experimental design. Nuclei were extracted from the periosteum of uninjured tibias and the 

periosteum and hematoma at day 5 and day 7 post-fracture of wild-type mice and processed for single-

nuclei RNAseq. B. UMAP projection of color-coded clustering (top) and sampling (bottom) of the 

integration of uninjured, day 5 and day 7 datasets. 10 populations are identified (delimited by black 

dashed lines): pericytes, endothelial cells, Schwann cells, skeletal/stem progenitor cells (SSPCs), 

fibrogenic cells (Fibrog.), chondrocytes (Chondro), osteoblasts (Osteo), immune cells, adipocytes and 

osteoclasts. C. Lineage score of the different cell populations identified. D. Percentage of cells in SSPC, 

fibrogenic cell, osteoblast, chondrocyte and immune cell clusters in uninjured, day 5 and day 7 datasets. 

E. UMAP projection of color-coded clustering (left), color-coded sampling (middle) and monocle 

pseudotime trajectory (bottom) of the subset of skeletal stem/progenitor cells (SSPCs), fibrogenic cells, 

osteoblasts and chondrocytes from integrated uninjured, day 5 and day 7 post-fracture samples. The 

four populations are delimited by black dashed lines. F. Feature plot (top) and Scatter plot (bottom) of 

stem/progenitor, immune response, fibrogenic chondrogenic and osteogenic lineage scores along 

pseudotime in pSSPCs and their derivatives. 
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Figure S7: Integration of snRNAseq datasets from day 7 post-fracture callus of Prss56-Nf1+/+ and 

Prss56-Nf1fl/fl mice. (related to Figure 6 and 7) 

A. Experimental design. Nuclei were extracted from the periosteum and hematoma at day 7 post-

fracture of Prss56-Nf1+/+ and Prss56-Nf1fl/fl mice and processed for single-nuclei RNAseq. 

B-C. UMAP projection of color-coded clustering (B) and color-coded sampling (C) of the integration of 

the day 7 post-fracture callus of Prss56-Nf1+/+ and Prss56-Nf1fl/fl mice datasets. 8 populations are 

identified (delimited by black dashed lines): pericytes, endothelial cells, skeletal/stem progenitor cells 

(SSPCs), fibrogenic cells (Fibrog.), chondrocytes (Chondro), osteoblasts (Osteo), immune cells and 

osteoclasts. D. Lineage score of the different cell populations identified. E. Feature plot of tdTomato and 

Prss56 expression. F. Ratio of TGFβ lineage score per cluster in Prss56-Nf1fl/fl cells on Prss56-

Nf1+/+cells in the subset of pSSPCs, fibrogenic, chondrogenic and osteogenic cells. 
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Table S1: Detailed information on the 17 patients of our CPT cohort and NF1 sequencing results 

of the different tissues from IC and PA site (related to Figure 1). 

Second NF1 hit mutations were predominantly copy-neutral loss of heterozygosity (cnLOH, 7/13 

patients), as well as point mutations (5/13) and NF1 gene deletion (1/13). M: male, F: female, cnLOH: 

copy neutral loss of heterozygosity, Reinterv: reintervention, PO: periosteum, BM: Bone marrow, Fibrous 

tiss.: Fibrous tissue, Spong. bone: spongy bone, NS: Not sampled.  

  



 
1
8
3
 

Patient Age Gender CPT type Operation Affected bone 1st event 2nd event Comments Blood PO Spong. Bone PO pSSPC BM Bone Fibrous tis. Skin Muscle PO Bone Fibrous tis.

P1 3 M NF1 Primary Tibia Exon 1 - c.31C>T = p.(Gln11*) NF1  locus deletion 52 51 52 67 54 NS 74 75 50 50

P2 3 M NF1 Primary Tibia
Intron 37 - c.4773-1G>T = 

p.Phe1592Leufs*7
cnLOH 50 51 49 75 72 55 NS 69 50 50

P3 2 F Isolated Primary Tibia Exon 16 - c.1797G>A = p.Trp599*
Exon 14 - c.1570G>T = 

p.Glu524*
0 / 0 01 / 0 0 / 0  21 / 19 31/35 0 / 0 04 / 01 38 / 38 02/01  08 / 06

P4 4 F mosaic NF1 Primary Tibia + Fibula Exon 21 - c.2752A>T = p.(Lys918* ) cnLOH

* : possible cnLOH : allelic 

ratio of informative SNP : 

58%

38 16 33 61 78 27 31* 23 14 24 NS NS 32*

P5 4 F NF1 Primary Tibia + Fibula
Exon 16 -  c.1722-?_1842+?del = 

p.(?) 

Exon 44 - c.6619C>T = 

p.Gln2207*
50 / 0 NS 50 / 0 50 / 43 4 50 / 12 50 / 28 NS 50 / 0 50 / 0 50 / 32 50 / 08 50/02

P6 3 M Isolated Primary Tibia
Exon 37 to 52 -  c.4773-

?_7675+?del
cnLOH 0 0 NS 80 0 0 0 NS 0 0

P7 4 M Isolated Primary Fibula
Exon 39 - c.5599delA = 

p.(Ile1867Serfs*6)

Exon 18 - c.2033dupC = 

p.Ile679Aspfs*21
0 / 0 0 / 0 0 / 0 21 / 14.5 27.5 / 22 NS NS 34 / 33 03 / 02 01 / 01

P8 2 M Isolated Primary Tibia + Fibula Exon 5 -  c.525T>C = p.His175His -

undectected ponctual 

variation

LOH by deletion  and cnLOH 

excluded

47/. 49/. NS 48/. 0 NS 49/. NS 50/. 49/. 49/. 49/. NS

P9 3 F Isolated Primary Tibia + Fibula Ex28 - c.3721C>T = p.Arg1241* cnLOH

**: cnLOH can't  be 

determined due to the 

absence of informative SNP

0 0,2 0 71 77 60 37 7 1 1 NS 11** NS

P10 3 F Isolated Primary Tibia + Fibula - -

undectected ponctual 

variation

LOH by deletion  and cnLOH 

excluded

0 0 0 0 0 NS NS 0 NS NS 0 NS NS

P11 10 F Isolated Reinterv. Tibia + Fibula Not identified cnLOH

1st event not identified but 

cnLOH detected by 

informative SNP

SNP: 

50%
NS SNP: 48% SNP: 90%

SNP: 

78%
NS NS NS NS NS

SNP : 

83%
NS NS

P12 10 F NF1 Reinterv. Tibia
Exon 32 - c.4117_4118insCTTAAC = 

p.(Val1372_Ser1373insThr*)

Exon 38 - c.5242C>T = 

p.Arg1748*
50 / 0 50 / 0 NS 50 / 11 NS NS NS NS NS NS

P13 11 M NF1 Reinterv. Tibia + Fibula c.1722-2A>T, p. cnLOH

*** VAF from pSSPCs 

isolated from the 

periosteum of the 2nd bone

54 NS 46 51 82*** 49 64 70 46 49 86 64 NS

P14 3 M NF1 Primary Tibia  (tibial bowing c.5752delA, p.(Ile1918Leufs*3) cnLOH 53 49 48 81 53 60 51 NS 48 50

P15 2 F Isolated Primary Tibia Exon 40 - c.5839C>T = p.Arg1947*
Exon 5 - c.574C>T = 

p.Arg192*
NS NS NS  28 / 26 NS  19 / 18 6/4  19 / 18 0/0 7/7

P16 6 M Isolated Primary Tibia
-

-

undectected ponctual 

variation

LOH by deletion  and cnLOH 

excluded

NS NS NS 0 NS NS NS 0 0 0

P17 2 M Isolated Primary Tibia (cystic CPT) - -

undectected ponctual 

variation 

LOH by deletion excluded

Absence of informative SNP

0 NS NS 0 NS NS NS NS NS NS

Iliac crest Pseudarthrosis - 2nd bonePseudarthrosis site
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Materials and Methods 

 

Human tissue sample collection 

Cohort and Ethical approval 

Sample collection from patients affected by congenital pseudarthrosis of the tibia (CPT) was performed 

at Necker-Enfants Malades Hospital, Paris. This study was approved by the Ethics Committee CPP-

IDF-2 (#ID-RCB/EUDRACT: 2014- A01420-47; IMNIS2014-03).  Informed consent of legal 

representatives of patients was obtained prior to sample collection. The cohort is composed of 17 

patients, 7 with NF1-associated CPT and 10 with isolated CPT. NF1 diagnosis was performed by the 

Dermatology department at Necker-Enfants Malades Hospital, following guidelines from International 

Consensus Group on Neurofibromatosis Diagnostic Criteria (Legius et al., 2021). Isolated CPT was 

defined by the absence of additional NF1 clinical feature and the absence of NF1 mutation in blood 

sample. 14 patients were treated for the first time (named “Primary” operation in Table S1) and 3 were 

undergoing surgery following initial treatment (named “Reintervention”). Two patients undergoing 

reintervention were excluded from the cohort as original PA tissues from the first resection were not 

accessible and we did not detect NF1 biallelic inactivation. Therefore, we could not definitely conclude 

on the absence of NF1 mutation.  

 

Surgical procedure and sample collection 

Tissues were collected during CPT treatment surgery using the induced membrane technique typically 

performed in 2 steps(Masquelet et al., 2000). The first surgical procedure consists of pseudarthrosis 

tissue resection, intramedullary nailing and insertion of a cement spacer to fill the gap. During this 

procedure, diseased periosteum, bone marrow, bone, fibrous tissue, muscle and skin from the 

pseudarthrosis site (PA) were collected. For patients undergoing surgery as secondary treatment, the 

primary pseudarthrosis tissues were unavailable but were collected away from the primary PA site when 

possible.  After 6 to 8 weeks, a second surgical procedure was performed to remove the cement spacer 

and graft autologous iliac crest periosteum and cancellous bone in the induced membrane that formed 

around the cement. During this second procedure, unaffected periosteum and spongy bone from the 

iliac crest (IC) were harvested. Blood sample was also collected during surgery. Tissue dissection and 

identification was performed by orthopedic surgeons. Collected tissues were immediately placed in 

DMEM (21063029, ThermoFischer Scientific, USA) with 10% HEPES (15630056, ThermoFischer 
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Scientific) and 1% Penicillin-Streptomycin (15140122, ThermoFischer Scientific) at 4°C, and processed 

for NF1 genotyping, single-nuclei RNAseq, primary culture and histological analyses as described 

below. 

 

DNA extraction and NF1 genotyping 

Collected tissue samples were snap frozen in liquid nitrogen and stored at -80°C until processing for 

DNA extraction. Tissue disruption was performed using TissueLyser system (Qiagen). DNA was isolated 

from disrupted tissues or primary culture of periosteal cells using standard proteinase K digestion 

followed by phenol-chloroform extraction. DNA concentrations were assessed by spectrophotometry 

using Qubit 2.0 Fluorometer (ThermoFisher Scientific). Sequencing was performed at the NGS facility 

of Cochin Hospital, Paris. NF1 genotyping was performed using targeted next generation sequencing 

(NGS) allowing NF1 point mutations and copy number variation detection, as previously described 

(Pasmant et al., 2015). Briefly, targeted regions were sequenced using Ion Torrent PGM/S5 or Illumina 

MiSeq technologies after multiplex PCR amplification including the coding exons and the flanking 

intronic regions (25 bp) of NF1 gene and SPRED1 gene as copy number reference. Sequence alignment 

was performed with the Torrent Mapping Alignment Program (TMAP, Ion Torrent, Thermo Fisher 

Scientific) or BWA Aligner (Illumina). Aligned reads from BAM files were visualized using the Integrative 

Genomics Viewer v2.3 from the Broad Institute (Cambridge, MA, USA). SNVs and short Indels were 

annotated, ranked, and interpreted using the Polydiag suite (Bioinformatics Department, Paris-

Descartes University). Structural variants (single and multi-exon deletion/duplication) were also 

investigated. NF1 amplicon reads were first internally normalized by SPRED1 amplicon reads. 

Subsequently, normalized reads obtained for each amplicon of a sample were then divided by the 

average normalized reads of control samples for the corresponding amplicon. Copy number ratios of 

0,9 to 1,1 allowed the exclusion of a deletion. Copy number ratios under 0.8 were considered deleted. 

 

Mice 

C57BL/6ScNj, Prx1Cre (Logan et al., 2002), Rosa26-mtdTomato-mEGFP (R26mTmG) (Muzumdar et al., 

2007), R26tdTomato (R26tdTom) (Madisen et al., 2010), Nf1flox (Nf1fl), Nf1-knock out (Nf1-) (Zhu et al., 

2001) were obtained from Jackson Laboratory (Bar Harbor, ME). Prss56Cre mice were generated by 

Piotr Topilko (Gresset et al., 2015; Radomska et al., 2019). Immunodeficient nude CD1 mice were 
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purchased from Janvier Labs. Mice were bred in animal facilities at IMRB, Creteil and Imagine Institute, 

Paris. Mice were kept in separated ventilated cages, in pathogen-controlled environment and ad libitum 

access to water and food.  All procedures performed were approved by Paris University or Paris Est 

Creteil University Ethical Committees. Males and females were mixed in experimental groups. Bone 

injury and tissue collection for graft and digestion were performed on 10- to 14-week-old mice. Six- to 

8-week-old mice were used for primary periosteum culture. Controlled breeding was performed to collect 

embryonic tissues at 12.5, 13.5 and 14.5 days of development. 

 

Tibial fracture and tissue transplantation 

For all surgical procedures, mice were anesthetized with an intraperitoneal injection of Ketamine (50 

mg/mL) and Metedomidine (1 mg/kg) and received a subcutaneous injection of Buprenorphine (0.1 

mg/kg) for analgesia. Mice were kept on a 37°C heating pad during anesthesia. Closed non-stabilized 

fracture was performed in mid-diaphysis of the right tibia by three-point bending (Duchamp de Lageneste 

et al., 2018). Briefly, the tibia was placed on a fracture jig, and a 470g weight was dropped from 11.5 

cm to induce the fracture. For cell and tissue grafting, open non-stabilized tibial fracture was performed 

(Duchamp de Lageneste et al., 2018). The right hindlimb was shaved and sanitized. The skin was 

incised to expose the tibia and osteotomy was performed in the mid-diaphysis by cutting the bone. The 

wound was sutured, the mice were revived with an intraperitoneal injection of atipamezole (1 mg/kg) 

and received two additional analgesic injections in the 24 hours following surgery. 

Tissue transplantation was performed as previously described (Duchamp de Lageneste et al., 2018; 

Julien et al., 2021). Grafted tissues were collected from Prss56Cre, R26tdTom, Nf1+/+ or Prss56Cre, R26tdTom, 

Nf1fl/fl mice. For periosteum transplantation, a piece of cortical bone was collected from the anterior-

proximal area of the donor tibia. The endosteum and bone marrow were removed. A cortical defect was 

performed on the anterior-proximal surface of the tibia of the host, adjacent to a fracture site. The graft 

was placed within the cortical defect. The muscle was sutured over the defect to hold the graft in position. 

For muscle transplantation, EDL (Extensor digitorum longus) muscle was dissected from tendon to 

tendon and grafted on the anterior surface of the tibia of the host wild-type mice. The grafted EDL was 

sutured to the host patellar and peroneus muscle tendons with non-resorbable sutures (12051-08, Fine 

Science Tool, Germany). After tissue grafting, a non-stabilized fracture was induced as described above. 
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TGFβ blocking antibody treatment 

InVivoMAb antimouse/human/rat/monkey/hamster/canine/bovine TGF-β, Clone 1D11 (BX-BE0057) 

was purchased from Euromedex. Mice were treated at days 5, 8 and 11 post-fracture by intraperitoneal 

injection of 5 mg/kg of TGF-β blocking antibody diluted in PBS. Control mice were treated with 5 mg/kg 

InVivoMAb mouse IgG1 isotype control antibody (BX-BE0083, Euromedex). 

 

MicroCT et bone union scoring 

Callus samples or tibias were scanned at the Small Animal Platform of Paris Cité University (EA2496, 

Paris Cité) using X-ray micro- CT device (Quantum FXCaliper, Life Sciences, Perkin Elmer, Waltham, 

MA) with the X-ray source at 90 kV and 160 μA. A 10 mm field of view and μm voxel size was used. 

Images were processed using Horos software. Bone parameters (cortical porosity and bone volume/ 

total volume (BV/TV)) were determined on 1mm sections using CTan software v1.17.7.2 (Bruker, 

Hamburg, Germany). Callus bridging was determined in sagittal and longitudinal axes and the number 

of bridged sides was evaluated.  A callus bridged in 3 or 4 sides was considered as union, 2 sides as 

semi-union, and 1 or 0 side as non-union (Julien et al., 2021). 

 

Tissue sample processing and histology 

Human periosteum samples were fixed in ice-cold 4% PFA (sc-281692, CliniSciences) for 24 hours, 

before embedding in paraffin. Mouse samples were processed as previously described (Perrin et al., 

2021). Mice were euthanized and the uninjured or fractured tibias were collected and fixed in ice-cold 

4% paraformaldehyde for 4 or 24 hours upon agitation. Samples were decalcified in 19% EDTA 

(EU00084, Euromedex) for 1 to 3 weeks at 4°C under constant agitation, placed in 30% sucrose (200-

301-B, Euromedex) gradient for 24h before embedding in cryoprotectant. Samples were cryosectionned 

throughout the entire callus in 10µm thick sections. Every thirtieth sections were defrosted, rehydrated 

and stained with Picrosirius, Masson’s Trichrome or Safranin’O staining. After staining, sections were 

dehydrated with successive ethanol and NeoClear incubations. Slides were mounted using NeoMount 

medium (1.09016.0100, VWR, USA). Stained sections were pictured using a Zeiss Imager D1 AX10 

light microscope (Carl Zeiss Microscopy GmbH). 

 



 188 

Picrosirius staining (PS) 

Sections were stained in PicroSirius solution (0.1% of Direct Red 80 (43665-25G, Merck) in picric acid 

(80456, Merck)) for 2 hours protected from light. 

 

Masson’s trichrome staining (TC) 

 Sections were first stained in Harris hematoxylin diluted ½ (ref F/C0283, MMFrance) for 5 min, washed 

in tap water for 5 min, stained with Red Mallory for 10 min, washed for 5 min and then placed 10 min in 

phosphomolybdic acid 1% (HT153, Merck). Finally, sections were stained 20 min in light green (720-

0335, VWR) and fixed in 1% acetic acid.  

