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Résumeé

Réle du périoste dans la régénération osseuse et la pseudarthrose
congénitale de jambe

La régénération osseuse est un processus trés efficace permettant aux os de réparer suite a 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 a la
fracture. Le périoste, la membrane externe des os, est une source clé de CSPOs formant os et cartilage
aprés une fracture. Cependant, les mécanismes de recrutement et de maturation des CSPOs du
périoste (pCSPO) sont méconnus. De plus, le role 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 sévére caractérisée par une fracture tibiale spontanée et une absence de
consolidation. La PCJ est associée a la Neurofibromatose de type 1 (NF1), une maladie génétique
causée par des mutations hétérozygotes du gene suppresseur de tumeur NF1. Certains symptomes de
NF1, dont les tumeurs de la gaine des nerfs périphériques et les hyperpigmentations cutanées, sont
dues a 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
I'origine cellulaire de la pathologie reste a déterminer. Dans cette thése, j'ai étudié les mécanismes de
recrutement et de maturation des pCSPOs ainsi que I'implication du périoste dans la PCJ.

Dans la premiére partie de la thése, j'ai utilisé le séquengage de 'ARN en cellule unique pour décrire
la réponse des pCSPOs a la fracture. En s’activant, les pCSPO quittent leur état souche/progénitrice
pour entrer en fibrogenése puis en chondrogenése. Ce schéma d’activation, équivalent a 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 thése, 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 a 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 a une absence de réparation osseuse.

Dans la troisiéme partie de la thése, j’ai combiné I'analyse d’échantillons de patients atteint de PCJ
et du modéle murin Prss56-Nf1 KO portant une inactivation du géne Nff dans une population spécifique
de cellules de crétes neurales, les capsules frontieres (CP), et leurs dérivés. Nos résultats montrent que
la PCJ est associée a l'inactivation biallélique de NF7 chez 'homme au niveau du périoste au site de
pseudarthrose et a la présence de pCSPO pro-fibrotiques dans le périoste pathologique. J’ai identifié
un phénotype de pseudarthrose apres fracture du tibia dans les souris Prss56-Nf1 KO. Les dérivés des
CPs sont localisés dans le périoste, ou ils correspondent a des pCSPOs et des cellules de Schwann.
Les pCSPOs mutées pour Nf1 présentent un défaut intrinséque de différentiation bloquant leur transition
de la fibrogenése a la chondrogenése. 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 TGFB corrige le

phénotype de pseudarthrose chez les souris Prss56-Nf1 KO. Dans I'ensemble, cette thése apporte une



meilleure compréhension sur le role des pCSPO au cours de la régénération osseuse et montre

comment une déficience du périoste conduit a un défaut de régénération sévere 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, | investigated the mechanisms of pSSPCs
recruitment and maturation, and the role of periosteum in CPT.

In the first part of the thesis, | 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, | 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. | identified a fibrous
pseudarthrosis phenotype following tibial fracture in Prss56-Nff 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 TGFf inhibition to allow bone

11



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 tissues’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 cells*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).
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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)'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 tendons'-3.

1.2. Composition of the bone tissue

Bones are composed of organic (cells and extracellular matrix) and inorganic (minerals) components®.
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 matrix’. 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 | (90% of
overall collagen), lll, and V are the most abundant components of the organic ECM®®. Proteoglycans
(biglycan, asporin)'®', glycoproteins (osteonectin, thrombospondins)'?-'*, small integrin-binding ligand
N-linked glycoproteins (osteopontin, bone sialoprotein)'®'® and osteocalcin' 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 (Cas(PO4)3(OH)), formed by the combination of calcium phosphate and calcium
carbonate'®'%, 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 tendons?*-2%, The periosteum is a bi-layered membrane (Figure 2)%-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)?"-%. The periosteum
is highly vascularized and acts as a major source of blood supply for bones?®-*2. It is densely innervated
by sensory fibers (expressing calcitonin gene-related peptide or CGRP) and sympathetic fibers
(expressing Tyrosine Hydroxylase or TH)3*34 The periosteum also hosts resident and osteal
macrophages (osteomacs)3®. The exact composition and heterogeneity of the cell populations within the

periosteum remain to be further described.
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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 zebrafish®. This study suggests that mesoderm-derived bones can also contain cells with neural

crest origin.
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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 DIx5, which induces the expression of
Runx2, the master regulator of osteogenesis®’. Cells engage in osteogenesis, expressing genes such
as Alpl and Osterix (Osx or Sp7), and become osteoblasts®®. The newly formed osteoblasts produce a
Collagen type | rich matrix and mineralize it. Some osteoblasts are entrapped in the bone matrix and

further differentiate into osteocytes (Figure 4)3°40.
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Figure 4: Intramembranous ossification

22



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 chondrocytes*'*2. The early chondrocytes
proliferate and express cartilage matrix proteins, such as Collagen type Il 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
matrix*3. 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 center**45, Perichondrial cells express Nerve
Growth Factor, required for embryonic bone innervation, vascularization, and ossification*¢. Several
studies aimed to understand the origin of osteoprogenitors during endochondral bone development*’.
The absence of systemic recruitment was shown using ectopic renal capsule transplantation*®. Lineage
analysis showed that the perichondrium and the cartilaginous template itself are sources of
osteoprogenitors for bone formation*®. 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 cells®*-52. While hypertrophic chondrocytes in cartilaginous template undergo
cell death at the cartilage-to-bone junction®®>*, some terminal hypertrophic chondrocytes can
transdifferentiate into osteoblasts. This mechanism of transdifferentiation was shown using
chondrocytes specific-CRE lines (Col10a1¢°ERT, Col2a1°ERT, Acan®®ERT) to trace chondrocytes able to
generate osteoblasts and stromal cells®>->°. 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 ©°.
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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)%":62. The resting zone hosts populations of stem cells, expressing PTHrP and FoxA25384. 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 cells*’. 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 growth®%5¢_ Borderline chondrocytes
do not reach hypertrophy but undergo a transient skeletal precursor step before differentiating into
osteoblasts or stromal cells.

s — Blood vessel
~ (e Resting zone
lo) @ = \9
Cf/ (')\ Growth plate stem cells

Proliferative zone

Borderline —| O)
chondrocytes | ¢/ |(e)(e)(e) (e (e) (e)(e) Hypertrophic zone

(@ (@) (@) (@ (e (o (&

chondrocytes

®
(®
‘ (.) (.)_ Hypertrophic

Bone marrow cavity

Mesenchymal .
precursors /

&/

(oje)e) @

Stromal cells Osteoblasts Apoptosis

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 bone®”:%8. 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 osteocytes® "' or
systemic hormonal changes, such as increased parathyroid hormone (PTH) blood level’?73. The phase
of resorption starts with the differentiation of osteoclasts, which bind to the bone surface and
progressively degrade the bone matrix’47". 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 recruited’”’8. 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-hormones™ %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 prevalence®384,
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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

25



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)%.

The first phase of bone repair corresponds to the formation of the hematoma concomitant to the acute
inflammatory response®®8”. 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 injury®®. Recruited immune cells come from the circulation or are recruited locally
(osteomacs)®. 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, TNFo®'-%. 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 M2%-%°, M2 macrophages
secrete anti-inflammatory factors such as Transforming Growth Factor beta (TGFB) and IL-10. The
resolution of the immune response is necessary for healing, as persistent inflammation impairs bone
healing'®-12, 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)'03-110,
SSPCs are recruited from different sources: the bone marrow compartment, the periosteum, and the
skeletal muscle surrounding the fracture site?”-28111-114_ 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)'"'5"17_ A specific subtype
of blood vessel-associated osteoclasts, named septoclasts, has been recently described as mediating
cartilage resorption'®'®. Hypertrophic chondrocytes undergo apoptosis or transdifferentiation into
osteoblasts®:120.121 Osteoblasts progressively ossify the callus and form the bony callus. The last phase
of healing corresponds to the remodeling phase'?2. 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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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 19™ century, a first study from Cohnheim suggested that the bone marrow contains a population
of cells that could give rise to fibroblasts'?. 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
populations'. In 2006, the International Society for Cellular Therapy (ISCT) defined a list of 3 criteria
to define MSCs to increase consistency among laboratories'?®. 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).
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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 26~
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 identity'?°.
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 populations'3-'3*. 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* THY 1" 6C3"
CD105°) and human skeletal stem cell (CD45 CD235 CD31" TIE2" PDPN* CD146° CD164* )'3513¢_ Ag
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™'3. 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 minimal?”:'38, SSPCs are recruited locally from

the bone marrow, the skeletal muscle, and the periosteum (Figure 10).
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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 from'!1.112.138

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 MX1'3%143 |n
the last decade, progress in high throughput sequencing at single-cell resolution led to a better
photography of the bone marrow heterogeneity'3'-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 Cxcl12°°ERT Matsushita et al. described
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the AdipoCAR population in situ and showed its role during cortical defect injury''. 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 fracture''. 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 cells?’. 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 SSPCs'49-152,

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
known'®3-1%7_ 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 2. In vitro, satellite cells and
non-myogenic mesenchymal cells from adult skeletal muscle can form osteoblasts '°85°, 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 PDGFRa, 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)'®®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-union'2,
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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
Watson'®?. 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 repair'63-167,

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 culture®®. 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 '%°-'72_ The presence of cells within the
periosteum corresponding to the “mesenchymal stem cells” criteria was described in the 1980s'73-176,
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 27:16%177-178_ The SSPC populations defined by the markers
from Chan et al. were also identified in freshly isolated mouse and human bones 4135180 Periosteal
SSPCs exhibit multipotency in vitro with tri-lineage differentiation capacity towards osteogenesis,
chondrogenesis, and adipogenesis 738!, The multipotency and differentiation potential of pPSSPCs was
confirmed by in vivo ectopic transplantation experiments 182183 Both mouse and human pSSPCs display

self-renewal potential in serial CFU or ectopic transplantation assays 28107,

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", This ability of pPSSPCs 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 2272113 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 8. 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 differentiation'®. 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 injury?’.

2.3. Genetic lineage tracing of periosteal stem and progenitor cells during bone repair

To understand the endogenous role and fate of pPSSPCs 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 Prrx1°¢® model
labels not only SSPCs in the periosteum but also SSPCs in the bone marrow and skeletal muscle?”'12,
In adult bone, pSSPCs still express Prrx1 but the inducible Prrx1°ERT model does not allow efficient
labeling of pSSPCs 2718, The Platelet-Derived Growth Factor a (PDGFRa) has been described as a
marker of mesenchymal cells from various tissue origins. Studies using the Pdgfra®®cR" model showed
that PDGFRa 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 ossification?®. CTSK+ pSSPCs, traced
in the non-inducible Ctsk®® 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 2. CTSK+ and CD200+ periosteal

cells were also detected in human periosteum?2.

The protein alpha-Smooth Muscle Actin (aSMA), encoded by the Acta2 gene, labels cells in the
periosteum®1%, aSMA+ periosteal cells, traced using the Acta2°*ER™ mouse line, are a heterogenous
population of osteochondroprogenitors, with self-renewing potential and required for efficient bone
healing'™*. Ortinau et colleagues described a sub-population of aSMA+ cells, using the plpC inducible
Mx1Cre line''. aSMA+ 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
PDGFRB, and HOX11'92-1%4 Markers, such as Leptin receptor and Nestin, used to characterize bone
marrow self-renewing SSPCs also label cells in the periosteum'®”:'% 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 properties'®®. Lineage tracing in the
NesCERT model revealed an osteogenic and self-renewing potential of Nestin+ periosteal cells'®”. GLI1
labels populations of SSPCs, including in the periosteum, forming chondrocytes and osteoblasts after
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fracture®®'97, Osteochondrogenic markers such as SOX9 (Sox9°*ERT model) and Osterix (Osx©®