 

Safranin’O staining (SO) 

Sections were stained with Weigert’s solution for 5 min, rinsed in running tap water for 3 min and stained 

with 0.02% Fast Green for 30 seconds (F7252, Merck), followed by 1% acetic acid for 30 seconds and 

Safranin’O solution for 45 min (S2255, Merck).  

 

Histomorphometric analysis 

Histomorphometric analysis was performed on every thirtieth sections throughout the entire callus as 

described in (Duchamp de Lageneste et al., 2018). Areas of callus, cartilage, bone and fibrosis were 

determined using ZEN software v1.1.2.0 (Carl Zeiss Microscopy GmbH) on SO, TC and PS staining 

respectively. Volumes were calculated using the formula: 𝑣𝑜𝑙𝑢𝑚𝑒 =	 !
"
ℎ∑ (𝐴# + 𝐴#$! +.𝐴# ∗ 𝐴#$!)%&!

!  

with Ai and Ai+1 being the areas of callus, cartilage, bone and fibrosis in following sections, h was the 

distance between Ai and Ai + 1 and equal to 300 μm and n the total number of sections analyzed in the 

sample. 

 

Immunostaining 

Cryosections were defrosted at room temperature protected from light and rehydrated in PBS. Paraffin 

sections were deparaffinized by successive Neo-Clear and alcohol incubations and rehydrated in PBS. 

For phosho-ERK, OSX, SOX10 and KU80 immunofluorescence, an antigen retrieval step was 

performed by incubating the slides in citrate buffer at 95°C for 20 min, followed by 20 min at 4°C. 

Sections were incubated 1 hour at room temperature in 5% serum, 0.25% Triton PBS before incubation 
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with primary antibodies listed in Table S2 overnight at 4°C. Secondary antibody incubation was 

performed at room temperature for 1 hour. Slides were mounted with Fluoromount-G mounting medium 

with DAPI (00-4959-52, Life Technologies). All immunostainings were validated using positive controls. 

 

Quantification of fluorescent signal 

Quantification of tdTom signal in the callus. The surface of tdTom signal in the callus, cartilage, bone 

and fibrosis of Prss56Cre-Nf1+/+ or Prss56Cre-Nf1fl/fl mice was measured on three central-callus sections 

300 µm apart as described in (Duchamp de Lageneste et al., 2018). The sections were pictured using 

Zeiss Imager D1 AX10 microscope and tdTom surface was measured using Zen Software. 

Quantification of tissue or cell graft contribution. For graft contribution, tdTom or GFP signal was 

measured every 300 µm through the entire callus. The tdTom or GFP signal was pictured using Zeiss 

Imager D1 AX10 microscope and tdTom or GFP surface was measured using Zen Software. 

Quantification of pERK+ and pSMAD2+ cells. The percentage of phospho-ERK+ and phosho-SMAD2+ 

cells was calculated by the number of pERK+ or pSMAD2+ cells compared to the number of DAPI+ 

nuclei using QuPath. For each sample, the percentage of pERK+ and pSMAD2+ cells were determined 

by the mean of 2 sections 300µm apart. For each section, the number of positive cells was determined 

in 3 areas of the callus.  

Quantification of pERK and SOX9 fluorescent signal per cell. Two sections of day 7 post-fracture callus 

per sample were immunostained with both SOX9 and pERK antibody. Three pictures were taken per 

section and cells or tdTom+ cells were manually delimited using ImageJ. SOX9 and pERK signal was 

quantified for each cell and values were plotted using GraphPad Prism to determine the correlation 

between SOX9 and pERK fluorescence. 

 

RNAscope in situ hybridation 

The expression of Prss56 and tdTom at E12.5, 13.5 and 14.5 was visualized using the RNAscope® 

Multiplex Fluorescent Assay V2 (Biotechne). Embryos were dissected and the hindlimbs were fixed in 

ice-cold 4% PFA for 24 hours, before progressive sucrose incubation and cryoembedding. Twenty µm 

thick sections were cut and processed according to the manufacturer’s protocol: 15 min of post-fixation 

in 4% PFA, ethanol dehydration, 10 min of H2O2 treatment, 5 min of target retrieval at 95°C, and 30 min 

of protease III treatment. After hybridization and revelation, the sections were mounted under a glass 
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coverslip with Prolong Gold Antifade (P10144, ThermoFischer). Sections were pictured and analyzed 

using Zeiss LSM800 and the number of tdTom+ and Prss56+ cells per tibia per section was manually 

counted. 

 

Primary periosteal cell culture 

Mouse periosteal cell culture 

Primary culture of murine periosteal cells was performed as previously described (Duchamp de 

Lageneste et al., 2018; Perrin et al., 2021). Six- to 8-week-old mice were euthanized and tibias were 

dissected free of muscle and surrounding tissue. Epiphyses were cut and bone marrow flushed.  Flushed 

bones were placed in a culture-dish for explant culture with drops of culture medium composed of MEMα 

(32561094, ThermoFischer Scientific), supplemented with 20% of lot-selected Fetal Bovine Serum 

(10270106, ThermoFischer Scientific), 1% of Penicillin-Streptomycin and 10 ng/ml basic Fibroblast 

Growth Factor (bFGF, 3139-FB-025/CF, Biotechne). After cell migration, bone explants were removed. 

As previously reported, this protocol allows specific amplification of periosteal derived stem/progenitor 

cells, macrophages and osteoclasts (Julien et al., 2022). Cells were trypsinized and used at passage 1 

to 3. For in vivo cell transplantation of Prss56-derived cells, periosteal cells were cultured to passage 2, 

trypsinized and living tdTom+ were sorted using FACS Aria Fusion. Sorted tdTom+ cells were cultured 

one passage for cell amplification, trypsinized, counted and used for transplantation as described above. 

 

Human periosteal cell culture 

Primary culture of human periosteal cells was performed as described for murine periosteal cells. 

Periosteum collected at the pseudarthrosis site or the iliac crest was divided in several pieces and placed 

in a culture dish for explant culture with drops of culture medium composed of MEMα, supplemented 

with 20% of FBS, 1% of Penicillin-Streptomycin and 10 ng/ml bFGF. Drops of medium were replaced 

every day until the tissue attached to the culture dish. Periosteal cells progressively migrated in the dish. 

After one to two weeks, periosteum explants were removed and periosteal cells were trypsinised for 

further analysis. NF1 genotyping and RNAseq analysis were performed at passage 1, in vivo 

transplantation at passage 2, in vitro proliferation, differentiation and MAPK pathway activation between 

passages 2 and 4. 
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Schwann cell and periosteal stem/progenitor cell transplantation 

Schwann cell isolation 

Prss56-derived Schwann cells were isolated from intercostal nerves (Clements et al., 2017). Mice were 

euthanized and the back skin was incised. Nerves were collected free of surrounding tissues, minced 

and digested under constant agitation at 37°C in digestion buffer composed of Hanks Balanced Salt 

Solution (HBSS, 24020117, ThermoFischer Scientific) with 0,04% of Hyaluronidase (WOLS05474, 

Serlabo), 0,3% of Collagenase II, 0,15% of Trypsin and 100U/mL of DNAse I for 20 to 40 min. Digestion 

was stopped with MEMα medium supplemented with 20% of FBS. Cells were filtered, centrifuged, 

resuspended in MEMα with 20% FBS. Sytox Blue (S34857, Thermo Fisher Scientific) was added to 

stain dead cells and living tdTom+ were sorted using Influx Cell Sorter.  

 

Cell transplantation 

Cell transplantation was performed as described in (Perrin et al., 2021). 100,000 cultured murine or 

human periosteal cells, isolated as described in the “Primary periosteal cell culture” section, or 3000 to 

4000 tdTom+ Schwann cells were embedded in Tisseel Prima fibrin gel, composed of fibrinogen and 

thrombin (3400894252443, Baxter S.A.S, USA), according to manufacturer’s instructions. Briefly, the 

cells were resuspended in 15 μl of fibrin (diluted at 1/4), before adding 15 μL of thrombin (diluted at 1/4) 

and mixing. The pellet was then placed on ice at least 15 min for polymerization. The cell pellet was 

transplanted at the fracture site between the bone cortex. 

 

In vitro proliferation 

Cell proliferation was determined by cell counting every two days from day 2 to 10 after passage. 10,000 

cells were plated in 24-well dish. The number of cells in each well was determined using the luminescent 

cell viability buffer CellTiter-Glo® (G7571, Promega, USA) according to the manufacturer’s 

recommendation. Culture medium was removed and replaced by 0.7 ml of CellTiter-Glo® Buffer and 

0.7 mL of fresh culture medium. After 30 min, the luminescence was measured using Tecan Infinite 

M200 Pro (Tecan, Switzerland). Each sample was analyzed in duplicates at each time point. Standard 

curve was used to determine the number of cells from absorbance values. Growth curve was drawn and 

area under curve (AUC) was calculated using GraphPad Prism. AUC of periosteal cells from PA and IC 

was normalized on the AUC of the IC of each patient. 
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In vitro differentiation 

In vitro differentiation was performed as described in (Perrin et al., 2021). For osteogenic and adipogenic 

differentiation, cells were plated and amplified in growth medium. At confluency, cells were cultured in 

osteogenic medium, containing MEMα with 10% lot selected FBS, 0.2mM L-ascorbic acid (A8960, 

Merck), 10mM glycerol 2- phosphate disodium salt hydrate (G9422, Merck) and 0.1 µM dexamethasone 

(D8893, Merck), or adipogenic medium, containing MEMα with 10% lot selected FBS, 10 ug/mL insulin 

(I3536, Merck), 100µM indomethacin (I7378, Merck), 0.5 mM 3-isobutyl-methylxanthine (I5879, Merck) 

and 0.1 µM dexamethasone (D8893, Merck). The medium was changed twice a week. After 21 days, 

cells were resuspended in Trizol (12034977, Thermo Fisher Scientific) and frozen for RNA analysis or 

fixed in ethanol for staining. Fixed cells were stained with Oil Red O solution (O0625, Merck) or Alizarin 

Red solution (A5533, Merck) for adipogenic and osteogenic differentiation respectively. 

For chondrogenic differentiation, cells were plated as micromass of 5.105 cells in 200 μL of growth 

medium. After 4 hours, growth medium was replaced by chondrogenic medium containing high glucose 

DMEM with 10% FBS, 0.1 μM dexamethasone, 100 μg/mL sodium pyruvate (P5280, Merck), 40 μg/mL 

L-proline (P0380, Merck), 50 μg/mL L-ascorbic acid, 50 mg/mL Insulin-Transferrin-Selenium (I1884, 

Merck), and 10 ng/mL TGFβ1 (T7039, Merck). After 3 days, micromasses were resuspended in Trizol 

and frozen for RNA analysis or fixed in glutaraldehyde before staining with Alcian Blue solution (A5268, 

Merck). 

 

RNA extraction and qPCR  

For qPCR analyses of SOX9, RUNX2 and PPARG from differentiated human pSSPCS, cells were 

collected in Trizol (15596026, Thermofisher) and RNAs were extracted following the manufacturer’s 

instructions. After reverse transcription of 50ng to 1µg of RNA with Superscript II® (18064022, 

Thermofisher), cDNAs were amplified with Power SYBR Green System (4368706, Thermofischer) in 

384 wells optical plates with the Roche LightCycler 480 Real -Time PCR System. Analyses were 

performed with the ΔΔCT method using RPLP0 used as calibrator gene. The values of each sample 

were normalized on the iliac crest of the same patient. RT-qPCR were performed twice with duplicates 

for each data point. 
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To assess the expression of Tgfb1 in Prss56-Nf1 KO mice, the periosteum and hematoma from day 7 

post-fracture callus were collected and snap frozen in liquid nitrogen. RNA extraction was performed 

using RNAeasy Plus Kit (74134, Qiagen) following manufacturer’s instructions. RNA concentration was 

quantified using NanoDrop spectrophotometer (Thermo Scientific).  Reverse transcription was 

performed using Superscript III RT® (18080-044, Life Technologies) following manufacturer’s 

instructions. qPCR was performed by mixing 10 μL of SYBR green Master Mix, 5 μL of cDNA, 1 μL of 

primers and 4 μL of RNAse free H2O using StepOnePlus Real-Time PCR system (ThermoFischer). 

Analyses were performed with the ΔΔCT method using Gapdh as calibrator gene. Primers sequences 

are provided in Table S3. 

 

Western Blot 

Cultured human periosteal cells were washed with 1X phosphate-buffered saline (PBS) and lysed on 

ice in RIPA buffer, 1X protease inhibitors (P8340, Merck) and 1X phosphatase inhibitors (4906845001, 

Merck). After 20 minutes of centrifugation at 17400 g and 4°C, protein concentrations were determined 

using the BCA protein assay kit (J63283.QA, ThermoFisher Scientific). Protein lysates (50µg) were 

migrated in SDS-polyacrylamide (Sodium Dodecyl Sulfate) 4-12% gel (Biorad) and transferred to 

nitrocellulose membranes (GE Healthcare). TBS-Tween was used for blocking solutions and to dilute 

the antibody solutions. Membranes were blocked for 1h with 5% BSA (Bovine Serum Albumin) and 

incubated at 4°C overnight with primary antibodies listed in Table S3. Proteins were visualized using 

secondary antibodies conjugated to horseradish peroxidase. Images were obtained with the FusionFX 

imager (Vilbert) and chemiluminescence solutions (ECL, enhanced chemiluminescent, 

ThermoFisherScientific). Semi-quantitative analysis was done with ImageJ tools and signals were 

normalized on GAPDH signal. pERK signal on ERK signal was calculated for each sample, and each 

sample were normalized on the pERK/ERK signal of the IC of the same patient. 

 

Bulk RNA sequencing of human primary periosteal cells 

RNAs were extracted from primary periosteal cells from IC and PA site of patients 3 and 7 using the 

RNeasy Kit (Qiagen) use a DNA removal step accordingly to manufacturer’s recommendation. RNA 

qualities were assessed by capillary electrophoresis using High Sensitivity RNA reagents with the 

Fragment Analyzer (Agilent Technologies) and the RNA concentrations were measured by using 
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spectrophometry using Xpose (Trinean) and Fragment Analyzer capillary electrophoresis. RNAseq 

libraries were prepared from 1 µg of total RNA using the Universal Plus mRNA-Seq kit (Nugen) as 

recommended by the manufacturer. The oriented cDNAs produced from the poly-A+ fraction were 

sequenced on a NovaSeq6000 from Illumina (Paired-End reads 100 bases + 100 bases). A total of ~22 

millions of passing filter paired-end reads was produced per library. FASTQ files were mapped to the 

ENSEMBL Human (GRCh38/hg38) reference using HISAT2 and counted by featureCounts from the 

Subread R package. Read count normalization and group comparisons were performed by three 

independent and complementary statistical methods: Deseq2, edgeR, LimmaVoom. Flags were 

computed from counts normalized to the mean coverage. All normalized counts <20 were considered 

as background. The results of the three methods were filtered at pvalue<0.05 and folds 1.2 compared 

and grouped by Venn diagram. Principal component analysis was performed using Rstudio v1.4.1717 

and Gene Ontology analyses using EnrichR  (maayanlab.cloud/Enrichr/). 

 

Flow Cytometry analyses of periosteal, bone marrow and skeletal muscle cells 

Periosteal cell isolation 

To isolate periosteal cells, uninjured tibia or tibia 28 days after fracture were collected from Prss56Cre-

Nf1+/+ and Prss56Cre-Nf1fl/fl mice, by carefully removing all surrounding soft tissues (van Gastel et al., 

2012). Epiphyses were embedded in low melting agarose and tibias were placed for 30 min at 37°C in 

digestion medium composed of PBS with 3mg/ml of Collagenase B (C6885, Merck), 4mg/ml of Dispase 

(D4693, Merck) and 100U/mL of DNAse I (WOLS02007, Serlabo, France). After digestion, tibias were 

removed and the suspension was filtered, centrifuged and resuspend in the appropriate buffer for 

subsequent analysis. 

 

Bone marrow cell isolation 

The bone marrow was flushed using MEMα with 10% FBS. The flushed bone marrow was centrifuged 

and resuspend in ACK buffer (A1049201, Thermo Fisher Scientific) for red blood cells lysis for 5 min at 

room temperature. After centrifugation, the bone marrow was resuspended in digestion medium 

composed of PBS with 3mg/ml of Collagenase B, 4mg/ml of Dispase and 100U/mL of DNAse I and 

placed at 37°C for 30 min. After digestion, the suspension was filtered, centrifuged and resuspend in 

PBS with 0,5% BSA et 2mM EDTA (EU00084, Euromedex). A step of hematopoietic cell depletion was 
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performed to increase the mesenchymal fraction of the cell suspension using lineage cell depletion kit 

following the manufacturer’s instructions. Bone marrow cells were incubated with primary biotinylated 

antibodies specific to hematopoietic lineage (CD5, CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7-4, and 

Ter-119) followed by an incubation with Anti-Biotin microbeads and magnetic column filtering (130-090-

858, Milteny Biotec, Germany). After depletion, cells were centrifuged and resuspend in the appropriate 

buffer for subsequent analysis. 

 

Skeletal muscle mononucleated cell isolation 

Skeletal muscle mononucleated cells were isolated as described (Julien et al., 2021). The skeletal 

muscles surrounding the tibia were dissected free of fascia, tendon and fat. Tissues were minced and 

digested at 37°C for 2 hours in DMEM (21063029, Life Technologies) with 1% Trypsin (15090046, Life 

Technologies) and 1% collagenase D (11088866001, Roche). Cells in suspension were removed every 

20 min and digestion medium was replaced. After 2 hours, the cell suspension was filtered, centrifuged 

and resuspended in the appropriate buffer for subsequent analysis. 

 

Flow cytometry analysis 

For flow cytometry analyses of digested tissues, cell suspensions were prepared as described above. 