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

fracture 193198,

Markers | Mouse model Injury model Contribution Comment Used in
Prrx1 <™ Non stabilized tibial fracture Cartilage / Bone Labels all SSPCs Duchamp et al.
PRX1
Prrx1 <57 Non stabilized ulna fracture Cartilage / Bone Low cell labelling Kawanami et al.
PDGFRa | Pdgfra“™"" | Non stabilized forelimb fracture | Bone / Cartilage Xu et al.
Semi stabilized femoral fracture | Bone / Cartilage
CTSK Ctsk " Debnath et al.
Calvarial cortical defect Bone
aSMA ERT Semi stabilized tibial fracture | Bone / Cartilage Matthews et al.
aSMA
aSMA-GFP Calvarial cortical defect Bone Ortinau et al.
Non stabilized tibial fracture Bone / Cartilage
Tibial periosteal defect Bone ; iniacti
MX1 Mx1 e .quwrtzs plpC |njeto):.t|on. to Ortinau et al.
Tibial cortical defect Bone induce Cre recombination
Calvarial cortical defect Bone
AXIN2 | Axin2 “ERT Tibial cortical defect Bone Ransom et al.
PDGFRB | Pdgfrb“™ | Semi stabilized femoral fracture | Bone / Cartilage Bohm et al.
HOX11 | Hoxa11 “®*™ | Non stabilized ulnar fracture | Bone /Cartilage |Restricted to zeugopod bone Pineault et al.
Semi stabilized femoral fracture | Bone / Cartilage Shi et al.
GLI1 Glll CreERT1
Semi stabilized tibial fracture Bone / Cartilage Xia et al.
Nes-GFP Semi stabilized tibial fracture Bone Marks bone marrow SSPCs Tournaire et al.
Nestin
Nes 5T Tibial cortical defect Bone Marks bone marrow SSPCs Gaoetal.
LEPR Lepr™ Tibial cortical defect Bone Marks bone marrow SSPCs Gaoetal.
D
Semi stabilized femoral fracture | Bone / Cartilage He et al.
SOX9 Sox9 " Labelling is increased when
Rib bone resection Bone / Cartilage ) Kuwahara et al.
induced after fracture
0SX Osx ™ Semi stabilized tibial fracture | Bone / Cartilage Bohm et al.

Table 1: Markers and mouse lines labeling pSSPCs. Adapted from'®®

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
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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 § (TGFB), and Hedgehog (HH)
signaling (Figure 11).

The Bone Morphogenetic protein (BMP) signaling is one of the major pathways regulating bone
development, growth, remodeling, and repair?°'292, 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
Bmpria, 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-fracture?®. 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
110204 BMP4 and BMP?7 inactivation in SSPCs did not show an impact on bone healing?%®2°¢, BMP2
can also play a role in pSSPC fate decision but the exact role of BMP signaling in pSSPC activation

remains elusive?®’.

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 2°¢-2'"_ In the early steps,
Notch signaling promotes pSSPC activation and proliferation 2. Inhibition of Notch signaling by Wnt
marks the end of the pSSPC activation phase and the initiation of osteogenic differentiation?'!2'2. Wnt
regulates the differentiation of SSPCs by promoting osteogenic differentiation over chondrogenesis

through SOX9 repression 23,

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 genes?'. FGFs are involved in the development
and homeostasis of many tissues (heart, brain, lung) and are essential regulators of skeletal
development?'5-219, Indeed, overactivation of the FGF signaling by mutation of the FGFR3 gene is
responsible for achondroplasia or dwarfism??°-222_ After fracture, FGFs are expressed during pSSPCs
activation, during which FGF2 promotes the proliferation and chondrogenic differentiation of pSSPCs
through BMP2 signaling 22*2%5, FGFs are also expressed during cartilage formation and maturation
(FGF16, FGF18), and during ossification (FGF1, FGF17), suggesting their involvement through all

stages of repair?.
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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 from'®®

Several other growth factors and signaling pathways have been investigated. Transforming growth
factor beta (TGFB) encompasses 3 ligands (TGFB1, TGFB2, TGFB3)??¢. TGFp is known for its central
role in fibrosis tissue formation in many tissues (skin, lung, heart) 227-23', During bone repair, increased
TGFB expression is observed and regulates pSSPCs proliferation and osteogenic
differentiation'97:232233 P|atelet-derived growth factor BB (PDGF-BB), and Hedgehog are required for
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pSSPC proliferation and differentiation 172234-238  Additionally, PDGF-BB stimulates pSSPCs migration
and angiotropism while inhibiting apoptosis 7%, 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 22241 |n 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 pPSSPCs (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 Cyr61242243, Vascular disruption
at the fracture site subsequently causes hypoxia, HIF1a expression by pSSPCs, and the secretion of
proangiogenic factors required for angiogenesis and bone healing'®®244-24¢_ Periosteum removal
reduces blood vessel density at the injury site'®. 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 . 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
PDGFRp expressed by pSSPCs and stimulates Periostin expression, a critical regulator of pSSPC
response to injury and self-renewal 2”197, Periosteal SSPCs are responsive to different chemokines,
such as CCL2-MCP1888, The CCL5-CCRS5 axis is necessary to induce the migration of murine and
human pSSPCs''. 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?47:248,

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 2*°. Nerves subsequently
regulate pSSPCs activation by releasing neuropeptide calcitonin gene-related peptide (CGRP), that
binds to the CALCRL-RAMP1 receptor and stimulates Osterix expression 2%, 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
healing®s".

38



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 2%2. Mice with
diet-induced obesity (DIO) and subsequent type 2 diabetes also exhibit impaired fracture healing?53-2%4.
Periosteal SSPCs isolated from DIO mice show reduced osteochondral and adipogenic differentiation
potential in vitro 2%, Aging is a long-known factor affecting bone repair in human and animal models
partially due to a reduction of pSSPC potential and number 25°2%, 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 2°7:2%8, 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 maturation®%®. 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 patients?¢°-262, Periosteal SSPCs are therefore considered for
cell-based therapies. Transplanted pSSPCs can improve bone healing in aged mice and critical size
defects?53264, Bone tissue engineering aims to replace autograft approaches, by using cultured SSPCs
embedded in a 3D matrix containing growth factors?%®. 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 differentiation?’-265266, Moreover, the
potential of pSSPCs can be increased depending on the harvesting site and by using pre-treatment with
BMP2 or FGF2'80267.268  The development of periosteum-like matrix, that mimics the structural
organization and cellular composition of the periosteum is also explored with encouraging results?®®,
Growth factors can be added to the scaffold to stimulate endogenous pSSPCs or promote angiogenesis

of the grafted bioengineered tissue (VEGF)?5:270,
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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 ethnicity?’"?72. 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 disease?’®. First reports of NF1 symptoms were made during the 1300s?742" and the first
description of NF1 as a multisystemic disease was performed by Friedrich von Recklinghausen in
1882276277 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 Conference?’®. The NF1 diagnostic criteria
were revised in 202127, 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 years?80-283,