For cultured cells, cells were trypsinised, centrifuged and resuspended in FACS buffer, composed of 

PBS with 0,5% BSA et 2mM EDTA. Cells were incubated with antibodies listed in Table S3 for 30 min, 

on ice and protected from light. After washing, cells were resuspended in FACS buffer and Sytox Blue 

(S34857, Thermo Fisher Scientific) was added before analysis to stain dead cells. Analyses were 

performed using a BD Fortessa X20 (BD Biosciences). Compensation matrix was designed using 

Compensation Beads (01-2222-42, Thermo Fischer Scientific) and appropriate controls were used to 

delimitate the gating strategy. Data were analyzed using FlowJo v10.8.1. 
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Nuclei extraction and single nuclei RNAseq 

Nuclei extraction from murine periosteum 

Nuclei extraction protocol was adapted from (G Martelotto, 2019; Santos et al., 2021). Four datasets 

were generated for this study: (i) uninjured periosteum from wild-type mice, (ii) periosteum and 

hematoma 5 days post-fracture from wild-type mice, (iii) periosteum and hematoma 7 days post-fracture 

from Prss56-Nf1+/+ mice, considered wild type equivalent and (iv) periosteum and hematoma 7 days 

post-fracture from Prss56-Nf1fl/fl mice. For uninjured periosteum, tibias from 4 mice were dissected free 

of muscle and surrounding tissues. The epiphyses were cut and the bone marrow flushed. The 

periosteum was scraped from the cortex using Dissecting Chisel (10095-12, Fine Science Tools). For 

day 5 and 7 post fracture, injured tibias from 4 to 9 mice were collected and the surrounded tissues were 

removed. The activated periosteum was scraped and collected with the hematoma. Collected tissues 

were minced and placed 5 min in ice-cold Nuclei Buffer (NUC101, Merck) before mechanical nuclei 

extraction using a glass douncer. Extraction was performed by 20 strokes of pestle A followed by 20 of 

pestle B. Nuclei suspension was filtered, centrifuged and resuspensed in RNAse-free PBS (AM9624, 

ThermoFischer Scientific) with 2% Bovine Serum Albumin (A2153, Merck) and 0.2 U/µL RNAse inhibitor 

(3335399001, Roche). A second step of centrifugation was performed to reduce contamination by 

cytoplasmic RNA. Sytox™ AADvanced™ (S10349, ThermoFischer Scientific) was added (1/200) to 

label nuclei and Sytox-AAD+ nuclei were sorted using Sony SH800. 

 

Nuclei extraction from human periosteum 

Nuclei extraction was performed on frozen human periosteum samples from PA site and IC of patient 

P13 and from PA site of patient P5. RNA integrity was checked beforehand on identical tissue samples 

(RIN > 6.5). Periosteum samples were briefly defrosted in nuclei extraction buffer before mincing and 

nuclei extraction as described above for murine periosteum. 

 

Single nuclei RNA sequencing 

The snRNA-seq libraries were generated using Chromium Single Cell Next GEM 3′ Library & Gel Bead 

Kit v.3.1 (10x Genomics) according to the manufacturer’s protocol. Briefly, 10 000 to 20 000 nuclei were 

loaded in the 10x Chromium Controller to generate single-nuclei gel- beads in emulsion. After reverse 

transcription, gel-beads in emulsion were disrupted. Barcoded complementary DNA was isolated and 
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amplified by PCR. Following fragmentation, end repair and A-tailing, sample indexes were added during 

index PCR. The purified libraries were sequenced on a Novaseq (Illumina) with 28 cycles of read 1, 8 

cycles of i7 index and 91 cycles of read 2. Sequencing data were processed using the Cell Ranger 

Count pipeline and reads were mapped on the mm10 reference mouse genome or HG38 2020-A 

reference human genome, with intronic and exonic sequences.  

 

Single nuclei RNA sequencing analysis 

Single-nuclei RNAseq analyses were performed using Seurat v4.1.0(Butler et al., 2018; Stuart et al., 

2019) and Rstudio v1.4.1717. 

 

Filtering and clustering  

Aligned snRNAseq datasets were filtered to retain only nuclei expressing between 200 et 5000 genes 

and expressing less than 0,5% of mitochondrial genes and 2.5% of ribosomal genes. Contamination 

from myogenic cells were removed from the analyses. After filtering, the datasets of murine samples 

were composed of 471 cells for uninjured dataset, 2114 nuclei for day 5 post-fracture dataset, 1058 

nuclei for Prss56-Nf1+/+ day 7 post-fracture dataset and 1113 nuclei for Prss56-Nf1fl/fl day 7 post-fracture 

dataset.  

Uninjured, d5 and Prss56-Nf1+/+ d7 datasets were integrated using Seurat. The integrated dataset was 

regressed using sctransform on cell cycle, mitochondrial and ribosomal content. Clustering was 

performed using the first 30 principal components and a resolution of 0.6. SSPC, fibrogenic, 

chondrogenic and osteogenic clusters from the integration were isolated to perform subset analysis. 

The subset was reclustered using the first 10 principal components and a resolution of 0.6. 

Day 7 post-fracture datasets from Prss56-Nf1+/+ and Prss56-Nf1fl/fl mice were integrated. The integrated 

dataset was regressed on mitochondrial and ribosomal content. Clustering was performed using the first 

35 principal components and a resolution of 0.8. SSPC, fibrogenic, chondrogenic and osteogenic 

clusters from the integration were isolated to perform subset analysis. The subset was reclustered using 

the first 25 principal components and a resolution of 1. Gene ontology analyses were performed using 

EnrichR. 

Human periosteum samples were filtered to retain only nuclei expressing between 200 et 6000 genes 

and expressing less than 3% of mitochondrial genes and 5% of ribosomal genes. Contamination from 
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myogenic cells were removed from the analyses. After filtering, the datasets of human samples were 

composed of 395 nuclei for the PA periosteum of P5, 1216 nuclei for the PA periosteum of P13, and 

8011 nuclei for the IC periosteum of P13. To allow comparison between datasets, the number of nuclei 

in the dataset of PA periosteum of P13 was reduced to 1500 nuclei using random selection. Datasets 

were integrated with regression on mitochondrial and ribosomal content and clustering using the first 25 

principal components and a resolution of 0.8. 

 

 

Pseudotime analysis 

Monocle3 v1.0.0 was used for pseudotime analysis (Cao et al., 2019). Single-cell trajectories were 

determined using monocle3 default parameters. The starting point of the pseudotime trajectory was 

determined as the cells from the uninjured dataset with the highest expression of stem/progenitor marker 

genes (Ly6a, Cd34, Dpp4, Pi16). 

 

Lineage and MAPK score 

Lineage score was calculated by the mean of the expression of specific markers listed in Table S4. For 

cell type identification, common markers from the literature were used. To assess the migration, 

activation of the MAPK pathway and cellular response to TGFβ, the list of genes from the Gene Ontology 

“positive regulation of fibroblast migration”, “positive regulation of MAPK cascade” and “Cellular 

response to TGFβ stimulus” were used respectively. To compare the cellular response to TGFβ of the 

different clusters between Prss56-Nf1+/+ and Prss56-Nf1fl/fl datasets, the average lineage score per 

cluster per dataset was calculated, and the lineage score in Prss56-Nf1fl/fl dataset were normalized on 

the lineage score of Prss56-Nf1+/+ dataset. 

 

Analysis of published datasets from Kelly et al. 

To assess the expression of Prss56 in developing limb, we analyzed a single cell-RNAseq dataset from 

(Kelly et al., 2020) (GSE142425). Murine limbs from E11.5, E13.5, E15.5 and E18.5 embryos were 

digested and living cells were processed for single cell RNA-sequencing using the 10X genomics 

platform. A total of 9939 cells were obtained. The provided data were reanalyzed and clustered using 

UMAP projection. 
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Statistical analyses 

Data are reported as mean +/- standard deviation. n represents the number of samples used for the 

analysis. For human experiment, each sample corresponds to a different patient. For mouse experiment, 

samples correspond to an individual mouse. Statistical differences between experimental groups were 

evaluated using GraphPad Prism. For comparison between 2 groups, two-side Mann-Whitney test was 

used. For comparison between 3 groups, one-way ANOVA followed by Holm-Šídák s multiple 

comparisons post-hoc test was used. For SOX9/pERK signal correlation, each value corresponds to an 

individual cell. Correlation analysis and simple linear regression were performed to assess the 

correlation between both signals. Significance was determined as *p < 0.05, **p < 0.01, ***p < 0.001. All 

experiments were performed in at least 2 independent experiments. 
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Antibody type Use Antigen Reference Dilution 

Primary IF 
Mouse monoclonal to human phospho-

MAPK1/2 
05-481, Merck 1:100 

Primary IF Rabbit polyclonal to mouse phospho-ERK 9101S, Ozyme 1:200 

Primary IF Rabbit polyclonal to mouse phosho-SMAD2 3101, Cell signaling 1:200 

Primary IF Rabbit monoclonal to mouse SOX9 ab185230, Abcam 1:1000 

Primary IF Rabbit polyclonal to mouse Osterix/Sp7 ab22552, Abcam 1:200 

Primary IF Goat polyclonal to mouse Periostin AF2955, R&D Systems 1:400 

Primary IF Rabbit monoclonal to human KU80 2180T, Ozyme 1:200 

Primary IF Goat polyclonal to mouse PDGFRα AF1062, RD Systems 1:200 

Primary IF Rabbit monoclonal to mouse SOX10 BSB2583, BioSB 1:200 

Primary IF 
Rabbit polyclonal to mouse Tyrosine 

Hydroxylase 
AB152, Merck 1:400 

Primary IF Rabbit polyclonal to mouse SOX2 ab97959, Abcam 1:200 

Primary IF Rabbit monoclonal to mouse MBP HL1033, GeneTex 1:200 

Primary IF Rabbit polyclonal to mouse Collagen II ab34712, Abcam 1:200 

Primary IF Rabbit polyclonal to mouse Collagen X ab58632, Abcam 1:200 

Primary IF Rat monoclonal to mouse CD68 137002, BioLegend 1:200 

Primary IF Goat polyclonal to mouse PECAM1 AF3628, Biotechne 1:100 

Secondary IF FITC - Goat anti mouse Ig 
115-095-166, Jackson 

ImmunoResearch 
1:200 

Secondary IF Alexa Fluor 647 goat anti rabbit Ig A-21245, Invitrogen 1:200 

Secondary IF Alexa Fluor 488 goat anti rabbit Ig A-11034, Invitrogen 1:1000 

Secondary IF Alexa Fluor 647 donkey anti goat Ig A-21447, Invitrogen 1:1000 

Secondary IF Alexa Fluor 488 donkey anti goat Ig A11055, Invitrogen 1:200 

Primary FC anti-human CD31-PeCy7 563651, BD Biosciences 1:400 

Primary FC anti-human CD45-PeCy7 60915, BD Biosciences 1:400 

Primary FC anti-human CD14-PeCy7 557742, BD Biosciences 1:400 

Primary FC anti-human CD73-BV711 742634, BD Biosciences 1:200 

Primary FC anti-human CD105-APC 562408, BD Biosciences 1:200 

Primary FC anti-mouse CD31-PeCy7 561410, BD Biosciences 1:400 

Primary FC anti-mouse CD45- PeCy7 552848, BD Bioscience 1:400 

Primary FC anti-mouse CD11b- PeCy7 552850, BD Biosciences 1:400 

Primary FC anti-mouse CD140A-BV711 740740, BD Biosciences 1:200 

Primary FC anti-mouse p75-NGFR-FITC 130-110-115, Milteny 1:200 

Primary WB Rabbit monoclonal to human p44 MAPK (ERK1) 9101, Cell signaling 1:1000 

Primary WB Mouse monoclonal to human GAPDH sc-47724, Santa Cruz 1:5000 

Primary WB 
Rabbit polyclonal to human p44/42 MAPK 

(Erk1/2) 
9102, Cell signaling 1:1000 
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Table S2: List of antibodies used for this study. IF: immunofluorescence. FC: Flow 

cytometry. WB: Western Blot 

 
 
 
 
 
 

Gene Primers 

TBP 5’ TGCACAGGAGCCAAGAGTGAA 3’ 5’ CACATCACAGCTCCCCACCA 3’ 

SOX9 5' GCCACGGAGCAGACGCACAT 3' 5' CCCTGGGATTGCCCCGAGT 3' 

RUNX2 5' CGGAATGCCTCTGCTGTTATGAA 3' 5' ACTCTTGCCTCGTCCACTCCG 3' 

PPARG 5' GCCACGGAGCAGACGCACAT 3' 5' CCCTGGGATTGCCCCGAGT 3' 

Tgfb1 5' ACTGGAGTTGTACGGCAGTG 3' 5' GGCTGATCCCGTTGATTTCC 3' 

 

Table S3: List of qPCR primers used for this study.  

Secondary WB Mouse IgG HRP Linked Whole Ab GENXA931-1ML, Merck 1:2500 

Secondary WB Rabbit IgG HRP Linked F(ab′)2 GENA9340-1ML, Merck 1:2500 
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Lineage Genes 

Skeletal 
stem/progenitor cells 

(SSPC) 

Ly6a, Cd34, Dpp4, Pi16 

Fibrogenic cells Postn, Aspn, Col3a1, Col5a1, Col8a1 

Chondrocytes Acan, Col2a1, Sox9, Fgfr3 

Osteoblasts Sp7, Alpl, Ibsp, Ifitm5, Bglap 

Endothelial cells Pecam1, Emcn, Cdh13, Eng 

Pericytes Mylk, Acta2, Myh11 

Osteoclasts Acp5, Ctsk, Oscar 

Immune cells Ptprc, Adgre1, Cd84 

Schwann cells Mpz, Mbp, Nfasc, Ntng1 

Adipocytes Pparg, Lipe, Plin1 

Immune response Cxcl5, Cxcl12, Il33, Cxcl14, Il6, Il6st, Il1r1, Fas, Il15ra 

Migration 

Acta2, Actr3, Ager, Akap12, Akt1, Bag4, Dmtn, Fgfr1, Itgb1, Itgb3, Pak1, Pak3, 

Prkce, Ptk2, Slc8a1, Tgfb1, Tgfbi, Thbs1, Tsc2, Uts2, Zfp640, Cxcr4, Fbxo5, 

Abi3bp, Col8a1, Emilin1, Lox, Mfap4, Pmp22, Smoc2, Pdpn, Loxl2 

MAPK pathway 

activation 

Epgn , Gpr39 , Mst1r , Zeb2 , Pdgfc , Nek10 , Rps3 , Fgd4 , Nox4 , Bcl10 , 

Ccr7 , Flt1 , Fgfr1 , Fgf2 , Fgf1 , Fgd2 , Pdcd10 , Fzd10 , Syk , Ghr , Ceacam1 

, Pik3r5 , Erbb2 , Src , Egf , Edn3 , Ror2 , Tnf , Pdgfd , Adam8 , Dusp19 , Mif , 

Kitl , Tlr9 , Irak1 , Igh-7 , Tlr6 , Map3k13 , Tnfrsf11a , Ntrk3 , Erp29 , Ajuba , 

Kras , Kit , Ezh2 , Dusp6 , Ptprc , Ptpn1 , Pdgfrb , Pdgfb , Pdgfa , Dab2ip , 

Map2k4 , Map2k6 , Ccl19 , Vangl2 , Fgf18 , Lrrk2 , Magi3 , Dkk1 , Pik3cg , Il34 

, Ilk , Drd4 , Adra2a , Ern2 , Adam9 , Pak1 , P2rx7 , Cd40 , Cd24a , Wnt5a , 

Dvl2 , Tdgf1 , Csk , Tgfb1 , Tgfa , Arhgef5 , Htr2b , Axin1 , Egfr , Htr2a , 

Map4k2 , Map3k12 , Map3k11 , Map3k10 , Map3k7 , Tab1 , Map2k5 , Tirap , 

Taok3 , Mapk8ip3 , Edn1 , Epha4 , Ager , Robo1 , Fcer1a , Map3k4 , Map3k1 , 

Map2k7 , Nod2 , Tpd52l1 , Sash1 , Tenm1 , Psen1 , Tlr4 , Fzd5 , Traf2 , Fzd4 , 

Dvl3 , Pik3r6 , Traf6 , Akap13 , Ptk2b , Ntf3 , Prkcd , Tnfsf11 , Fzd8 , Pde5a , 

Gab1 , Hras , Rasgrp1 , Insr , Il1rn , Il1b 

Cellular response to 

TGFβ stimulus 

 Sox9, Sox6, Sox5, Trp53, Eid2, Apaf1, Cited2, Bmp2, Crk, Skil, Tgfbr2, Tgfb3, 

Tgfb1, Creb1, Col1a2, Col4a2, Col3a1, Spi1, Ccl2, Dab2, Dnmt1, Dlx1, Appl1, 

Tab1, Mapk7, Ptprk, Mstn, Eng, Fut8, Scx,  Zyx, Map3k7, Map3k1, Smad1, 

Itga8, Cav1, Acvr1, Npnt, Onecut2, Dcp1a, Stk16, Pdcd5, Ppargc1a, Flcn, 

Mir145b, Acvr1c, Gcnt2, Actr3, Parp1, Fermt2, Usp9x, Zmiz1, Smad3, Yes1, 

Cav2, Gdnf, Appl2, Cilp, Jun, Zfyve9, Itgb1, Dbn1, Smad9, Onecut1, Hyal2, 

Nlk, Ankrd1, Dusp22, Igf1r, Arrb2, Mef2c, Cldn5, Crkl, Mir21a, Mir192, Mir155, 

Mir145a, Usp15, Hpgd, Acvrl1, Glg1, Ltbp4, Lpxn, Nrros, Smad7, Itgb5, Itgb6, 

Pxn, Nos3, Nodal, Serpine1, Amhr2, Cdh5, Pml, Tgfbr3, Xcl1, Bmp8a, Twsg1, 

Foxh1, Nr3c1, Fyn, Mtmr4, Stat3, Epb41l5, Fos, Ptk2, Zfp36l1, Zfp36l2, 

Wfikkn2, Ovol2, Itgb8, Bmp8b, Ppm1a, Runx1, Smad2, Lrrc32, Sirt1, Bambi, 

Tgfbr3l, Akr1c18, Mir143, Smad5, Cited1, Smad6, Src, Tgfb2, Tgfbr1, Smad4, 

Adam9, Hipk2, Wwox 

Table S4: Lists of genes used for lineage score analyses of murine snRNAseq. 
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Lineage Genes 

Skeletal 
stem/progenitor cells 

PDGFRA, NT5E, CD200, PDPN, DPP4, ITGB1, ITGAV 

Fibrogenic score POSTN, ASPN, COL1A1, COL1A2, COL6A3, COL3A1 

Chondrogenic score ACAN, FGFR3 

Osteogenic score ALPL, RUNX2 

Endothelial cells PECAM1, EMCN, VWF, CDH5, TEK 

Pericytes / SMC ACTA2, RGS5, MYH11, TAGLN, PDGFRB 

Immune cells PTPRC, MRC1, LYVE1, CD163 

Adipocytes PPARG, LPL, ADIPOQ 

MAPK pathway 

activation 

EDN1, TAOK3, HIPK2, RASGRP1, GADD45G, MT3, BANK1, GPR55, 

FERMT2, PTPN22, LAMTOR2, CCL3, MAPKBP1, CD40, ZC3H12A, CDH2, 

VEGFA, PSEN1, LPAR3, IL6, FGF1, KDR, FZD4, ALK, FZD10, FLT4, 

PYCARD, FGF20, EZH2, NOX1, CD36, PRMT1, CCL3L1, MYD88, CIB1, 

TIRAP, SOX2, FGF10, FZD5, ROCK1, TAOK2, DNAJC27, CD74, ADAM9, 

RYK, HAND2, TREM2, DENND2B, PTPRC, PRKD2, TGFBR1, ERBB4, FLT3, 

ALKAL2, TRAF5, DOK4, DKK1, SCIMP, GPER1, FZD8, CRKL, CRK, HGF, 

NODAL, FGF23, STK3, PDGFD, MAP2K5, PAK1, ERN2, PDE6H, WWC1, 

PROK1, FFAR4, P2RY6, TRAF3, RAMP3, MIF, EDN3, GLIPR2, HMGB1, 

AXIN1, CCL16, TLR3, CCL25, SPHK1, AVPI1, SRC, CRACR2A, NENF, FGG,  

FGB, FGA, APOE, ITGA1, KLHDC10, PDGFRB, IGFBP6, GPR37, TP73, 

MID1, PDGFA, GADD45A, RAF1, GRM1, CCL22, CCL19, GDF15, GFRAL, 

ABCA7, TRAF7, LGALS9, CSK, NPY, CCL24, WNT5A, KSR1, NOD2, 

ALOX15, MAP2K2, NTRK1, CX3CL1, HLA-DRB1, NOTCH1, NEK10, WNT7B, 

CHI3L1, DOK6, SH3RF3, EPGN, SH3RF2, GNAI2, RB1CC1, CSPG4, 

PDGFRA, GPBAR1, CCL11, SDCBP, MAP3K4, LTBR, STK25, NPNT, SSTR4, 

MAP4K1, DUSP19, SYK, FRS2, CXCL17, NPY5R, MADD, TAB1, KISS1, 

GATA4, XCL1, RAP1B,HAVCR2, CAV2, S100A7,IRAK1, IQGAP1, AGER, 

TGFB2, RIPK1, ADAM8, NCF1, PLA2G2A, C1QTNF1, GDF6, SYT14P1, CD4, 

TRPV4, IQGAP3, CASR, LEP, OPRK1, EDA2R, RELL1, PELI2, CCL20, 

MAP3K3, DIXDC1, ROR1, WNT7A, NTF3, NPTN, ARRB2, PRDX2, AVPR1B, 

P2RY1, MAGED1, CALCR, RAP1A,NOTCH2, FGF19, TNIK, ALOX12B, 

DIRAS2, LAMTOR1, SLC30A10, CCL26, CARD9, DAB2IP, C5AR2, 

MAP3K11, CARTPT, CSF1R, NDST1, PTPN11, HCRTR1, SOD1, EFNA1, 

NAIP, MST1R, MFHAS1, CCL4L1, ERN1, TGFB3, LAMTOR3, GPR183, 

CCR7, CCR1, MARCO, STK39, NTRK3, IL11, TLR6,SPRY2 ANKRD6, 

ARRB1, GPNMB, MAP2K6, MAP3K7, MAPK3, MOS, EGFR, ABL1, PPIA, 

ROBO1, PRKCA, SEMA7A, ACTA2, BIRC7, NPSR1, GHR, MAP3K13, XDH, 

KIT, DOK5, CCN2, ARL6IP5, ADRB2, MBIP, GAREM1, DHX33, IL34, DSTYK, 

EIF2AK2, PDE8A, FCRL3, XIAP, TLR9, SORBS3, CDC42, PLA2G5, THBS1, 

SHC2, BMP4, BMP2, FGF21, PIK3R6, IGFBP4, ICAM1, SPAG9, SHC1, 

FGFR3, FLT1, SPI1, NDRG4, RIPK2, FGFR4, BCAR3, GADD45B, MEF2C, 

APELA, TENM1, PDGFC, RASSF2, RET, EPHA4, MMP8, GSDME, FGF2, 

MAP3K10, AJUBA, TBX1, CCL14, NTRK2, IAPP, CCL1, TPD52L1, 

TNFAIP8L3, DDR2, JUN, TNF, ANGPT1, HTR2B, GRM5, KLB, HTR2C, 

TGFB1, TGFA, EGF, CD27, PDGFB, HRAS, CDON, KL, PIK3R5, P2RX7, 

RIT2, TRAF6, FGFR1, ADRA2B, PTPN1, DRD4, RAPGEF2, PRXL2C, CCL17, 

KITLG, PLCG2, PIK3CG, HTR2A,PHB2,PRKCZ, FGF18, ARHGAP8, DVL3, 
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PDE5A, ALKAL1, NELFE, TPBG, CHRNA7, SASH1, INAVA, PDE6G, MINK1, 

TMEM106A, CCL7, CCL8, TAOK1, IGF2, FGFR2, IGF1R, CDK10, INS, 

LPAR1, LRRK2, INSR, GCG, C5AR1, GCNT2, CCL13, GH1, FCGR2B, 

MAP3K5, ADCYAP1, EPO, IL1B, IL1A, ELANE, F2RL1, FGF8, CCL21, CCL4, 

TLR4, S100A12, CD81, CTNNB1, UNC5CL, DRD2, NRG1, ADRB3,THPO, 

ROCK2, GRM4, TNFRSF11A, AR, FZD7, WNT16, GHRL, NOD1, CCL15, 

ADORA1, IGFBP3, EPHA8, SEMA3A, XCL2, RELL2, MAPK8IP3,BRAF, 

MAP3K12, MAP4K2, LIF, AKAP13, MAP2K3, ERBB2,MAPK8IP1,ZNF622, 

ITGB3,CD44, CCL5, CCL2, PJA2,LILRA5, SLAMF1, PDCD10, BMPER, 

PRKCE, TRAF4, GAS6, JAK2, NOX4, IL26, AKAP12, PLCB1, APP, DIRAS1, 

EDAR, PTK2B, TRIM5, IGF1, SEMA4C, MAP2K4, ARHGEF5, MYDGF, 

FBXW7, CAVIN3,F2R, OSM, ACKR3, ADRA1D, CFLAR, TNFSF11, NRP1, 

OPRM1, ADRA1B, PLA2G1B, ADRA1A, MAP2K7, FSHR, ROR2, MAPK8IP2, 

TDGF1, JCAD, SERPINF2, PLCE1, FGF4, ADRA2C, TEK, GPR37L1, 

MAP2K1, OR2AT4, TNFRSF19, DUSP22, TRAF2, PTPRJ, DDT, ERP29, 

TRAF1, FPR2, CD24, PTEN, CCL18, CCL23, ADRA2A, DVL2, PHB1, FGD2, 

SH3RF1, NECAB2, LAPTM5, INHBA, RPS3, MTURN 

Cellular response to 

TGFβ stimulus 

ABL1, ACVR1, ACVRL1, ADAM9, AMHR2, ANKRD1, APAF1, APOA1, APPL1, 

APPL2, ARG1, ARRB2, BAMBI, BMPR1A, CAV1, CAV2, CDH5, CDKN2B, 

CHST11, CILP, CITED1, CITED2, CLDN1, CLDN5, CLEC3B, COL1A1, 

COL1A2, COL3A1, COL4A2, CRK, CRKL, CTSK, CX3CR1, DAB2, 

DCSTAMP, DDR2, DLX1, DUSP22, EDN1, EID2, ENG, EPB41L5, FBN1, 

FERMT2, FGFR2, FLCN, FMOD, FNTA, FOXH1, FSHB, FURIN, FUT8, FYN, 

GCNT2, GDF10, GDF15, GDF5, GDF9, GLG1, HDAC2, HIPK2, HPGD, 

HYAL2, ID1, IGF1R, ITGA8, ITGB1, ITGB5, ITGB6, ITGB8, LEFTY1, LIMS1, 

LPXN, LRRC32, LTBP2, LTBP3, LTBP4, MAP3K7, MAPK7, MEF2C, MSTN, 

MTMR4, NFATC1, NLK, NODAL, NPNT, NR3C1, NRROS, ONECUT1, 

ONECUT2, OVOL2, PAK2, PARP1, PDCD5, PDE2A, PDE3A, PDGFA, 

PDGFD, PENK, PML, PPM1A, PSG9, PTK2, PTPRK, PXN, SCX, SFRP1, 

SIRT1, SKIL, SMAD1, SMAD2, SMAD3, SMAD4, SMAD5, SMAD6, SMAD7, 

SMAD9, SOX5, SOX6, SOX9, SPI1, SRC, STK16, TAB1, TGFB1, TGFB2, 

TGFB3, TGFBR1, TGFBR2, TGFBR3, TGFBR3L, TGFBRAP1, TP53, TWSG1, 

USP15, USP9X, USP9Y, WFIKKN2, WNT10A, WNT2, WNT4, WNT5A, 

WNT7A, WWOX, XCL1, YES1, ZEB1, ZFP36L1, ZFP36L2, ZFYVE9, ZMIZ1, 

ZMIZ2, ZYX 

 

Table S5: Lists of genes used for lineage score analyses in analyses of human 

snRNAseq.  
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Bone repair relies on the activation and differentiation of tissue-resident SSPCs to form a 

fibrocartilaginous callus progressively ossified and remodeled. The periosteum is a critical source of 

SSPCs during bone repair and is required for bone healing. In this thesis, we investigated the 

heterogeneity and fate of pSSPCs after fracture and the role of the periosteum in congenital 

pseudarthrosis of the tibia. 

 

Heterogeneity of skeletal stem/progenitor cells for bone repair 

 

To investigate the cellular heterogeneity of pSSPCs, we performed scRNAseq experiment of primary 

cultured pSSPCs and identified several clusters of stem/progenitor cells with mild differences in 

transcriptomics profiles. Different populations were previously described in the periosteum, such as 

CTSK+ pSSPCs, aSMA+ pSSPCs, and SSPCs from Chan et al., but these different populations were 

not detected in our scRNAseq datasets. Further analyses of the snRNAseq datasets generated in the 

third article from freshly isolated nuclei will allow us to investigate the cellular heterogeneity of the 

periosteum in vivo.  

 

After injury, callus-forming SSPCs are recruited from the periosteum, skeletal muscle, and bone 

marrow27,28,112,113. While analyses of the different tissues independently were performed, there is a lack 

of comprehensive analysis to understand the overall dynamic of SSPCs after fracture. One limitation of 

such studies is the challenge of labeling and tracing each source independently. PRX1 and PDGFRα 

can be used to mark all SSPCs but do not allow tissue-specific labeling. Many markers were described 

in the bone marrow (LepR, CXCL12, NESTIN, GREM1), the periosteum (CTSK, αSMA, MX1), and the 

skeletal muscle (HIC1, CD34, SCA1), but analysis from our group and others showed that those markers 

are not tissue-specific and can be express by SSPCs from the other tissues28,112–114,141,143,148,191,195. As 

SSPCs from different tissue can share common markers, the question of the identity and heterogeneity 

of these cells between tissues remains. Detailed transcriptomics analyses will further describe the 

differences between SSPCs to understand their differences of potential following injury, and maybe 

identify tissue-specific markers. Due to the current lack of specific markers, the relative contribution of 

each compartment remains to be evaluated. In the first article, we compared the potential of cultured 

SSPCs from bone marrow, skeletal muscle, and periosteum to integrate the fracture callus after grafting. 

We observed that periosteal SSPCs display the highest capacity to integrate the callus compared to 

other SSPC populations. These results are consistent with previous in vivo and in vitro observations 

performed in mouse models and with human cells27,265,266 While these experiments allow comparison of 

the intrinsic potential of SSPCs from various tissues, it may not reflect the actual contribution to bone 

repair, as the number of SSPCs, activation, and regulation may vary between sources. 
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Understanding the activation and regulation of pSSPCs after fracture 

 

In this thesis, we aimed to investigate the function and activation of pSSPCs after fracture. As shown in 

Article 1, pSSPCs are the only population of SSPCs showing bipotent potential after fracture, as they 

can differentiate into both bone and cartilage. However, the origin of this bipotency remains unknown. 

Several hypotheses are considered, including that the periosteum encompasses distinct populations of 

SSPCs with an osteogenic or chondrogenic fate after injury, or that cell fate decision in the periosteum 

is regulated by environmental factors. 

 

In the first article, we also investigated the pSSPCs response to fracture. scRNAseq analyses of primary 

cultured pSSPCs from uninjured periosteum and periosteum at 3 days post-fracture demonstrated that 

pSSPCs activate in 3 steps: first, pSSPCs leave their stem/progenitor state, to engage into a fibrogenic 

step marked by the expression of ECM-related genes and finally chondrogenesis. However, these 

analyses are limited by the absence of osteogenic differentiation, likely due to the presence of a culture 

step. To overcome this issue, we decided to perform snRNAseq from freshly isolated tissue in the third 

article. This work allowed a better description of pSSPC activation with the presence of a phase of 

immune response while cells start engaging in the fibrogenic step. It also showed that cells are 

undergoing osteogenic differentiation after the fibrogenic step, common with the cells undergoing 

chondrogenesis (Figure 32). The presence of a common activation trajectory for pSSPCs undergoing 

osteogenesis and chondrogenesis supports the hypothesis of a unique bipotent pSSPC population 

within the periosteum. Further studies will allow us to better understand how cell fate decision is 

regulated during the fibrogenic step and decipher the importance of the intrinsic potential of the cells, 

the environmental factors, and the metabolic regulation in fate decision. It is intriguing to see that both 

SSPCs from periosteum and skeletal muscle undergo the same pattern of activation but that only 

pSSPCs form osteoblasts. Comparative analysis of the activation of pSSPCs and muscle SSPCs would 

be of interest to decipher mechanisms or pathways specific to pSSPCs that allow osteogenesis. 

 

In addition to bone formation via osteogenesis after the fibrogenic step, pSSPCs can also form bone via 

cartilage-to-bone transformation of hypertrophic chondrocytes. In the second article, we showed that 

pSSPC-derived chondrocytes can transdifferentiate into bone, and that failure in this step alters bone 

healing and cause pseudarthrosis. This shows that there are multiple ways to form bone after injury. 

Additionally, Matsushita et al. described the steps of osteogenic differentiation of CXCL12+ bone 

marrow cells after bone marrow ablation injury. The process was characterized by a pre-osteogenic step 

marked by the expression of stemness-related genes and increased Wnt signaling113. The presence of 

this osteogenic process after bone fracture remains to be confirmed but it is highly interesting that 

multiple osteogenic paths occur simultaneously after fracture and unravel increased complexity in 

understanding how bone forms after injury and how it is regulated. 
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Figure 32: Pattern of activation of periosteal skeletal stem/progenitor cells after fracture. 

 

Periosteal SSPC activation is known to be regulated by many signaling pathways and their action can 

differ between the different steps of activation. BMP signaling is active in the early phase of repair, from 

day 2 post-fracture, and plays a role in regulating migration and proliferation during the fibrogenic step 

and osteogenic differentiation. The MAPK pathway, which acts downstream of tyrosine kinase receptors 

such as EGFR, TrkA, and PDGFR, shows a tight regulation. Increased MAPK activation is required for 

pSSPC activation and transition to fibrogenic step. Inhibition of the MAPK from the time of fracture leads 

to the absence of callus formation (data not shown). After the fibrogenic step, downregulation of the 

MAPK is required for chondrogenesis but not osteogenesis. In contrast, signaling via FGFR3 is not 

involved in the early phase of pSSPCs differentiation but is critical for cartilage-to-bone transition. These 

results show the importance of the timing and regulation of signaling pathways regulating pSSPC 

activation and differentiation.  

 

Overall, bone regeneration is a highly complex process relying on a multistep activation process of 

several populations of SSPCs, regulated by various signaling pathways and multiple interactions 

between SSPCs and the fracture environment. While this thesis and recent studies have increased our 

understanding of the steps and mechanisms of bone repair, there is still a lot of work needed to fully 

understand bone regeneration. 

 

Role of the periosteum in congenital pseudarthrosis of the tibia 

 

While risk factors affecting bone repair are known such as age, mechanical instability, smoking, or injury 

of adjacent soft tissues, an important part of bone repair defects are still of unknown etiology627–629. 

Children possess an extraordinary capacity to regenerate bones, thus the presence of a complete 

absence of bone healing in patients with CPT is surprising.  
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Around half of CPT cases are linked to Neurofibromatosis type 1 (41% in our cohort). Several NF1 

manifestations develop due to NF1 biallelic inactivation. In our cohort, all NF1 patients were carrying 

NF1 biallelic at PA site, and we also identified NF1 biallelic inactivation in 60% of patients with isolated 

CPT. This reinforces the link between NF1 and CPT, even in patients non-affected with systemic NF1 

disease. Still, we did not identify NF1 mutations in 4 patients of our cohort. We are currently using other 

techniques to determine whether mutations may be detected in the non-coding regions of the NF1 gene 

in these patients. We are also performing exome sequencing to investigate the presence of mutations 

in other genes responsible for CPT. It will be interesting to see if the mutated genes are related to the 

MAPK pathway or if the mechanisms are MAPK independent. While neurofibromas are mostly 

associated with NF1, cases of sporadic dermal NFs were described. Genomic analysis on these tumors 

showed that only a part of them is due to NF1 loss, some are due to mutations in other genes, including 

KIR2DL5, leading to overactivation of the RAS/MAPK630. The presence of a similar genetic basis in 

isolated CPT can be considered.  