1. NF1 gene and neurofibromin
1.1. NF1 gene

The gene responsible for Neurofibromatosis type 1 was identified in 1990234, 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)?8528¢ NF1 gene is highly conversed among species with high homology (98% of
homology between human and murine sequences)?®. 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
RNAZ287-289 NF1 is ubiquitously expressed, with a strong expression detected in the nervous system and
glial cells®®. In bone, NF1 is expressed in most cell types, including osteoblasts, osteocytes, osteoclasts,

chondrocytes, periosteal cells, and bone marrow stromal cells?9'292,

NF1gene
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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 from?86:293.294
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1.2. Neurofibromin and downstream effectors

The NF1 gene codes for a large multi-domain protein, the neurofibromin?®2%, |t 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)?2% (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 neurofibromin®-3%3, The TBD and SecPH domains allow interactions with the
tubulin cytoskeleton and cytosolic membrane lipids®%4-3%, 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 receptors®''. 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)3'2313,
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Figure 13: Signaling pathways regulated by RAS and neurofibromin

42



The MAPK cascade is involved in the regulation of many critical cell functions, including proliferation,
differentiation, migration, senescence, and apoptosis®'?3'4, 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 survival®'53'6, 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 NF71 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 2%7.

2. Symptoms of Neurofibromatosis type 1

NF1 is characterized by a wide range of manifestations with high heterogeneity, severity, and prognosis
between patients?’272, NF1 symptoms manifest progressively through all lifespan, but a full penetrance
is observed from 8 years old (Figure 14-15).
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\
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Figure 14: Progressive development of NF1 symptoms from birth to adulthood. From?’

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 cells?’!. Based on their location,
they are usually divided between cutaneous neurofiboromas (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 tumors®'”. pNFs are detected in 60% of NF1 patients
and are located along peripheral nerves within the body®'8. 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)3'9320, This transformation is usually caused by additional mutations in
tumor-suppressor genes such as TP53, CDKN2A, or SUZ12321-324. MPNSTSs can vary in severity but

are associated with a poor prognosis and a high risk of metastasis32.

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 tumors3?”. 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)32333, 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 age33*33%. 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 microglia336:3%7,
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 problems®3°-342, One third of NF1 children
display symptoms of autism spectrum disorder®*3344. 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 patients34¢-357,
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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 anomalies®*?353, Between 2 and 6% of NF1

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

Optic glioma Café-au-lait macules

Scoliosis Sphenoid bone dysplasia

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
severe®03' 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)®¢2-3¢5, This is correlated
with an increased bone remodeling, changes in circulating factors (Vitamin D), and an increased
incidence of fracture3®6-368, 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 369370 Increased head
circumference, leading to macrocephaly in 25% of cases (head circumference >2 standard deviation
above the mean) is also observed in NF1 individuals 37°. 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 patients®’'. 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 scoliosis®’?-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 deformities®”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
severe®4385 CPT is a rare pediatric orthopedic disease affecting 5% of NF1 patients and overall, 1 in
150,000 to 200,000 children worldwide371386387 The link between CPT and NF1 is known since 1950,
and NF1 patients represent between 40 and 80% of CPT cases3®-3%, No differences in prognosis and
severity were observed between isolated and NF1-related CPT3®'-3%, 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 described®**. Since 1973, several
classifications were proposed (Anderson, Boyd, Crawford, Apoil) 389395397 The most commonly used is
the descriptive Crawford’s classification from 1986%°. CPT is divided in four types: Type | marked by a
bowing with dense medullary canal, Type Il marked by a bowing with abnormal medullary cavity, Type
[l 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 | to type IV.

Type | Type Il Type llI Type IV
Bowing with Bowing with Cystic lesion Pseudarthrosis
dense medullary abnormal
cavity medullary cavity

Figure 16: Congenital pseudarthrosis of the tibia according to Crawford classification. X-ray images
fr0m360,384,398
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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) 3994, This hamartoma is rich in
fibroblasts and extracellular matrix and can also contain fibrocartilage. The presence of giant osteoclasts
was also reported*®'. 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 cells®®'4%2, The
periosteum also displays an impaired vascularization*®?. 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 graft*®®. The vascularized bone transfer
technique consists in an important resection of the pseudarthrosis and the grafting of a healthy bone
(contralateral fibula or rib)*®*. The llizarov technique relies on the use of an external fixator combined
with a resection of the pseudarthrosis site“®®. 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 defects*®. This surgical procedure is also used to
treat CPT and shows encouraging results*®’. The induced membrane technique is usually a 2 step-
surgery procedure (Figure 17)*®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 membrane*'2413. 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 membrane*'. 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
resorption*'*41°_ The induced membrane is a highly vascularized tissue organized in layers of epithelial
cells, fibroblasts, mesenchymal cells, and extracellular matrix#'®41°_ The presence of immune cells and
osteoclasts was reported*?°. The induced membrane is also a source of growth factors such as TGF,
VEGF, and BMP2412417:421422 Animal models of the induced membrane technique have been developed
to study the induced membrane and its role to promote bone healing*'7#18423-425  Qverall, 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 resort*?6428 There is a current need for a better

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

Post-
surgery

Pseudarthrosis First surgery Second surgery

) / induced
membrane,
cement spongy bone
periosteum

PA Cement spacer Cement spacer lliac crest
resection insertion removal tissue autograft

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* 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 NF7 PVs have
been currently described, distributed all along the NF7 gene without a “hotspot” region 23429, 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 protein?®®. A challenge in the clinical care of NF1
patients is the rare genotype-phenotype correlations*°433, Severe phenotypes, including facial
dysmorphism and cardiovascular features, are associated with large NF7 deletions*34-43¢_ Few PVs are
associated with mild phenotypes, like the c2970-2972 delAAT that leads to the absence of cutaneous
neurofibromas*¥’. 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 variant*3®43°, 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 reduced*?44! 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™42443, 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
tumorigenesis**3444. NF1 is an autosomal dominant disorder. Thus, patients carry a first NF7 germline
PV at heterozygous state. The NF7 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, MPNSTSs, optic pathway glioma, and other tumors in NF1 patients**4%° NFs are
composed of several cell types, including Schwann cells, fibroblasts, and immune cells, but only
Schwann cells are harboring the NF1 somatic PV#%'. 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 alleles**?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 scoliosis*?'4%4, Several studies showed the presence of a second NF7 mutation in the fibrous tissue
from the PA site*?"4%5457 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 CPT4%,