 

In previous studies, CPT was considered as a bone-specific lesion462,464,465,504,508. The presence of a 

common genetic pattern with other NF1 manifestations raised the question of a link between CPT and 

NFs or CALMs. In patients of our cohort, we identified the same NF1 second hit at PA site from tibia and 

fibula, and the same NF1 second hit in periosteum, muscle, and skin at PA site. This shows that the 

second NF1 mutation occurred early during embryogenesis and not in a bone-specific lineage. 

Identifying the timing and location of NF1 second hit mutation in humans is extremely challenging. The 

presence of a common lineage origin between CALMs and NFBs was demonstrated in patients by 

sequencing cNF and CALMs at closed locations and identifying the same NF1 mutation in both 

symptoms631. This type of analysis between CPT and cNFs or CALMs would allow to confirm the 

common origin of these symptoms in patients. Yet, as patients undergoing CPT treatment are usually 

around 3 years old, CALMs and cNF are rarely developed making this type of study unlikely. Studies 

using animal models enable the analysis of the origin of NF1 symptoms. Mouse models to study NF1 

bone manifestations were mostly using bone-specific CRE models, and mouse models to study NFs 

were mostly Schwann cell-specific CRE models. Bone phenotypes were not described or assessed in 

most SC-specific animal models. Spine alterations were identified using PLPCreERT and PostnCre, but 

those models also target bone cells (357,632 and S. Perrin, data not shown). Thus, until now, the question 

of the common cellular origin of NF1 skeletal and neurodermatological symptoms was never assessed. 

The Prss56-Nf1 KO mouse model that recapitulates cNFs, pNFs, and CALMs, also displays 

pseudarthrosis as described in the third article. This is the first evidence that a cell lineage can be the 

cellular origin of pNFs, cNFs, CALMs, and CPT479. Current analysis from Dr. Topilko’s group and our 

group demonstrate the presence of pNF transformation into MPNST, eye lesions reminiscent of Lisch 

nodules, and spine deformities in this model (data not shown). This indicates that boundary cap cells 

can be the cellular origin of most NF1 manifestations, making this model the best one to investigate NF1 

features. 
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Our NGS analyses of tissues from CPT showed that the periosteum is the only tissue mutated in all 

patients with NF1 biallelic inactivation, highlighting its role in CPT. In bones of Prss56-Nf1 KO mice, 

boundary cap-derived cells are also located within the periosteum and our analysis showed that both 

Nf1-deficient SSPCs and Schwann cells within periosteum are involved in the pseudarthrosis phenotype 

(Figure 33). In patients, we identified the presence of NF1 biallelic inactivation in periosteal SSPCs. We 

are currently investigating the presence of NF1 second hit mutation in periosteal Schwann cells, by 

sorting cells populations from freshly digested PA periosteum (i.e. SSPCs, Schwann cells, immune cells, 

endothelial cells, pericytes) and performing NF1 sequencing.  

 

Analysis of the composition of the pathological periosteum from CPT patients using snRNAseq showed 

a strong increase in fibrogenic cells compared to IC periosteum. We specifically observed increased 

proportion of fibroblasts expressing ADAM12 and osteochondrogenic markers. Cultured pSSPCs from 

PA also display a post-fracture fibrogenic phenotype. Using grafting approaches, we showed that NF1-

deficient pSSPCs in CPT patients and in the Prss56-Nf1 KO mice display impaired fate after fracture 

and form fibrosis. Using snRNAseq technology, we described the molecular mechanism leading to 

fibrogenic fate of mutated murine pSSPCs. Downregulation of the MAPK pathway is required for the 

switch from fibrogenic to chondrogenic stages, and cannot occur in Nf1-deficient cells. Thus, cells are 

blocked in a post-fracture fibrogenic state and finally accumulate in the callus and the newly formed 

periosteum at late stages of repair. We are currently investigated the identity of the Nf1-deficient cells 

accumulating within the newly-formed periosteum of Prss56-Nf1 KO mice after fracture. This analysis 

will determine if they express common markers with the populations identified in the snRNAseq datasets 

of human PA periosteum. 

 

Fibrotic tissue at PA site in the Prss56-Nf1 KO model is not only composed of Nf1-deficient cells. We 

also observed 2 patients in our cohort with NF1 biallelic inactivation in the periosteum but not in the 

fibrous tissue composing the PA site, showing similarity with human CPT. Unexpectedly, we identified 

Nf1-deficient Schwann cells as the cells responsible for the deleterious mutant environment. While 

recent studies showed the role of SCs in tissue regeneration, it is to our knowledge the first disorder 

where SC dysfunction alters non-nervous tissue regeneration612–614. Little is known about the role of SCs 

in bone healing and studies are needed to understand the fate of SCs following fracture and their 

interactions with SSPCs. In NFs, NF1-deficient SCs are also responsible for the accumulation of fibrotic 

tissue, due to their ability to secrete profibrotic factors, such as TGFβ1, Midkine, and SCF, to stimulate 

the recruitment and proliferation of wild-type fibroblasts633–637. This shows that, in the Prss56-Nf1 KO 

model, in addition to the common origin of NFs and CPT, there are common cellular and molecular 

mechanisms between those symptoms. We identified TGFβ as the paracrine factor in the mutant 

environment affecting the fate of wild-type pSSPCs. Based on the role of SC in the pseudarthrosis 

phenotype and the known potential of NF1-deficient SCs to secrete TGFβ, we suspect TGFβ to be the 

factor produced by SCs in the callus environment. To demonstrate this, we are currently performing in 

situ hybridation to assess the expression of Tgfb1 by Prss56-derived SCs. In addition, we are performing 

TGFβ inhibition in mice grafted with Nf1-deficient SCs to determine whether blocking TGFβ signaling 
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can prevent fibrosis accumulation and pseudarthrosis, and thus determine whether TGFβ is the main 

paracrine factor secreted by SCs causing pseudarthrosis. 

 

 

 

Figure 33: Model of bone repair defect in the Prss56-Nf1 KO mouse model. 

 

The identification of TGFβ as a profibrotic factor involved in the pathogenesis of CPT suggests new 

therapeutical approaches. Antifibrotic treatment in Prss56-Nf1 KO mice using TGFβ blocking antibody 

allowed improved healing and bone bridging. TGFβ inhibition has been shown to improve bone healing 

in a model of Nf1 inactivation in bone cells (using Col1a1Cre; Nf1fl/- mice)501. In addition to the effect on 

TGFβ from SC, TGFβ inhibition can improve pseudarthrosis phenotype by acting on Nf1-deficient 

osteoblasts and heterozygous overactive osteoclasts501. As a factor involved in many disorders including 

cancer, molecules were developed to target TGFβ, including blocking antibodies, antisense 

oligonucleotides, and small molecule inhibitors638. Yet, current clinical trials show poor and inconsistent 

results639. Additionally, TGFβ1 treatment can lead to adverse effects including hemorrhagic lesions, 

chronic skin and gut inflammation, and squamous cell carcinoma638,640–642. It would be of interest to 

identify new profibrotic factors secreted by SCs in CPT to offer new therapeutical perspectives, that 

might be more specific to CPT. Another approach is the use of MEK inhibitors. Even if trials of MEK 

inhibitions on previous NF1 bone models had limited success, MEK inhibition can efficiently target Nf1-

deficient SC in neurofibromas, leading to FDA approval of Selumetinib for the treatment of inoperable 

plexiform neurofibromas460–462,464. We combined Selumetinib with an inhibitor of SHP2, acting upstream 

of the neurofibromin, to treat Prss56-Nf1 KO mice after fracture and observed bone bridging (data not 

shown). Several challenges persist for the use of MEK inhibitors in CPT. While combining MEK and 
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SHP2 inhibition can provide a synergic effect and could allow the use of reduced dosage of these 

molecules, inhibition of the MAPK pathway remains at risk for pediatric cohorts. A second limitation is 

the timing of treatment, as the MAPK activation is dynamic and is required for several steps of bone 

repair. An inappropriate inhibition of the MAPK pathway could have a deleterious effect and reduce the 

chance of bridging and healing. 

 

Another therapeutical approach considered to enhance bone healing is cell-based therapies. In this 

thesis, we investigated the FGFR3 induced-pseudarthrosis model and showed that this phenotype can 

be corrected by grafting wild-type SSPCs. However, in the Prss56-Nf1 KO model, grafting wild-type cells 

at the fracture site of mutant mice does not correct the phenotype, as grafted cells form fibrosis. It is 

interesting to compare the differences between the FGFR3 model, whose phenotype is due to pSSPC 

intrinsic deficiency, and the Prss56-Nf1 KO mouse model, whose phenotype is due to combined intrinsic 

deficiency of pSSPCs and alteration of the fracture environment. This highlights that cell-based 

approaches to treat bone repair defects, while promising, may not be optimal in all cases. While repair 

defects due to intrinsic cell deficiency can strongly benefit from adding effective SSPCs such as the 

FGFR3 model, cases when environmental factors are perturbed may not be responsive to this type of 

approach. This shows that understanding the origin and pathogenic mechanisms of bone repair defects 

in patients is critical in order to develop and provide appropriate therapeutical strategies. 

 

Future perspectives 

 

The thesis opens several perspectives: 

 

In response to fracture, periosteal SSPCs form bone and cartilage by first transitioning through an initial 

fibrogenic state. This fibrogenic response of pSSPCs was firstly described in this thesis and will require 

further studies to understand its role and how cell fate decision towards osteogenesis and 

chondrogenesis is regulated. This fibrogenic step is also observed during the activation of muscle 

SSPCs that contribute mostly to cartilage and do not engage in osteogenesis. Despite sharing a 

common pattern of activation with muscle SSPCs, only pSSPCs can form cartilage and bone.  Further 

studies will allow to decipher if the bipotentiality of pSSPCs is due to intrinsic cellular differences with 

muscle SSPCs and/or changes in the fracture environment. 

 

The fracture environment is a complex dynamic multicellular environment. Interactions between SSPCs 

and other cell populations are crucial for bone healing, but are still not fully described. In depth analyses 

of the snRNAseq datasets of the periosteal response to fracture generated during the thesis will allow 

to better describe and understand the interactions of pSSPCs and the fracture environment, including 

immune cells, endothelial cells, pericytes and osteoclasts. 

 

Analysis of the pseudarthrosis phenotype in the Prss56-Nf1 KO model revealed an unexpected role of 

Nf1-deficient Schwann cells (SCs) in causing this phenotype, suggesting that SCs may also play a role 
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during the normal bone repair process. Yet, the physiological role of Schwann cells in bone homeostasis 

and repair is unknown. This work opens new perspectives to study the role of the peripheral nervous 

system and Schwann cells in regulating bone physiology and bone regeneration. 

 

The study of NF1-related CPT unraveled the pathogenic mechanisms leading to fibrous non-union 

following fracture. The results elucidate the consequences of Nf1-loss on pSSPCs from their early stage 

of activation. The work shows that Nf1-loss prevents the fibrogenic to chondrogenic transition leading to 

persistent fibrosis and pseudarthrosis. In addition, we identified SC dysfunction that play a pro-fibrotic 

role on wild-type SSPCs through TGFβ, reminiscent of their role in other NF1 symptoms. These 

analyses pave the way for the development of new targeted therapies to improve bone healing in CPT 

patients. We showed the potential of using anti-fibrotic treatment such as TGFβ inhibition to improve the 

pseudarthrosis phenotype in Prss56-Nf1 KO mice. Other options can be considered including MEK 

inhibitors. 
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Appendix 1 Résumé détaillé en français 
 

Rôle du périoste dans la régénération osseuse et la pseudarthrose 

congénitale de jambe 

 

Chaque année, environ 180 millions de personnes sont affectées par une fracture dans le monde. La 

régénération osseuse est un processus très efficace permettant aux os de se réparer suite à une 

fracture. Pourtant, environ 10% des fractures présentent un retard ou défaut de réparation, nécessitant 

le développement d’approches thérapeutiques pour améliorer la régénération osseuse. Ce processus 

repose sur l’activation de cellules souches/progénitrices osseuses (CSPOs) qui se différencient pour 

former une matrice cartilagineuse, progressivement remplacée par de l’os afin de permettre l’union des 

fragments osseux. Les CSPOs sont recrutées localement depuis différentes sources, dont le périoste, 

la moelle osseuse, et les muscles adjacents à la fracture. Le périoste, la membrane fibreuse entourant 

les os, est une source majeure de CSPOs formant de l’os et du cartilage après une fracture. Bien que 

des études récentes aient démontré le potentiel accru des CSPOs du périoste (pCSPOs) en réponse à 

la fracture, leur identité et leur hétérogénéité restent encore peu décrites. Les mécanismes de 

recrutement et de maturation des CSPOs du périoste après une fracture restent également à élucider. 

 

Bien que son implication dans la régénération osseuse soit établie, le rôle du périoste dans les défauts 

de réparation osseuse est peu décrit. Il est toutefois suspecté dans le cas des pseudarthroses 

congénitales de jambe (PCJ), une atteinte osseuse sévère caractérisée par une fracture tibiale 

spontanée et une absence de consolidation due à l’accumulation de tissu fibrotique au site de fracture. 

Malgré le progrès des techniques chirurgicales utilisées pour traiter les PCJ, sa prise en charge reste 

un challenge et le risque d’amputation est élevé.  La PCJ peut être classifiée comme isolée, dont 

l’étiologie est inconnue, ou comme associée à la Neurofibromatose de type 1 (NF1). NF1 est une 

maladie génétique causée par des mutations hétérozygotes du gène suppresseur de tumeur NF1, 

codant pour la neurofibromine, un régulateur des voies RAS et MAPK. NF1 est marqué par une grande 

variabilité de symptômes, dont des tumeurs de la gaine des nerfs périphériques, nommées 

neurofibromes et localisées sur la peau (neurofibromes cutanées, cNF) ou le long des nerfs 

périphériques (neurofibromes plexiformes, pNF), des hyperpigmentations cutanées, des défauts 

cognitifs et des atteintes osseuses, dont la PCJ et des déformations de la colonne vertébrale. Certains 

symptômes de NF1, dont les neurofibromes et les hyperpigmentations cutanées, sont dues à la perte 

biallélique de NF1 dans des types cellulaires spécifiques i.e. les cellules de Schwann et les mélanocytes 

respectivement. L’inactivation biallélique de NF1 a été identifiée dans les PCJ mais le(s) type(s) 

cellulaire(s) atteints restent à déterminer. De nombreux modèles murins ont été développés pour étudier 

les atteintes de NF1, sans toutefois récapituler la variabilité des symptômes observés chez les patients. 

Un nouveau modèle murin a été récemment développé, le modèle Prss56-Nf1 KO, portant une 

inactivation du gène Nf1 dans une population spécifique de cellules de crêtes neurales, les capsules 

frontières (CP), et leurs dérivés. Ce modèle est le premier récapitulant différents symptômes de NF1, 

dont les neurofibromes plexiformes, cutanés et les hyperpigmentations cutanées. Cela suggère une 
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origine commune des différentes atteintes de NF1. La présence des atteintes osseuses dont la PCJ 

chez ce modèle n’a pas encore étudié.  

L’objectif de la thèse est d’étudier l’hétérogénéité et le rôle des cellules souches/progénitrices osseuses 

du périoste au cours de la régénération osseuse ainsi que l’implication du périoste dans la 

pseudarthrose congénitale de jambe liée à la Neurofibromatose de type 1. 

 

Dans la première partie de la thèse, j’ai utilisé la technique de séquençage de l’ARN en cellule unique 

pour décrire l’hétérogénéité des pCSPOs et leur réponse à la fracture. L’analyse de cellules primaires 

de périoste non blessé de souris Prx1Cre ; R26mTmG a mis en évidence la présence de 3 populations 

cellulaires, des cellules souches/progénitrices, des macrophages et des ostéoclastes. L’analyse 

intégrée de cellules primaires issues de périoste non blessé et de périoste 3 jours post-fracture a permis 

d’identifier une population de cellules fibrochondrogéniques, spécifique de la réponse à la fracture. Ce 

cluster cellulaire exprime de nombreux gènes liés à la production de matrice extracellulaire, au 

développement osseux, à la prolifération cellulaire et à la réponse immunitaire, suggérant qu’il 

correspond à des cellules activées par la fracture. Une analyse détaillée de la population 

fibrochondrogénique a permis d’identifier les étapes d’activation des pCSPOs vers la chondrogenèse. 

En s’activant, les pCSPOs quittent leur état souche/progénitrice pour entrer en fibrogenèse puis en 

chondrogenèse. Ce schéma d’activation est équivalent à celui des CSPOs du muscle. Nous avons 

identifié la voie de signalisation BMP (Bone Morphogenetic Protein), comme une des premières 

cascades de signalisation activées dans les CSPOs après la fracture. L’inactivation du gène codant 

pour le récepteur BMPR1A (Bone Morphogenetic Protein Receptor type 1A) dans les CSPOs marquées 

par PDGFRα (Platelet-Derived Growth Factor Receptor Alpha) en utilisant le modèle murin 

PdgfraCreERT ; Bmpr1afl/fl conduit à un léger retard de régénération osseuse. La transplantation de 

périoste de souris PdgfraCreERT ; Bmpr1afl/fl au site de fracture de souris sauvages a permis de démontrer 

une diminution de la contribution des cellules déficientes pour le récepteur BMPR1A. Cette réduction 

est notamment liée à une diminution de la migration cellulaire et de la prolifération des pCSPOs aux 

étapes précoces de la régénération. Dans l’ensemble, la première partie de la thèse a permis d’élucider 

les étapes de différentiation précoce des pCSPOs vers la chondrogenèse et de montrer le rôle de la 

voie BMP dans la régulation de ces étapes. 