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 NF7 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 NF71 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%%34%®. 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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Tissue DNA DNA from tissue Sequencing

Wild-type tissue
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Figure 18: Detection of NF1 biallelic inactivation by sequencing. In a wild-type tissue, all cells are carrying 2
NF1WT 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 2" 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)?’827%, Currently, NF1 diagnosis is given to a patient
with at least 2 of the following criteria (Figure 19)?7:

- 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

. . . . . - 2 vl
A diagnosis of NF1 can be given if an individual has CH'LTDSE’ggdédlj

two or more of the following manifestations. FQUNDATION
Optic pathway glioma (tumor
of the visual pathwa
visual pathway) A pathogenic NF1gene
variant

Two or more Lisch
nodules or two or more
choroidal abnormalities
=

Figure 19: Criteria to define NF1 from the International Consensus Group on Neurofibromatosis Diagnostic

A distinctive osseous
lesion such as:
sphenoid dysplasia
anterolateral bowing
of tibia (tibial
dysplasia); or
pseudarthrosis of
a long bone

Criteria. From?7®

Freckling in axilla
(armpit) or groin

Six or more café-au-
lait macules (brown
skin spots)
- greater than 5mm
in pre-pubertal
children

- greater than 15mm
in post-pubertal
individuals

Two or more
neurofibroma tumors
of any type, or one
plexiform neurofibroma
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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 children*6%4¢1 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 results*®2. MEK inhibition was combined with local delivery of BMP2 and led to an
improvement of bone repair phenotype in NF1-mouse model*63464, 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-a plays a role on PPi and inorganic phosphate)#62465466,

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

Animal models have been generated to study NF1, including zebrafish, minipigs, dogs, and rodents*¢7-
469 Genetically engineered mice are the predominant model. The first attempt to generate a mouse
model of NF1, by generating the Nf7 knock-out allele (Nf1"), gave disappointing results. Homozygous
Nf17- mice are lethal during development due to cardiac malformations, while the heterozygote Nf1*-
mice do not develop tumors and have a normal life expectancy*’4"'. Mice do not recapitulate the
spontaneous NF1 biallelic inactivation observed in human and required for the development of NF1
manifestations*®®. To overcome this problem, conditional Nf? inactivation, using the CRE/LOX system
with the Nf1 floxed allele (Nf1"), 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 Nf7 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
neurofibromas*'. In 2002, Zhu et al. showed that Nf1 inactivation in Schwann cells using the Krox20¢"
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mouse model leads to the development of pNFs*’2. pNFs were also induced in mice where Nff is
inactivated in POAC™®- and Dhh®®-traced Schwann cells, confirming that SCs are responsible for pNF
development*’3474 The importance of the timing of Nf7 inactivation for pNFs was studied by using the
inducible PIp®*ERT model*’5476. 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 cNFs*’?247>, 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 CMVC®ERT2: Nf1"- mice, where CRE-ERT2 is expressed in all cells,
resulting in ctNF formation at the site of treatment*””. They identified skin-derived neural progenitors
(SKPs) as the population responsible for cNF development, but SKPs are a heterogenous population*””.
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 cNFs*’®. Two recent mouse models, using the
Hoxb7°¢™ and Prss56°, recapitulate pNFs and cNFs (diffuse cNFs for Hoxb7¢7)*79480 Hobx7 marks
neural crest derivates from the dorsal nerve roots as well as SKPs*%48! 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 pNFs*"%48 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 models*72473483-485  |mmune
cells, including neutrophils, macrophages, dendritic cells, and T cells, trigger NF formation by secreting
factors promoting tumorigenesis and fibroblast accumulation, such as TGF-g, CXCL10, CSF-1, and

CCL2%8348_gkin and nerve injuries also promote NF tumorigenesis*/®49,

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 Nf7 inactivation in OPG3¥". Nf1-somatic
mutation in neural stem/progenitor cells, using the Gfap®™ or Blbp®™, leads to OPG development by 3
months*®1%3, The timing of the mutation is also critical, as Nff 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 development494495,

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 Nff
inactivation on bone homeostasis and repair, several mouse models were used. Some models were not
cell-type specific, such as the Nf7* model or the use of Adenovirus-CRE on Nf1"" mice, while other
models were specific to mesenchymal-derived cells (Prx1¢), osteoblasts (Osx®, Col1.1°"°), osteocytes
(Dmp1°7®) and chondrocytes (Col2a1°).
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5.2.1. Bone homeostasis

As the Nf17- mice are embryonically lethal, the skeletal tissue was not studied in this model. The first
model studied was the heterozygote Nf1*, which exhibit a mild phenotype*®. This model presents a
slight decrease in bone mineral density (BMD), associated with an increased number of osteoclasts and
a reduced number of osteoblasts. Additional studies showed that Nf1*" osteoblasts exhibit reduced
osteogenic activity in vitro and Nf71 heterozygote osteoclasts have an increased resorption activity in
vitro and in vivo 49-4%_NF1 generalized manifestation such as osteoporosis could be explained by Nf1
heterozygosity but severe skeletal manifestation, as pseudarthrosis and scoliosis, requires a second
Nf1 mutation. Nff was inactivated in the Prx1 lineage, which gives rise to most of bone cells, including
SSPCs, osteoblasts, and chondrocytes. This model recapitulates a severe bone phenotype, with
reduced mineralization and increased porosity causing reduced length, tibial bowing, and joint
malformations®®. The role of Nf7 in osteoblasts was studied by using osteoblast-specific CRE lines,
such as Osx®® and Col1a1°® (using the Col2.3° labeling mature osteoblasts). Osx®®; Nf1"" and
Col1a1°; Nf1"" mice develop a similar phenotype, with a reduced BMD and bone volume#64465:496.501
This phenotype is due to (i) an increased production of extracellular matrix by osteoblasts combined
with a delay in mineralization and (ii) an overproduction of RANKL by osteoblasts, that stimulate the
osteoclastogenesis®?. Nff was also inactivated in osteocytes, using the Dmp7¢. In this model, mice
display a severe bone phenotype with accumulation of non-mineralized areas, increased porosity, and
reduced osteoblast number*6:5%3_ Around 40% of Dmp1°7; Nf1"" mice showed spontaneous fracture®®.
Nf1 inactivation in chondrocytes, using the Col2a1°, leads to major bone developmental defects.
Col2a1°; Nf1"" exhibit short stature, tibial bowing, scoliosis, and spine structural defect as well as skull
structure anomalies®®*. Overall, Nf1 is required for bone development, growth, and maintenance, and

Nf1 biallelic inactivation in skeletal cells affects bone physiology (Table 2).