 

Au cours de l’ossification endochondrale, les chondrocytes formant le cartilage maturent en 

s’hypertrophiant. Le cartilage est progressivement résorbé et remplacé par de l’os, soit par apoptose 

des chondrocytes soit par transdifférenciation des chondrocytes hypertrophiques en ostéoblastes. La 

présence de ce processus au cours de la régénération osseuse a été montré mais son importance et 

l’implication des cellules issues du périoste restent inconnues. Dans la seconde partie de la thèse, 

nous avons étudié le phénotype des souris Prx1Cre; Fgfr3Y367C, où  les cellules dérivées du mésenchyme 

des membres portent une mutation suractivant le récepteur FGFR3 (Fibroblast growth factor receptor 

3), impliquée dans certaines formes de nanisme. Ce modèle présente des membres de taille réduite et 

une absence complète de réparation osseuse un mois post-fracture. Des analyses de lignage et de 

transplantation cellulaire ont mis en évidence que les cellules issues du périoste de souris mutantes 
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pour Fgfr3 se différencient en chondrocytes mais ne sont pas capables de maturer en chondrocytes 

hypertrophiques et de se transdifférencier en ostéoblastes. Cela conduit à la production de fibrocartilage 

persistant et bloquant la réparation osseuse. Ce phénotype sévère de réparation peut être corrigé par 

la transplantation de pCSPOs sauvages au site de fracture de souris Prx1Cre; Fgfr3Y367C. La seconde 

partie de la thèse a donc permis de démontrer la nécessité du processus de transdifférenciation des 

chondrocytes issus du périoste en ostéoblastes au cours de la régénération osseuse, et le rôle du 

récepteur FGFR3 dans ce processus. Ce travail met également en avant l’intérêt de l’étude des pCSPOs 

comme source de cellules pour l’ingénierie tissulaire et le développement de thérapies cellulaires 

osseuses. 

 

Dans la troisième partie de la thèse, j’ai élucidé l’origine cellulaire de la pseudarthrose congénitale de 

jambe (PCJ) grâce à l’analyse combinée d’échantillons de patients atteints de PCJ et du modèle murin 

Prss56-Nf1 KO. Chez l’homme, nous avons étudié la localisation de l’inactivation biallélique de NF1 par 

des analyses de séquençage de prélèvements osseux de patients opérés pour une PCJ. Nos résultats 

montrent que la PCJ est associée à l’inactivation biallélique de NF1 au niveau du périoste et des 

pCSPOs du site de pseudarthrose. L’inactivation biallélique de NF1 est retrouvé chez les patients 

atteints de PCJ lié à NF1 et isolée, indiquant que la majorité des PCJ sont liées à des mutations du 

gène NF1. Cela induit une suractivation de la voie MAPK dans le périoste et les pCSPOs du site de 

pseudarthrose. Des analyses transcriptomiques du périoste pathologique issu du site de pseudarthrose 

et de périoste témoin issu de la crête iliaque ont permis de montrer la présence de pCSPOs pro-

fibrotiques au site de pseudarthrose. Les pCSPOs issus du site de pseudarthrose ont une capacité de 

différenciation altérée après transplantation au site de fracture de souris immunodéficientes et forment 

des cellules fibrotiques au lieu de former des chondrocytes. Afin d’élucider les mécanismes cellulaires 

et moléculaires de la PCJ, nous avons ensuite étudié le modèle murin Prss56-Nf1 KO. Nous avons 

montré que ce modèle récapitule un phénotype de pseudarthrose après fracture. Par analyse de lignage 

cellulaire, nous avons montré que les dérivés des capsules frontières correspondent à une population 

rare de cellules dans l’os, dont une sous-population de pCSPOs et de cellules de Schwann dans le 

périoste. Après fracture, les dérivés des CPs sont présents dans le cartilage et l’os de souris témoins. 

Chez les souris Prss56-Nf1 KO, leur contribution au cartilage est fortement réduite et les cellules 

dérivées des CPs sont situées dans l’os et la fibrose.  Les pCSPOs mutées pour Nf1 présentent un 

défaut intrinsèque de différenciation, et forme de la fibrose après fracture. L’analyse de la dynamique 

de l’activation de la voie MAPK dans les pCSPOs en réponse à la fracture a montré la diminution de 

l’activation de cette voie quand les cellules transitionnent du stade fibrogénique au stade 

chondrogénique. Les pCSPOS mutées pour le gène Nf1 présentent une suractivation de la voie MAPK 

bloquant leur transition en chondrogenèse et conduisant à leur persistance au stade fibrogénique. En 

plus de cette déficience des pCSPOs mutées pour Nf1, nous avons démontré que l’environnement de 

fracture des souris mutantes Prss56-Nf1 KO affecte la différentiation des pCSPOs non mutées, les 

poussant vers la voie fibrogénique également. Cet effet de l’environnement est médié par les cellules 

de Schwann mutantes qui ont un effet paracrine pro-fibrotique sur les CSPOs non-mutées. Nous avons 

identifié le facteur pro-fibrotique TGFβ comme un des facteurs impliqués dans la différentiation altérée 
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des CSPOs non-mutées. L’inhibition de TGFβ permet de corriger le phénotype de pseudarthrose chez 

les souris Prss56-Nf1 KO. Dans l’ensemble, la troisième partie de la thèse a permis d’élucider l’origine 

cellulaire de la PCJ et les mécanismes conduisant à l’absence de réparation osseuse suite à une 

inactivation de NF1 dans le périoste. La compréhension des mécanismes pathologiques de la PCJ 

ouvre la voie au développement de nouvelles stratégies thérapeutiques spécifiques, comme l’utilisation 

d’agents anti-fibrotiques visant TGFβ. 

 

Cette thèse apporte une meilleure compréhension du rôle clé des pCSPO au cours de la régénération 

osseuse et les étapes d’activation et de maturation des pCSPOs. Cette thèse démontre également 

qu’une déficience du périoste, liée à une déficience intrinsèque des CSPOs du périoste ou à une 

perturbation de l’environnement de fracture, conduit à un défaut de régénération osseuse sévère, 

notamment dans le cas de la pseudarthrose congénitale de jambe liée à NF1. Cela met en avant 

l’importance de la compréhension des mécanismes physiologiques de la régénération osseuse afin de 

comprendre les déficiences de réparation et proposer des approches thérapeutiques ciblées et 

efficaces. 
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Poster presentation - Top 5 of the best posters in Basic Science 
 

NF1 biallelic inactivation in periosteum causes congenital pseudarthrosis of the tibia  

Simon Perrin, Sanela Protic, Ingrid Laurendeau, Oriane Duchamp de Lageneste, Elena Tacu, 
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Abstract

Purpose of Review The periosteum, the outer layer of bone, is a major source of skeletal stem/progenitor cells (SSPCs) for bone

repair. Here, we discuss recent findings on the characterization, role, and regulation of periosteal SSPCs (pSSPCs) during bone

regeneration.

Recent Findings Several markers have been described for pSSPCs but lack tissue specificity. In vivo lineage tracing and

transcriptomic analyses have improved our understanding of pSSPC functions during bone regeneration. Bone injury activates

pSSPCs that migrate, proliferate, and have the unique potential to form both bone and cartilage. The injury response of pSSPCs is

controlled by many signaling pathways including BMP, FGF, Notch, and Wnt, their metabolic state, and their interactions with

the blood clot, nerve fibers, blood vessels, and macrophages in the fracture environment.

Summary Periosteal SSPCs are essential for bone regeneration. Despite recent advances, further studies are required to elucidate

pSSPC heterogeneity and plasticity that make them a central component of the fracture healing process and a prime target for

clinical applications.

Keywords Periosteum . Skeletal stem/progenitor cells . Bone regeneration . In vivo lineage tracing

Introduction

The periosteum is a thin fibrous membrane covering the outer

surface of bone. It is organized in 2 layers: the outer fibrous

layer, mostly composed of fibroblasts and extracellular ma-

trix, and the inner cambium layer, composed of osteoblasts

and skeletal stem/progenitor cells (SSPCs). The periosteum is

highly vascularized and innervated by sensory and sympathet-

ic fibers, and hosts resident and osteal macrophages

(osteomacs) [1–3]. In long bones, the periosteum is derived

from the limb mesenchyme that forms the cartilage template

and the surrounding perichondrium during development [4,

5]. The periosteum plays crucial roles in bone physiology

during development, growth, and remodeling. Periosteal cells

directly contribute to cortical bone formation and control bone

growth by secreting paracrine factors such as osteocrin [6, 7].

Extrinsic factors including mechanical loading stimulate bone

formation in the periosteum during bone growth and remod-

eling [8–10].

The capacity of the periosteum to form bone after a fracture

was first described in 1845 by Alexander Watson [11]. The

periosteum displays a remarkable ability to regenerate bone

and is indispensable to achieve bone healing [12]. Periosteum

removal or damage at the time of fracture causes altered

healing and non-union in experimental models [13–17]. The

periosteum is a key source of SSPCs for bone repair in addi-

tion to SSPCs localized within the bone marrow compartment

and the adjacent skeletal muscle [18–25••]. Following a bone

injury, SSPCs are activated during the inflammatory phase of

repair and differentiate into osteoblasts and chondrocytes.

SSPC differentiation is regionalized in the fracture callus.

Osteogenesis leading to intramembranous ossification occurs

primarily at the periphery of the callus while chondrogenesis

leading to endochondral ossification occurs in the center of the

callus. The mechanical environment also influences cell dif-

ferentiation as fracture stability favors intramembranous ossi-

fication and fracture instability favors endochondral ossifica-

tion. The role of periosteal SSPCs in coordinating these events

is still poorly understood.
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  understand the endogenous role and fate of pSSPCs during

bone regeneration (Table 1). Due to their mesenchymal origin,

pSSPCs in long bones can be tracked from developmental

stages using the limb bud mesenchymal marker PRX1. The

non-inducible Prrx1Cre model labels not only SSPCs in the

periosteum but also in bonemarrow and skeletal muscle [20••,

21]. In adult bone, pSSPCs still express Prrx1 but the induc-

ible Prrx1CreERT model does not allow efficient labeling of

pSSPCs [20••, 37••, 46]. The platelet-derived growth

factor-α (PDGFRα) has been described as a marker of mes-

enchymal cells from various tissue origins. Studies using the

PdgfraCreERT model showed that PDGFRα marks pSSPCs

with osteochondral potential during bone healing but is not

restricted to the periosteum [24•, 25••, 47–49].

Debnath and colleagues combined the markers described

by Chan et al. with the marker cathepsin K (CTSK) and iden-

tified a population of pSSPCs involved in intramembranous

ossification [22••]. CTSK+ pSSPCs, traced in the non-

inducible CtskCre model, display self-renewing capacity and

osteochondral potential in calvarial or femoral injury models.

scRNAseq analysis of sorted CTSK+ pSSPCs showed hetero-

geneity within this population, with clusters expressing

chondrogenic genes (Col2a1, Sox9), osteogenic markers

(Kera, Alpl), stemness markers (Ly6a, Cd34), and Acta2

[22••]. CTSK+ and CD200+ periosteal cells were also detected

in human periosteum [22••].

The protein alpha-smooth muscle actin (αSMA), encoded

by the Acta2 gene, labels cells in the periosteum [24•, 50].

αSMA+ periosteal cells, traced using the Acta2CreERT mouse

line, are an heterogenous population of osteochondro-

progenitors, with self-renewing potential and required for ef-

ficient bone healing [24•]. Ortinau and colleagues described a

subpopulation of αSMA+ cells, using the pIpC-inducible

Mx1Cre line [51••]. αSMA+ Mx1+ pSSPCs display self-

renewal potential and are required for callus formation after

tibial and calvarial injury [51••].

Several other markers have been identified, such as the

Wnt signaling downstream target AXIN2, the receptor

PDGFRβ, and HOX11 [52–54]. Markers, such as leptin re-

ceptor and Nestin, used to characterize bone marrow self-

renewing SSPCs also label cells in the periosteum [42, 55].

Tournaire et al. reported that Nestin-GFP+ periosteal cells in

Nestin-GFP transgenic mice correspond to unipotent

osteoprogenitors, with limited contribution to callus formation

Table 1 Markers and mouse lines labeling pSSPCs

Markers Mouse model Injury model Contribution Comment Used in

PRX1 Prrx1Cre Non-stabilized tibial fracture Cartilage/bone Labels all SSPCs Duchamp et al. [20••]

Prrx1CreERT Non-stabilized ulna fracture Cartilage/bone Low cell labeling Kawanami et al. [46]

PDGFRα PdgfraCreERT Non-stabilized tibial fracture Bone/cartilage Labels mesenchymal cells from

various tissues

Julien et al. [25••]

Non-stabilized forelimb fracture Bone/cartilage Xu et al. [47]

CTSK CtskCre Semi-stabilized femoral fracture Bone/cartilage Marks osteoclasts Debnath et al. [22••]

Calvarial cortical defect Bone

αSMA aSMACreERT Semi-stabilized tibial fracture Bone/cartilage Matthews et al. [24•]

aSMA-GFP Calvarial cortical defect Bone Ortinau et al. [51••]

MX1 Mx1Cre Non-stabilized tibial fracture Bone/cartilage Requires pIpC injection to induce

Cre recombination

Ortinau et al. [51••]

Tibial periosteal defect Bone

Tibial cortical defect Bone

Calvarial cortical defect Bone

Axin2 Axin2CreERT Tibial cortical defect Bone Ransom et al. [52]

PDGFRβ PdgfrbCre Semi-stabilized femoral fracture Bone/cartilage Bohm et al. [53]

HOX11 Hoxa11CreERT2 Non-stabilized ulnar fracture Bone/cartilage Restricted to zeugopod bone Pineault et al. [54]

GLI1 Gli1CreERT1 Semi-stabilized femoral fracture Bone/cartilage Marks bone marrow SSPCs Shi et al. [56]

Semi-stabilized tibial fracture Bone/cartilage Xia et al. [57]

Nestin Nes-GFP Semi-stabilized tibial fracture Bone Marks bone marrow SSPCs Tournaire et al. [55]

NesCreERT Tibial cortical defect Bone Marks bone marrow SSPCs Gao et al. [42]

LEPR LeprCre Tibial cortical defect Bone Marks bone marrow SSPCs Gao et al. [42]

SOX9 Sox9CreERT Semi-stabilized femoral fracture Bone/cartilage He et al. [58]

Rib bone resection Bone/cartilage Labeling is increased when

induced after fracture

Kuwahara et al. [17]

OSX OsxCre Semi-stabilized tibial fracture Bone/cartilage Labels osteogenic progenitors Bohm et al. [53]
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  and no stemness properties. Lineage tracing in the NesCreERT

model revealed an osteogenic and self-renewing potential of

Nestin+ periosteal cells [42, 55]. GLI1 labels populations of

SSPCs, including in the periosteum, forming chondrocytes

and osteoblasts after fracture [56, 57]. Osteochondrogenic

markers such as SOX9 (Sox9CreERT model) and osterix

(OsxCre model) both label populations of periosteal progeni-

tors contributing to cartilage and bone formation after fracture

[53, 58].

Overall, periosteal SSPC populations defined by these var-

ious CRE models exhibit similar proprieties, such as the ex-

pression of stem/progenitor markers, osteochondral fate after

fracture, and self-renewing capacity. It remains unclear how

these populations overlap and differ in their identity and po-

tential, and whether the periosteum encompasses several pop-

ulations of pSSPCs. Moreover, no marker currently used to

characterize pSSPC is fully specific to the periosteum as most

of them are expressed also by cells localized in the bone mar-

row, skeletal muscle, or by stromal cells in other tissues [21,

25••, 49, 59]. Thus, marker expression is not sufficient to

specifically trace periosteum-derived SSPCs and exclude the

contribution of traced cells from other bone compartments

during bone repair. Specifying the tissue of origin and using

protocols to isolate periosteal cells without contamination

from other tissues remain essential to identify pSSPCs and

investigate their role in bone repair.

Molecular Regulation of Periosteal Stem
and Progenitor Cells

During bone repair, pSSPC proliferation, migration, and dif-

ferentiation are governed by several signaling pathways in-

cluding bone morphogenic protein (BMP), Wnt, Notch, fibro-

blast growth factor (FGF), platelet-derived growth factor

(PDGF), transforming growth factor-β (TGFβ), and

Hedgehog (HH) signaling (Fig. 1). BMP signaling is one of

the earliest pathway upregulated after fracture [25••].

Increased BMP ligand and receptor expression as well as ac-

tivated downstream SMAD effectors are observed in the acti-

vated periosteum at day 3 post-fracture [25••, 60]. The role of

BMP signaling during the early stage of bone healing was

evaluated by inactivating Bmpr1a using the PdgfraCreERT

model. Bmpr1a-deficient periosteal SSPCs display reduced

proliferation, migration, and osteochondrogenic differentia-

tion after fracture [25••]. While endogenous BMP2 is required

for bone healing, BMP4 and BMP7 are dispensable [61–63].

BMP2 plays a role in pSSPC fate decision, and Bmp2 gene

inactivation prevents periosteal activation and bone healing

[64–66].

Notch signaling also plays a role in the early steps of bone

healing before pSSPCs commit to the chondrogenic or osteo-

genic lineage. Notch inactivation in Prx1-derived cells, using

Prx1Cre mice, causes bone non-union but Notch inactivation

in chondrocytes using AcanCre mice, or osteoblasts using

Col1.1Cre mice, does not impact healing [67]. The crosstalk

between Notch and Wnt signaling pathways is essential for

the progression of the bone healing process. Whereas Notch

signaling is active early to promote pSSPC activation and

proliferation, the expression of Wnt pathway and target genes

peaks between 5 and 10 days post-fracture [68, 69]. Inhibition

of Notch signaling by Wnt signaling marks the end of the

pSSPC activation phase and the initiation of osteogenic dif-

ferentiation [67, 70, 71]. Wnt regulates the differentiation of

pSSPCs by promoting osteogenic differentiation over chon-

drogenes is through SOX9 repress ion [72] . Wnt

overactivation, in Sostdc1 knock-out mice, causes premature

activation of periosteal cells and overmineralized callus for-

mation [73]. The factors regulating Wnt expression and acti-

vation remain poorly understood.

FGFs are expressed not only during pSSPC activation

(FGF2, FGF5, FGF9), but also during cartilage formation

and maturation (FGF16, FGF18), and during ossification

(FGF1, FGF17), suggesting their involvement through all

stages of repair [74]. FGF2 promotes the proliferation and

chondrogenic differentiation of pSSPCs through BMP2 sig-

naling [75, 76]. By overactivating FGF receptor 3 (FGFR3)

signaling in Prx1Cre mice, Julien et al. showed that FGFR3 is

crucial for the differentiation of periosteum-derived chondro-

cytes and their ability to support cartilage-to-bone transforma-

tion during endochondral ossification [37•].

In addition, PDGF-BB, TGFβ, and Hedgehog are required

for pSSPC proliferation and differentiation [57, 77–81].

PDGF-BB stimulates pSSPC migration and angiotropism

while inhibiting apoptosis [42, 82]. Cyclooxygenase 2

(COX2) is essential for the initiation of the periosteal response

to cortical bone injury by modulating several key pathways

such as HIF, PI3K-Akt, and Wnt [83–85]. In sum, many sig-

naling pathways and growth factors must act in coordination

to control pSSPC activation and subsequent steps of differen-

tiation. Whether several pSSPC subpopulations respond to

distinct molecular signals and whether regulatory networks

specific to pSSPCs define their unique osteochondral potential

after fracture remain to be investigated.

Influence of the Fracture Environment
on Periosteal Stem and Progenitor Cells

Bone fracture creates a major perturbation of bone tissue ho-

meostasis with the rupture of blood vessels and nerve fibers

initiating an acute inflammatory response shortly after frac-

ture. This complex multicellular environment influences the

activation and fate of pSSPCs (Fig. 1). The disruption of blood

vessels causes immediate bleeding and subsequent blood clot

formation. The blood clot is then progressively degraded by
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the action of enzymes such as plasminogen (Plg) [86, 87]. Plg

knock-out mice display impaired bone healing, with reduced

callus, cartilage, and bone formation. Plg plays a paracrine

role in the activation of pSSPCs. By cleaving the inactivated

form of the matrix-associated growth factor Cyr61 secreted by

pSSPCs, Plg can stimulate pSSPC proliferation and migration

[87]. Periosteum is essential for the revascularization of the

fracture site as periosteum removal reduces blood vessel den-

sity [43••]. Vascular disruption at the fracture site also causes

hypoxia in the first days after injury [88]. The hypoxic envi-

ronment stimulates HIF1α expression by pSSPCs and the

secretion of the proangiogenic factors VEGF and TSP-4 re-

quired for angiogenesis and bone healing [27, 89–91]. More

research is needed to elucidate the role of the periosteum and

the interplay between blood vessels and pSSPCs during frac-

ture revascularization.

During the inflammatory phase of bone repair, immune

cells are recruited at the injury site. The periosteum becomes

Fig. 1 Fate and regulation of periosteal stem/progenitor cells during bone

repair. After fracture, periosteal stem/progenitor cells (pSSPCs), labeled

by several markers (orange box), migrate to the site of injury, proliferate,

and differentiate into chondrocytes or osteoblasts. These steps are

controlled by several signaling pathways (activation in green and

inhibition in red). The fate of pSSPCs is also influenced by their

interactions with the fracture environment, including the blood clot,

nerve fibers, blood vessels, and macrophages (left box)
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  invaded with osteomacs and activated macrophages [3].

Macrophages play a critical role in bone healing, and their

depletion, using the Mafia inducible system, reduces perios-

teal callus formation [92]. Macrophages remove necrotic tis-

sue at the fracture site and secrete factors involved in the

recruitment and activation of pSSPCs. Gao et al. showed that

TRAP+ periosteal macrophages secrete PDGF-BB that binds

to PDGFRβ expressed by pSSPCs to activate the Pi3K-Akt-

CREB pathway and stimulate periostin expression [42].

Periostin is a critical regulator of pSSPC response to injury

and self-renewal [20••]. Periosteal SSPCs are responsive to

different chemokines. Chemokine ligand 2 (CCL2/MCP-1)

is expressed in the periosteum during the first 3 days following

fracture [93]. Inactivation or inhibition of CCL2 and his re-

ceptor CCR2 delays fracture healing [93, 94]. The CCL5-

CCR5 axis is necessary to induce the migration of murine

and human pSSPCs [51••]. In vitro osteogenic induction of

periosteal cells can modulate macrophage polarization and

promote M2 phenotype by secreting chemokines suggesting

a crosstalk between macrophages and pSSPCs [95, 96].

The disruption of nerve fibers in the periosteum triggers

rapid nerve sprouting from both sympathetic and sensory fi-

bers in the first day post-bone injury. Nerve sprouting is con-

comitant with NGF expression in periosteal cells and macro-

phages, and occurs prior to revascularization [97]. Nerves

subsequently regulate pSSPC activation by releasing neuro-

peptide calcitonin gene-related peptide (CGRP) that binds to

the CALCRL-RAMP1 receptor and stimulates Osterix ex-

pression [98]. Overall, the perturbations in the micro-

environment of the periosteum following bone injury generate

unique cell-cell interactions and specific signals. This environ-

ment can vary depending on the type of injury, the mechanical

stimuli, and additional interactions with the adjacent skeletal

muscle, bone marrow, and systemic factors. How changes in

this complex tissue environment influence the fate of pSSPCs

remains to be explored.

Clinical Applications of Periosteal Stem
and Progenitor Cells for Bone Repair

As the periosteum is an essential actor of bone healing, pSSPC

deficiencies can have direct consequences on repair.

Metabolic dysregulation in mice with induced type 1 diabetes

reduces callus formation, correlated with decreased pSSPC

proliferation and osteogenic differentiation [99]. Mice with

diet-induced obesity (DIO) and subsequent type 2 diabetes

also exhibit impaired fracture healing [100, 101]. Periosteal

SSPCs isolated from DIO mice show reduced osteochondral

and adipogenic differentiation potential in vitro [100]. Aging

is a long-known factor affecting bone repair in human and

animal models partially due to a reduction of pSSPC potential

and number [102, 103]. Two reports indicate abnormal

extracellular matrix deposition and proliferation of periosteal

cells isolated from 1-year-old mice and reduced chondrogenic

potential when isolated from 2-year-old mice [104, 105].

Aging is frequently linked to osteoporosis [106]. Mice with

estrogen or glucocorticoid-induced osteoporosis display an

abnormal periosteal response to scratch injury, with reduced

cartilage formation and maturation [107]. Overall, dysfunc-

tions of pSSPCs are still poorly described, but could be of

major interest to understand bone healing impairment.

Periosteum flap or allograft is frequently used in orthopedic

surgery to promote bone repair with convincing results in

animal models and in human [108–110]. Periosteal SSPCs

are therefore considered for cell-based therapies.

Transplanted pSSPCs can improve bone healing in aged mice,

genetically induced pseudarthrosis, and critical size defects

[37•, 108, 111]. Bone tissue engineering aims to replace au-

tograft approaches, by using cultured SSPCs embedded in a

3D matrix containing growth factors. The choice of the opti-

mal cell source is key for successful bone tissue engineering

and the periosteum rise as a promising source of cells.

Compared to other cell sources, such as bone marrow, adi-

pose, or dental pulp-derived cells, pSSPCs display higher

clonogenicity, proliferation, osteogenic, and chondrogenic

differentiation [20••, 112, 113]. Moreover, the potential of

pSSPCs can be increased depending on the harvesting site

and by using pre-treatment with BMP2 or FGF2 [38, 114,

115]. The development of periosteum-like matrix that mimics

the structural organization and cellular composition of the

periosteum is also explored with encouraging results [116].

Growth factors can be added to the scaffold in order to stim-

ulate endogenous pSSPCs or promote angiogenesis of the

grafted bioengineered tissue (VEGF) [113, 117]. To exploit

pSSPCs as an alternative source of cells for orthopedic cell-

based therapies, a better understanding of their identity and the

factors regulating their fate is needed.

Conclusions

The first studies describing periosteal SSPCs in vitro provided

limited relevance for endogenous pSSPC functions. In vivo

lineage tracing, using transgenic mouse models, is a valuable

tool to characterize pSSPCs in their periosteal niche and study

their behavior in the complex fracture environment. Different

subpopulations of pSSPCs have been identified using markers

such as PRX1, CTSK, and αSMA. These pSSPCs share com-

mon features, including multipotency after fracture and self-

renewal. It remains to be elucidated whether distinct subpop-

ulations differ in their identity and potency or if they overlap

and exhibit great plasticity based on their tissue localization

and environmental signals in the fracture vicinity.

Additionally, the absence of a specific marker to distinguish

pSSPCs from the other SSPC sources remains a challenge.
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While SSPCs from the bone marrow and skeletal muscle are

mostly unipotent in vivo, pSSPCs are bi-potent differentiating

into osteoblasts or chondrocytes. The origin of this bi-

potentiality is unknown. The heterogeneity of pSSPC popula-

tions with distinct osteochondral potential is one hypothesis.

pSSPCs also evolve in a unique fracture environment at the

interface of bone and skeletal muscle, exposing them to nu-

merous biological and mechanical stimuli. Advances in

single-cell transcriptomics will provide new insights in the

heterogeneity of pSSPCs and their responses to bone injury.

The complementarity of in vitro, in vivo, and transcriptomic

approaches will enhance our understanding of pSSPCs and

pave the way for new orthopedic cell-based therapies.
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Chapter 10

Renal Capsule Transplantation to Assay Angiogenesis
in Skeletal Development and Repair

Anais Julien, Simon Perrin, Rana Abou-Khalil, and Céline Colnot

Abstract

Renal capsule transplantation is a very helpful method to grow embryonic tissues or tumors in a vascular

environment, allowing for long-term engraftment and biological analyses. This chapter describes the

surgical procedure for the transplantation of embryonic skeletal elements in the renal capsule of adult

mice and points out the manipulations that can be applied for assaying the role of angiogenesis during bone

development and repair.

Key words Skeletal development, Skeletal repair, Angiogenesis, Renal capsule transplantation

1 Introduction

Bone is a highly vascularized tissue with tight connections between
blood vessels, bone marrow, and bone cells to maintain skeletal
integrity. Angiogenesis plays a pivotal role in skeletal development
and particularly during endochondral ossification as an angiogenic
switch is required for the replacement of cartilage by bone marrow
and bone [1–3]. Numerous tools and methodologies have been
used to study the impact of angiogenesis on osteogenesis both
in vitro and in vivo [4–8]. Although in vitro angiogenesis assays
have provided direct evidence for bidirectional interactions
between osteoblasts and endothelial cells, which are crucial for
osteogenesis, other cell types, circulating factors, and extracellular
matrix proteins are involved in bone vascularization. Therefore,
in vivo angiogenic assays are also essential to study the role of
supporting cells (smooth muscle cells, pericytes, and fibroblastic
cells) and other factors in the tissue environment. Moreover,
in vitro assays do not allow the development of the hematopoietic
compartment of bone, which is required for establishing the stro-
mal compartment of bone and providing osteoclasts that are
together necessary for bone formation and remodeling. Since the

Matthew J. Hilton (ed.), Skeletal Development and Repair: Methods and Protocols, Methods in Molecular Biology, vol. 2230,
https://doi.org/10.1007/978-1-0716-1028-2_10, © Springer Science+Business Media, LLC, part of Springer Nature 2021
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kidney is one of the most vascularized organs in the body, the renal
capsule constitutes a permissive environment to grow cells, tumors,
or embryonic tissues [9–13]. The renal capsule of adult mice has
been used as a host environment to dissect the role of angiogenesis
in skeletal development [13, 14]. With the growing number of
genetically modified mouse models, this approach can help distin-
guish the effects of specific gene mutations in skeletal tissues versus
blood vessels and their impact on angiogenesis and subsequent
bone development [15, 16]. Any skeletal element from the devel-
oping embryo can potentially be collected prior to its vasculariza-
tion in vivo and transplanted in the adult host renal capsule. More
recently, this model was used to grow human embryonic skeletal
elements [17]. Vascularization of the grafts occurs within 3 days,
and the renal capsule environment can support normal bone devel-
opment and growth, including establishment of the bone marrow,
cortical bone, and surrounding periosteum (Fig. 1). Finally, skeletal
stem/progenitors within bone marrow and periosteum can be
isolated from long bones grown in the renal capsule and mobilized
to repair bone after skeletal injury thus extending the use of this
system to study bone repair mechanisms (Fig. 2) [18].

2 Materials

2.1 Anesthetics

and Analgesic

1. Anesthetics: Prepare the solution of ketamine–medetomidine
by mixing 1 volume of ketamine with 1 volume of
medetomidine.

2. Anesthetic reversal solution: Atipamezole comes as a ready to
use reagent.

3. Analgesics: Prepare the solution of buprenorphine in NaCl
0.09%.

2.2 Isolation of E14–

E14.5 Mouse Femora

1. Pregnant female mice with embryos at E14–E14.5 (seeNote 1).

2. Surgical instruments (Fine forceps Dumont #5 and #55, scis-
sors, Fine Science Tools).

3. Ice-cold phosphate buffer saline solution (1! PBS).

4. 70% ethanol.

5. 24-well plate.

6. Petri dish 100 mm diameter.

7. Binocular microscope.

2.3 Renal Capsule

Transplantation

1. 24-well plate.

2. Insulin micro-fine syringe (30G).

3. Wound clipper.
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Fig. 1 Steps of the surgical procedure and development of skeletal elements in

the renal capsule. (a) Anesthetized host mouse prior to transplantation; note the
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Fig. 2 Steps of the surgical procedure and repair after cortical defect or fracture in long bones grown under the

renal capsule. (a–d) Steps of cortical defect repair and (e–h) steps of fracture repair. (a, e) Exteriorized kidney

6 weeks posttransplantation of an E14.5 femoral skeletal element. (b, f) Cortical defect (b) and bone fracture

(f) at the time of procedure (white arrows point to the injury site). (c, g) Healing cortical defect (c) and bone

fracture (g) 2 weeks after the procedure (white arrows indicate the repair site). (d, h) Longitudinal sections of

cortical defect (d) and fracture (h) stained with Safranin-O showing a fully ossified callus (orange dotted line)

composed of newly formed bone (black arrows)

!

Fig. 1 (continued) position of the skin incision. (b) Exteriorized kidney post-

transplantation of one E14.5 femoral skeletal element (denoted by a white dotted

line). The white arrow indicates the incision in the renal capsule. (c) Femoral

skeletal elements at days 0 (d0), 5 (d5), 7 (d7), and 60 (d60) posttransplantation.

By day 60, the skeletal element is fully ossified and has grown to reach almost

the size of a two-month-old mouse femur (approximately 1 cm in length). (d)

PECAM immunostaining reveals blood vessels (black arrows) on longitudinal

sections of femoral skeletal elements at d0 (E14.0), d5, and d7 posttransplanta-

tion. At the time of transplantation (d0), the perichondrium (pc) is vascularized

but not the cartilage (c). The cartilage becomes vascularized by day 5 to form the

primary ossification center. The bone marrow (bm) and periosteum (po) are well

developed by day 7; the epiphyseal cartilage (c) is not yet invaded by blood

vessels to form the secondary ossification center
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4. Male mice (8–12 weeks old) (see Note 1).

5. Pregnant mouse female (E14–E14.5).

6. Binocular microscope.

7. Betadine soap and Betadine solution.

8. Cotton swab.

9. 1! PBS.

10. Plastic Pasteur pipette.

11. “L”-shape glass rod (Home made): Using a fire, separate the
narrow end of a glass Pasteur pipette (4–5 cm in length); make
a thin “L”-shaped glass rod with a rounded closed end of
approximately 1 mm in diameter.

12. Surgical instruments (Fine forceps, Fine Vanna Scissors, twee-
zers, hemostatic forceps, scissors) (Fine Science Tools) (see
Note 2).

13. 4-0 absorbable sutures.

14. Clips and wound clipper.

2.4 Bone Fracture

and Cortical Defect

in the Renal Capsule

1. Wound clipper.

2. Binocular microscope.

3. Betadine soap and Betadine solution.

4. Surgical instruments (Fine forceps, Fine Vanna Scissors, twee-
zers, scissors) (Fine Science Tools) (see Note 2).

5. Drill with 0.8 mm drill bit.

6. 4-0 absorbable sutures.

7. Clips and wound clipper.

2.5 Analysis

of Vascularization

and Angiogenesis

1. Glass jar.

2. 4% paraformaldehyde (PFA) fixative solution.

3. 0.5 M ethylenediaminetetraacetic acid (EDTA) pH 7.4.

4. 70% ethanol.

5. 95% ethanol.

6. 100% ethanol.

7. Xylene.

8. Paraffin.

9. Superfrost microscope slides.

10. Histoclear.

11. 1! PBS.

12. Rotary microtome.

13. Deionized water.
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14. Hydrophobic pen.

15. Hydrogen peroxidase (H2O2).

16. Methanol.

17. Ficin solution.

18. Glycine.

19. Ovalbumin.

20. Nonfat powdered milk.

21. Normal goat serum.

22. Rat anti-PECAM primary antibody (BD Biosciences).

23. Goat biotinylated anti-Rat secondary antibody
(BD Biosciences).

24. Horseradish peroxidase (HRP)-conjugated Streptavidin
(BD Biosciences).

25. Diaminobenzidine (DAB): Prepare working solution accord-
ing to supplier manual (Life Technologies).

26. Fast Green.

27. Permount.

28. Cover slides.

3 Methods

3.1 Isolation

of Mouse Embryonic

Femora

Prepare the cartilage grafts by finely dissecting the skeletal elements
of E14-E14.5 mouse embryos using 2 pairs of fine forceps (see
Note 3).

1. Sacrifice pregnant mouse by cervical dislocation under anesthe-
sia (IP injection of ketamine–medetomidine: 50 mg of keta-
mine and 0.5 mg of medetomidine per kg of body weight) and
position the mouse in a supine posture.

2. Soak the abdomen with 70% ethanol, and make a small incision
at the midline. Continue with a V-shaped incision through the
skin and pull the skin toward the head to expose the abdomen.

3. Cut the peritoneum to expose the abdominal cavity.

4. Locate the 2 uterine horns, the uterus and oviduct in the dorsal
region of the abdomen cavity.

5. Explant the uterus by cutting the mesometrium and the sur-
rounding fat tissue. Place the uterus in ice-cold 1! PBS (see
Note 4).

6. Discard the pregnant mouse and proceed for embryo
dissection.
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7. Separate each embryo by cutting between implantation sites
along the uterine explant.

8. Make a small incision through the decidua tissue surrounding
each embryo and with a pair of fine forceps, tear decidua apart
and the embryo can be shelled out.

9. Once embryo is removed, Reichert’s membrane may still be
attached as well as the ectoplacental cone (see Note 5).

10. Place the embryo in a clean petri dish with clean ice-cold 1!
PBS and proceed to carefully dissecting the embryo under the
binocular microscope.

11. Using fine forceps, carefully separate the upper and bottom
parts of the embryo body by cutting through the abdomen.
Discard the upper body.