BMD Bone Osteobl. Osteocl. Bone Bone Bowin
volume number number porosity length 9

Nf1+/_
Prrx1Cre
Col1.1¢

OSXCre
Dmp 1Cre
Col2a1°¢re

|:| Decrease |:| Increase

Table 2: Effect of Nff inactivation in bone cells using genetically engineered mice on bone physiology.
BMD: bone mineral density. Osteobl: osteoblast. Osteocl: osteoclast.
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5.2.2. Bone repair

Nf1 heterozygote mice display a mild bone repair phenotype, with a delay in bridging and cartilage
resorption. This phenotype was observed in 50% of cases and only after distal tibial fracture®®. This
suggests that Nf71 biallelic inactivation is required to induce pseudarthrosis in mice. The injection of
Adenovirus with a CRE transgene to Nf1"" mice at the site of fracture causes impaired healing with
reduced cartilage and bone and presence of fibrotic tissue®%%7. This model was used to test
therapeutical approaches but does not allow to identify the cellular origin and mechanisms of CPT.
Prrx1°e; Nf1"" mice exhibit impaired bone healing with reduced cartilage and bone formation and
accumulation of fibrotic tissue, suggesting that Nff-deficient SSPCs have an impaired fate after
fracture®®. Osteoblast-specific inactivation of Nff causes delayed healing, with delayed cartilage
resorption, decrease osteoblast differentiation, and increased osteoclastogenesis*64465.504.509
Spontaneous fractures observed in Dmp7°® do not lead to a pseudarthrosis phenotype, but healed
bones show decreased stiffness and strength®%. Overall, the mouse models of Nf7 inactivation in bone
cells showed altered bone healing with various severity (Table 3). These models were broadly used to
test pharmacological approaches but as the cell population(s) carrying NF1 biallelic inactivation in CPT
is still unknown, the correlation with patients remains limited. The cellular origin and molecular
mechanisms of NF1-related bone repair defects remain unknown. Furthermore, studies are needed to
understand if CPT is a bone-specific lesion independent of other NF1 features or if it has a common
origin with NF1 symptoms, such as NFs.

Bone Callus Bone Cartilage | Fibrosis Minera- | Osteobl. | Osteocl.
healing size volume volume volume lization number number
Nf1+/_
Ade-CRE
Prrx16re
Col1.1¢r
OSXCre

|:| Decrease |:| Increase

Table 3: Effect of Nff inactivation in bone cells using genetically engineered mice on bone repair. Osteobl:
osteoblast. Osteocl: osteoclast.

Overall, many models have been developed and allowed advances in the understanding of the origin
and pathological mechanisms of NF1 symptoms. These models using mostly cell-type specific CRE
models exhibit one or few features of NF1 but they fail to recapitulate the diversity of symptoms observed
in patients. A new model, the Prss56-Nf1 KO model, has been recently generated and recapitulates

several features of the disease*’®. This model will be described in the next chapter.
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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 layer®'®. 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 transplantation''-515,

Pre-migratory Delaminating
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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)®'6-5'®, The specification is characterized by the progressive
expression of transcription factors such as Snail/Slug, Twist, and FoxD35'5520-522_|n 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 modifications®'%°23524, These steps are regulated by the expression
of specific transcription factors, named “neural crest specifiers” and induced by Notch, BMP, and
Wnt515525526  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)%27-52°, 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 ECM?%2°. 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 migration®2-532,
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Figure 21: Pathways of trunk NCC migration. Adapted from5°

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 6" rhombomere), the vagal crest (7 first somites), the trunk crest (from the 8" to the 24" somite) and
the sacral neural crest (from the 25" 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 system?®'1.528.533-535 Thg 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 cartilage®'-5%. These experiments

showed intrinsic heterogeneity between NCC subpopulations.
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Figure 22: Distribution and fate of neural crest cell subpopulations. Adapted from5"!

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)%7:5%,
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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 Il (NRG1-11I)
signaling from axonal binding to survive and can migrate through embryonic tissues using nerves®'.
They differ from NCCs by the expression of glial genes, like Dhh and PIp5%. SCPs play different
functions, including guiding nerve endings and promoting the survival of DRG neurons and
motoneurons®2-544. SCPs were initially considered as glial-lineage restricted, but studies in the last
decade revealed the multipotentiality of this population (Figure 24)%45546, SCPs form a significant
proportion of endoneurial fibroblasts in peripheral nerves and melanocytes in the skin454¢, 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)36:54%-
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 networks®®5%", The presence

of SCP-like cells in adult tissue remains unknown.
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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-E16.5%%. This transition is regulated by
Nrg1, Notch1, and Edn®%¢°%° 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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NT3%60561 |mmature 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 vascularization®38547.562.563 - 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 myelination®%4. 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 SCs%37:%64.565 Radial sorting is highly dependent on the
interactions of SCs with axons and the ECM (laminin, collagens)?37:64.566.567
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Figure 25: Radial sorting regulates the last step of Schwann cell differentiation. Adapted from 537560

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 (hmSC). 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-Ill from axons is one of the most important®85%°_ Nrg1-Ill 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-IIl in non-

myelinated sympathetic neurons leads to their myelination. mSCs differentiate into a promyelinating
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stage, with expression of genes including Sox70, Pou3f1, Pou3f25"%57". 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 synthesis®’?-%74. 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 junctions®’5. 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 receptors®”8%"7. Non
myelinating SCs can also contribute to the niche of adult stem cells, including bone marrow

hematopoietic stem cells®’.

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)°"%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)®2%83, 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-1a, IL-1B, TNFa, MCP-
1)%84-588 Repair SCs contribute to the removal of the distal part of the damaged axon and the myelin
debris in collaboration with macrophages®®®-°%. After clearance of the injury site, repSCs align to form
a structure named the band of Blingner and express trophic factors to guide axon regrowth85%_ 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 migration®%3%, 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 myelination®45%-
%97, 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
response®¥:5%_Different MAP kinases are involved in this process, including ERK, p38MAPK, and JNK,
and the specific role of each kinase remains to be further studied®”®6%-%%2 C-Jun is known to be

regulated by the MAPK, indicating a possible connection between MAPK and c-Jun in response to injury.

62



Axon Schwann cell

® [ J ®
= ®@ =
repair Schwann cell Macrophage
SC
maturation Degradation of the distal
part of the axon
(o)
{ ® ) Vz °0 2% e éitl!\'w

Axon regrowth

repSCs form a
band of Biingner
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)251603604 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 cells®%®. 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 maintenance®°-6°7,
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 tissue®®-610, Like salamander limb regeneration, digit tip repair relies on the formation
of a blastema, composed of PDGFRA+ mesenchymal precursors®'!. 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 differentiation®93612, Additionally,
after skin injury, SCs dedifferentiate to become SOX2+ repSCs secreting TGFB that promotes

myofibroblast proliferation and wound healing®13:614,
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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 TGF@ 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 points®'®. 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 tube®'5-6'8, The gene
Krox20 (EGFR2 in human) was the first marker identified to label BC cells®”2. 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)8'°. 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.
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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 from®1°
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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 death®20621, This “gatekeeping” function of BCs

relies on the action of Semaphorin 6A and Netrin 5521623,

To understand the fate of BC cells, lineage tracing analyses using the Krox20°® and Prss56°* were
performed*79482.624 \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 Krox20°® 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).

Prss56°¢e; R26m
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Prss56-expressing cells in
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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 vitro*®2. Pluripotency was also observed in vivo using DRG and injured sciatic nerve
injection*82, 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 genes®25.
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Figure 30: Fate of Prss56-expressing boundary cap cells during development. Adapted from 479482625

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 cells®?®. 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 Krox20°",
Nf1"-mice causes the formation of plexiform neurofibromas, but no dermatological manifestations were
observed in this model*’?. Radomska et al. investigated the implication of Prss56-derived cells in NF1
by generating Prss56-Nf1 KO mice: Prss56°; R26!97°™; Nf1"" (Prss56-Nf1"") and Prss56°; R26'om;
Nf1%"- (Prss56-Nf1"-) mice*’®625.  Prss56-Nf1"- 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-Nf1"" 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-Nf1"" and Prss56-Nf1"- 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-Nf1"" model with other NF1 models (Krox20°, Dhh®"®) showed that subepidermal
glia is labeled only by Prss56°°, suggesting it could be the source of cNFs*°. In this model,
accumulation of Prss56-derived melanocytes in the dermal compartment, that can be reminiscent of
CALMs is also observed (Figure 31)*7°,
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Figure 31: Prss56-expressing boundary cap cells as the cellular origin of NF1. Prss56-Nf1""and Prss56-
NFf1"- mutant mice recapitulate several NF1 symptoms : (i) Nff-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+ Nf7-deficient melanocytes accumulates in the skin of mutant mice
leading to skin hyperpigmentation. Adapted from?79.625
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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 3 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 healing®26:627,
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, | 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, | 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, |
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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, |
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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Article 1

Skeletal Stem/Progenitor Cells in
Periosteum and Skeletal Muscle Share
a Common Molecular Response to
Bone Injury

Anais Julien*, Simon Perrin*, Ester Martinez-Sarra*, Anuya Kanagalingam, Caroline

Carvalho, Marine Luka, Mickaél Ménager, and Céline Colnot (* co-first authors)

Research article
published in Journal of Bone and Mineral Research in 2022
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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 Prx1¢; R26™™C 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 Pdgfra®®R™ ; Bmpr1a™led to a mild bone repair
phenotype. Using tissue transplantation from Pdgfra®®R" ; Bmpr1a™ 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
Bmpria-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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ABSTRACT

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

KEY WORDS: BONE REPAIR; SINGLE CELL RNA SEQUENCING; PERIOSTEUM; SKELETAL STEM/PROGENITOR CELLS; BMP PATHWAY

Introduction
T issue regeneration is mediated by resident stem/progenitor
cells that are activated locally within injured tissues or
organs. During bone regeneration, skeletal stem/progenitor cells
(SSPCs) are mobilized not only from bone compartments; ie,
bone marrow and periosteum, but also from adjacent skeletal
muscle."'? These SSPC populations are diverse in their tissue
origin and in their cellular composition, as revealed by single-cell
RNAseq (scRNAseq).”""'® Multiple markers have been used to
identify SSPCs in bone marrow (ie, Mx1, Grem1, LepR, Nes, Cxcl12,
Pdgfra, Gli1) or in periosteum (ie, Ctsk, Acta2),"'*'”">* but none of
these markers is restricted to a single tissue.!"""®
Despite the cellular diversity of SSPCs, functional analyses in
adult tissues indicate unique regenerative potential of SSPCs