12. Carefully peel the skin to visualize the femora.

13. Use the surrounding soft tissue to hold the hindlimb with the
forceps and separate the hindlimb from the hip.

14. Using a pair of fine forceps, pinch the soft tissue on both sides
of the femora and the soft tissue on both sides of the tibia. Pull
to separate the femora and the tibia. Discard tibia.

15. Take off the surrounding soft tissue. Keep some to be used to
grasp the femoral cartilage (see Note 6).

16. Place the femoral cartilage grafts in ice-cold 1! PBS or DMEM
medium in a 24-well plate on ice for no longer than 2 h for
optimal development after transplantation.

3.2 Renal Capsule

Transplantation

1. Weigh male (8–12 week old) mice and induce general anesthe-
sia with an IP injection of ketamine–medetomidine (50 mg of
ketamine and 0.5 mg of Medetomidine per kg of body weight).

2. Perform a subcutaneous injection of analgesics solution
(0.1 mg buprenorphine in NaCl 0.09% per kg of body weight)
(see Note 7).

3. With the mouse under anesthesia, shave the left flank with the
electric clipper.

4. Position the mouse on its side with the left shaved flank facing
up under the binocular microscope (Fig. 1).

5. Swab the shaved area center-out with Betadine soap followed
by Betadine solution.

6. Locate the left kidney and make a small longitudinal incision of
approximately 1–1.5 cm through the skin and the body wall
(Fig. 1) (see Note 8).

7. Expose the kidney outside the body by pulling with forceps the
fat located at the distal pole of the kidney and simultaneously
applying a slight pressure to both sides of the incision with the
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forefinger and thumb to pop the kidney out of the abdominal
cavity. The exteriorized kidney will rest on the body wall. Keep
the kidney moist by applying a PBS solution with a Pasteur
pipette (see Note 9).

8. Prepare the graft site by making a small 2 mm hole in the renal
capsule at the base of the kidney using small Vanna scissors
(Fig. 1, arrow) (see Note 10).

9. Insert the “L”-shape glass rod into the hole and carefully slide
it in between the capsule and the kidney parenchyma to make a
small pouch for the graft (see Note 11).

10. Transfer the graft to the surface of the kidney using a pair of
fine forceps (see Notes 12–14).

11. Insert the graft into the pouch by gently lifting the capsule with
one pair of fine forceps and by placing the graft under the
capsule with another pair of forceps. Once the graft is entirely
covered with the capsule, guide it with the forceps to position it
in the mid-axial part of the kidney (Fig. 1, white dotted line).

12. Reposition the kidney into the body cavity and close the body
wall layer with 2 stiches using a 4-0 silk absorbable suture.

13. Align both sides of the skin incision together and close the skin
with 2 or 3 clips using a wound clipper.

14. If needed, clean the skin of the mouse using a Betadine
solution swab.

15. Inject the anesthetic reversal solution (0.1 mg atipamezole per
kg body weight) via IP injection and place the mouse on a
heating blanket set at approximately 37 !C for recovery. Moni-
tor the mice closely until fully awake. Let the mice ambulate
freely to access food and water.

16. Monitor mice daily and remove skin staples after 2 weeks (see
Note 15).

3.3 Bone Fracture

and Cortical Defect

in the Renal Capsule

1. Six to eight weeks after transplantation of E14–E14.5 femora
in the renal capsule, weight and anesthetize the host mice as
described in Subheading 3.2.

2. Shave the left flank of the mice and clean the shaved area with
Betadine soap then Betadine solution.

3. At the level of the left kidney, make an incision (approximately
1–1.5 cm) longitudinally within the skin and the body wall.

4. Expose the kidney with the bone transplant to make it accessi-
ble as described in Subheading 3.2 (see Note 16) (Fig. 2a, e).

5. To induce a cortical defect, drill a hole of 0.8 mm in diameter
into one cortex in the diaphysis (Fig. 2b).

To induce a bone fracture, cut the bone in the mid diaphy-
sis with scissors (see Note 17) (Fig. 2f).
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6. Reposition the kidney into the body cavity and suture the body
wall using a 4-0 silk absorbable suture.

7. Close the skin incision with 2 or 3 clips using a wound clipper.

8. If needed, clean the skin of the mouse using a Betadine
solution swab.

9. Inject the anesthetic reversal solution (0.1 mg atipamezole per
kg body weight) via IP injection and place the mouse on a
heating blanket set at approximately 37 !C for recovery. Moni-
tor the mice closely until fully awake. Let the mice ambulate
freely to access food and water.

10. Monitor mice daily and remove skin staples after 2 weeks (see
Note 15).

3.4 Analysis

of Vascularization

and Angiogenesis

Blood vessels are visualized with anti-PECAM (CD31) immunos-
taining (see Notes 18 and 19).

1. Harvest renal capsule transplanted femora and fix the tissue
with 4% PFA fixative solution for 24 h (see Notes 20 and 21).

2. Decalcify samples in 0.5 M EDTA for 24 h—7 days on a rock-
ing platform shaker at 4 !C. Change EDTA solution every day
(see Notes 22 and 23).

3. Dehydrate skeletal tissues by immersing tissue in graded etha-
nol series followed by xylene three times for 20 min each at
room temperature (see Note 24).

4. Embed the tissue in paraffin at 58 !C.

5. Cut 5–7 μm thick tissue sections using a rotary microtome.
Float the sections in a 56 !C water bath and mount the sections
onto microscope slides.

6. Dry the slides at room temperature for 1 h and proceed with
anti-PECAM immunostaining (see Notes 25 and 26).

7. Rehydrate sections by immersing the slides in Histoclear two
times for 5 min each.

8. Immerse the slides in 100% ethanol two times for 5 min each.

9. Immerse the slides in 95% ethanol for 5 min.

10. Immerse the slides in 70% ethanol for 5 min.

11. Immerse the slides with deionized H2O for 5 min.

12. Rehydrate the slides with 1" PBS for 5 min using a glass jar
with lid.

13. Surround the tissue with a hydrophobic barrier using a
barrier pen.

14. Block endogenous peroxidase activity with fresh 0.3% of
hydrogen peroxide (H2O2) diluted in methanol for 45 min at
room temperature (see Notes 27 and 28).
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15. Proceed for enzymatic antigen retrieval step by incubating
sections with ready to use Ficin solution for 5 min at room
temperature (see Notes 29).

16. Wash slides three times for 5 min each in 1! PBS.

17. Block non-specific staining by incubating sections with 0.1 M
glycine solution diluted in 1! PBS for 60 s at room tempera-
ture (see Note 30).

18. Wash slides three times for 5 min each in 1! PBS.

19. Block nonspecific staining by incubating sections with 5% non-
fat powdered milk solution diluted in 1! PBS for 10 min at
room temperature.

20. Wash slides three times for 5 min each in 1! PBS.

21. Block nonspecific staining by incubating sections with 0.1%
ovalbumin solution diluted in 1! PBS for 10 min at room
temperature.

22. Wash slides three times for 5 min each in 1! PBS.

23. Block nonspecific staining by incubating sections with 5% nor-
mal goat serum diluted in 1! PBS for 30 min at room temper-
ature (see Note 31).

24. Apply rat anti-PECAM primary antibodies solution at 1:50
diluted in serum blocking solution (5% normal goat serum
diluted in 1! PBS) and incubate overnight at 4 "C (see Notes

32 and 33).

25. Rinse one time with 1! PBS to drain the excess of primary
antibodies.

26. Wash slides three times for 5 min each in 1! PBS.

27. Block non-specific staining by incubating sections with 5%
normal goat serum diluted in 1! PBS for 30 min at room
temperature (see Note 31).

28. Apply goat biotinylated anti- rat secondary antibodies solution
at 1:200 diluted in serum blocking solution (5% normal goat
serum diluted in 1! PBS) and incubate for 1 h at room
temperature.

29. Rinse the slides once with 1! PBS to remove excess secondary
antibody.

30. Wash the slides three times for 5 min each in 1! PBS.

31. Apply HRP-conjugated streptavidin solution at 1:100 diluted
in serum blocking solution (5% normal goat serum diluted in
1! PBS) and incubate for 45 min at room temperature.

32. Rinse the slides once with 1! PBS to remove excess
HRP-streptavidin solution.

33. Wash the slides three times for 10 min each in 1! PBS.
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34. Apply DAB substrate working solution and develop for 30 s to
1 min (see Notes 34–36).

35. Rinse the slides for 2 min with ddH2O.

36. Wash the slides three times for 5 min each in ddH2O.

37. Proceed to counterstaining by incubating sections with 0.01%
Fast Green solution diluted in deionized H2O for 15 s at room
temperature.

38. Dehydrate the sections by immersing tissue in 70% ethanol for
3 min at room temperature.

39. Immerse the slides in 95% ethanol for 3 min at room
temperature.

40. Immerse the slides in 100% ethanol for 3 min at room
temperature.

41. Immerse the slides in Histoclear solution for 5 min at room
temperature.

42. Apply a drop of Permount and coverslip.

43. Let slides dry at room temperature.

4 Notes

1. Use donor and host mice from the same genetic background to
avoid graft rejection. Host mice should be preferably male as
remodeling of the graft is accelerated in female hosts.

2. All surgical instruments and reagents must be sterile to avoid
any risks of infection.

3. For the transplantation of stylopods and zeugopods, E14–
E14.5 embryonic stage is the ideal time point as hypertrophic
cartilage is well differentiated and will efficiently attract host
blood vessels, but endogenous blood vessels have not invaded
the cartilage yet and will not for another 24 h. For other
skeletal elements that are less advanced in their development,
such as autopods, later embryonic stages may be more
appropriate.

4. Avoid excessive compression on the uterine explant, which
could deform and compromise the embryonic tissues.

5. Embryo can be handled by grasping the attached Reichert’s
membrane as well as the ectoplacental cone using fine forceps.

6. Use the soft tissue surrounding the stylopod (cartilage femoral
graft) to handle the embryonic tissue. At E14–E14.5 embry-
onic stage, the stylopod is very soft. Excessive compression may
deform and compromise the normal development under the
renal capsule.
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7. At least one additional injection of analgesic is performed the
day following the surgery. Please refer to your institutional
guidelines concerning animal care and welfare. All of our pro-
cedures received approval from the Paris Descartes University
Ethical committee.

8. The kidney is retroperitoneal. It is not necessary to cut into the
peritoneum. The cut through the body wall should start just
above the hip level and should be long enough (1–1.5 cm) for
the kidney to be “popped out” but not longer to avoid the risk
of it falling back into the body cavity during the procedure
(Fig. 1). Avoid cutting major vessels and nerves.

9. It is important to keep the capsule moist during the entire
process; otherwise it will be easily torn.

10. The size of the incision in the capsule is determined by the size
of the graft, but it should not exceed 4 mm as it may cause a
loss of the graft (Fig. 1).

11. The L-shape glass should be manipulated under the capsule
tangential to the surface of the kidney to avoid tearing the
capsule. Great care should be taken while creating the pouch
to not damage the kidney parenchyma which if damaged will
bleed.

12. The skeletal elements should be transplanted with intact peri-
chondrium to allow optimal vascularization and development.
Some remaining soft tissues can be kept around the graft, as it
will not interfere with bone development and growth.

13. Numerous treatments and manipulations can be applied to the
graft prior to transplantation or at the time of transplantation
(for example incubation in a solution of blocking antibody, or
placing beads soaked in a protein solution adjacent to the graft
under the kidney capsule) [16].

14. Several grafts can be transplanted in one kidney capsule
depending on the length of the study (3 grafts for up to
1 week of development in the renal capsule, 2 grafts for up to
2 weeks, one graft for longer time points). Bilateral grafting is
not recommended.

15. Potential adverse effects include infection, parenchyma bleed-
ing and graft rejection. Although these effects occur very
rarely, mice should be monitored daily following the
transplantation.

16. Avoid pulling on bone transplant to expose the kidney.

17. These procedures are performed through the outer layer of the
kidney. Make a small incision andmaintain one extremity of the
bone with forceps to create fracture or cortical defect. This will
not affect the attachment of the bone to the kidney surface.

162 Anais Julien et al.

  



 273 

18. Femurs or other long bones grown under the renal capsule
repair after a cortical defect or a fracture (Fig. 2c, d, g–h,
respectively) following a similar regeneration process as
observed in adult bone [18].

19. PECAM immunostaining can be realized on uninjured trans-
planted embryonic femur (Fig. 1d) or after a cortical defect or
fracture (data not shown) following the same protocol.

20. The volume of fixative solution should be 50 times greater than
the size of the immersed tissue to ensure a proper fixation of
the tissue.

21. Avoid fixing the tissue for more than 24 h since tissue antigens
may either be masked or destroyed.

22. Decalcification using chelator reagents such as EDTA works by
capturing the calcium ions from the bone. EDTA acts slowly
but is compatible with many immunostaining protocols.

23. The time of decalcification varies from 24 h to 7 days depend-
ing on the mineral density of the sample determined by the size
of the skeletal element and the time point of harvest.

24. Paraffin is immiscible with water. Tissue must be dehydrated
before adding paraffin wax.

25. Slides with paraffin-embedded sections can be stored either at
room temperature or at 2–8 !C for several years in slide storage
boxes. However, PECAM immunostaining should be per-
formed within a week after sectioning for optimum results.

26. This PECAM immunostaining protocol can also be performed
on cryo-embedded tissues (starting the procedure at step 12).

27. Some cells or tissues contain endogenous peroxidase. Using
HRP conjugated antibody may result in high, non-specific
background staining. Incubation with Peroxide (H2O2) sup-
presses endogenous peroxidase activity and therefore reduces
background staining.

28. Hydrogen peroxide should be stored in the refrigerator and
protected from sunlight in order to slow its thermal decompo-
sition. Always use fresh H2O2 working solution.

29. The Ficin enzymatic antigen retrieval method serves as a pro-
teolytic digestion to expose the antigenic sites that are covered
when the tissue is fixed, making antibody-antigen binding
easier during the staining procedure.

30. The non-specific staining blocking step is most often per-
formed just prior to incubating the sample with the primary
and secondary antibodies. Non-specific staining blocking solu-
tion reduces the background signal produced by non-specific
interaction of primary and secondary antibodies with proteins
in the tissue section.
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31. Serum is required in the blocking solution to block immuno-
globulin Fc receptors present on cells in the section. The serum
should be of the same species as the secondary antibody.

32. Overnight incubation at 4 !C with primary antibodies allows
proper and optimal specific binding of antibodies to tissue
targets and reduces nonspecific background staining.

33. A negative control is critical for an accurate interpretation of
the immunostaining results. A negative control could be using
the incubation buffer with no primary antibody to identify
non-specific staining of the secondary reagents. Additional
controls can be employed to support the specificity of staining
generated by the primary antibody. These include absorption
controls, isotype-matched controls (for monoclonal primary
antibodies), and tissue-type controls.

34. Upon reaction with HRP, DAB substrate will produce a brown
colored deposit. Signal development should be monitored
under microscope.

35. DAB is extremely carcinogenic. Necessary precautions should
be taken (wear gloves and use only glass containers).

36. DAB is photosensitive: Keep the DAB working solution away
from light and always use freshly prepared DAB working
solution.
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Role of periosteum in bone regeneration and congenital 
pseudarthrosis of the tibia 

 
Bone repair is a highly efficient process allowing bones to fully regenerate without scarring after 

fracture. It relies on the activation and differentiation of skeletal stem/progenitor cells (SSPCs) 

recruited locally from the periosteum, the bone marrow, and the skeletal muscle adjacent to bone. 

The periosteum, the outer layer of bones, is a major source of SSPCs contributing to cartilage 

formation after bone injury. The identity of periosteal SSPCs (pSSPCs) and their mechanisms of 

activation after fracture remains poorly described. Moreover, the role of the periosteum in bone 

repair defects is unknown, but is suspected in congenital pseudarthrosis of the tibia (CPT), a severe 

disorder characterized by spontaneous tibial fracture and fibrous non-union. CPT is associated with 

the genetic disorder Neurofibromatosis Type 1 (NF1), caused by heterozygous mutations in the 

tumor suppressor gene NF1. NF1 symptoms such as nerve sheath tumors and skin 

hyperpigmentation are due to NF1 biallelic inactivation in specific cell types i.e. Schwann cells and 

melanocytes respectively. NF1 biallelic inactivation was also reported in CPT but the cellular origin 

of the disease remains to be determined. In the thesis, I investigated the mechanisms of pSSPCs 

recruitment and maturation, and the role of periosteum in CPT.   

In the first part of the thesis, I used single-cell RNAseq technology to characterize pSSPC 

response to fracture. Upon activation, periosteal SSPCs leave their stem/progenitor stage to 

become fibrogenic before undergoing chondrogenic differentiation. This activation pattern, 

common with skeletal muscle SSPCs, is regulated by BMP signaling.  

During endochondral ossification, cartilage undergoes maturation, hypertrophy and is replaced by 

bone, via chondrocyte apoptosis or cartilage-to-bone transformation. In the second part of the 

thesis, the phenotype of mice carrying an overactivating mutation of FGF Receptor 3 was analyzed 

and showed that this step of cartilage-to-bone transformation is essential for bone repair. 

Periosteum-derived chondrocytes in Fgfr3-mutant fail to transdifferentiate into osteoblasts and 

produce fibrocartilage, thus leading to callus fibrosis and fracture non-union.  

In the third part of the thesis, I combined analyses of bone samples from CPT patients and 

Prss56-Nf1 KO mice carrying Nf1 inactivation in neural crest-derived boundary cap (BC) cells and 

their derivatives. The results show that CPT is linked to NF1 biallelic inactivation in human 

pathological periosteum and the presence of profibrotic pSSPCs. I identified a fibrous 

pseudarthrosis phenotype following tibial fracture in Prss56-Nf1 KO mice. BC derivatives are 

located in adult periosteum, where they give rise to pSSPCs and Schwann cells. Nf1-deficient 

pSSPCs have an intrinsic differentiation impairment and fail to transition from fibrogenesis to 

chondrogenesis, thus forming fibrosis. Additionally, Nf1-deficient Schwann cells exert a profibrotic 

paracrine effect on wild type SSPCs, which can be prevented by TGFβ inhibition to allow bone 

union. Overall, the thesis provides new insights into the role of pSSPCs during bone repair and 

how periosteum dysfunction can lead to severe bone repair deficiencies. 

 