according to their origin. Bone marrow SSPCs are osteogenic,
support hematopoiesis and osteoclast formation, play paracrine
and immunomodulatory roles, but show limited capacity to form
cartilage during bone repair'®?#%*), SSPCs within periosteum
contribute efficiently to both cartilage and bone, and SSPCs from
skeletal muscle mainly participate in cartilage formation.*'?
Here, we assessed the activation pattern of SSPCs from perios-
teum and skeletal muscle after fracture to understand their role
in the endochondral ossification process. Compared to bone
marrow, SSPCs from periosteum and skeletal muscle are
enriched in osteochondral progenitors and efficiently participate
in endochondral ossification after transplantation. Using scRNA-
seq analyses, we uncover the composition of the periosteal cell
populations at steady state and compare their response to frac-
ture with that of skeletal muscle-derived progenitors. We found
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that bone morphogenetic protein (BMP) signaling is activated in
periosteum-derived and skeletal muscle-derived progenitors
after fracture. We investigated the consequences of bmpria
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, Prx1<7¢ @9 pry1<reERT (Stock number #029211),?7
Pdgfra“FT (Stock number # 018280),*® Rosa-tdTomato-EGFP
(Rosa™™®) and Rosa“““ were obtained from The Jackson Labo-
ratory (Bar Harbor, ME, USA). Bmpria™" mice were provided by
Dr. Yuji Mishina (University of Michigan, Ann Arbor, MI,
USA).?%39 Al 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-old mice 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 pL per intraperitoneally
injection. To maximize recombination efficiency with the
Prx1"ERT [ine, we tested two different tamoxifen induction pro-
tocols. Prx1**fT:Rosa"*? and Prx1<EFT:Bmpr1a™" 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, Pdgfra":Bmpr1a™" and Pdgfra-
C’eERT;Bmprm” * mice were injected once a week 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). Pdgfra“tR":Rosa™ ™ :Bmpria™’™ (Bmpria©™°}) and
Pdgfra“ ™ ;Rosa™ ™ %:Bmpr1a™"  (Bmpr1ia®©) 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.”’ 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: o minimum
essential medium (a-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-pum (Dutscher, Bernolsheim, France; ref 352360) and
40-pm 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.!®*" 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, bone marrow was flushed out, collected in growth
medium, and centrifuged 10 minutes at 300 g. Bone marrow
cells were resuspended in growth medium 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 growth medium 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
o-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-/Prxi-derived green fluorescent protein—-
positive (GFP+) cells were sorted from Prx1¢Rosa™ ™ 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 Bmpria®""®
and Bmpr1a®™© mice. Equivalent percentage of GFP+ cells in
the muscle of Bmpr1a®™™® and Bmpr1a®® mice was observed
(13.6 = 1.2% and 13.9 £ 4.7%, respectively). Cell sorting was
performed on BD FACS Aria Il 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 pL 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—I’EcoIe, 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), PDGFRa-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
HMp1-1, 1/400; Miltenyi Biotech; ref 130-102-557), or PDGFRa:-
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 pL 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.®" Skeletal
muscle from tamoxifen induced Bmpria®™™® and Bmpria©
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 aMEM supplemented
with 10% lot-selected non-heat-inactivated FBS, 0.1pM dexa-
methasone (Sigma-Aldrich; ref D2915), 0.2mM L-ascorbic acid
(Sigma-Aldrich; ref A8960) and 10mM glycerol 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 x 10° cells were plated as
micromass in 200 pL 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, 0.1uM
dexamethasone, 100 pg/mL sodium pyruvate (Sigma-Aldrich;
ref P5280), 40 pg/mL L-proline (Sigma-Aldrich; ref P0380),
50 pg/mL L-ascorbic  acid, 50 mg/mL Insulin-Transferrin-
Selenium (Sigma-Aldrich; ref 11884), and 10 ng/mL transforming
growth factor p1 (TGFf1) (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 pL of medium sup-
plemented with 0.2% bovine serum albumin (Sigma-Aldrich; ref
A2153) were seeded in the upper chamber of an 8-pm pore
transwell plate (Thermo Fischer Scientific; ref 141082) and incu-
bated with 800 puL of a-MEM at 1% P/S and 10% FBS in the lower
chamber  for 15 hours.  Anti-mitotic  Cytosine  p-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 4’,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 Image] software
(NIH, Bethesda, MD, USA; https://imagej.nih.gov/ij/).

In vitro cell proliferation

A total of 20,000 GFP+ sorted cells from Bmpria®""™ or
Bmpr1a®© 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 Bmpria mutant cells

control cKO

GFP+ sorted cells from Bmpria or Bmpr1a®™~ 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 GoTag G2 Hot Start Green
Master Mix (Promega, San Luis Obispo, CA, USA; ref M7423) using
the following primers: Fx2: 5'-GCA GCT GCT GCT GCA GCC TCC-
3', Fx4: 5'-TGG CTA CAA TTT GTC TCA TGC-3', Fx1:5-GGT TTG
GAT CTT AAC CTT AGG-3, according to Mishina and col-
leagues.®® PCR products were then run on 4% agarose gel.

Tissue and cell transplantation

Tissue and cell transplantations were performed as
described.”*'%3"2? 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 4+ 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 x 10° cells were resuspended in 15 pL of fibrin
(diluted at 1/4), 15 pL 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 x 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-0O 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 ¥2) 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=1h>"7"" (Ai+A(i+1)+ \/A*A(i+1))

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 pm, 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 Bmpr1<" and Bmpr1a® fracture cal-
luses, the volume of GFP and Tomato signals were quantified on
three sections 300 pm 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 sections were incubated in PBS
supplemented with 5% normal goat serum for 30 minutes and
with rabbit anti-mouse Ki67 antibody (dilution 1/200; Abcam,
Cambridge, MA, USA; ref ab15580) overnight at 4°C. Secondary
goat anti-rabbit AF647 antibody (Life Technologies; ref A-21245)
was incubated for 1 hour at room temperature and slides were
mounted with Fluoromount (ref 495952, eBioscience). For
phospho-Smad1/5/9 immunostaining, citrate buffer antigen
retrieval was used for 20 minutes at 95°C followed by 20 minutes
at 4°C. Sections were incubated in PBS supplemented with 5%
normal goat serum for 30 minutes, before incubation with rabbit
anti-mouse phoshoSmad1/5/9 antibody (dilution 1/200; Cell Sig-
naling Technology, Danvers, MA, USA; ref 13820 T) overnight at
4°C, and with secondary goat anti-rabbit AF647 antibody for
1 hour at room temperature. Slides were mounted with Fluoro-
mount and images were acquired using a Zeiss LSM 800 confocal
microscope.

X-Gal staining

Samples were harvested, fixed in 0.2% glutaraldehyde solu-
tion overnight at 4°C, cryoprotected in 30% sucrose solution
and embedded in OCT. Sections were dried at room temperature
for 30 minutes, rehydrated in PBS for 5 minutes and post-fixed in
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0.2% glutaraldehyde solution for 15 minutes at room tempera-
ture. Slides were then washed 3 x 15 minutes in the washing
buffer containing 1M MgCl, (Sigma-Aldrich; ref M8266), 1%
Na-deoxycholate (Sigma-Aldrich; ref D6750), 2% NP40 (ref 74385,
diluted in H,O) in PBS. Sections were incubated overnight at
37°Cin 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 x 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®®

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 x 44 K arrays
(Agilent Technologies, Santa Clara, CA, USA). Microarray feature
extraction was performed using Agilent’s Extraction 9.1 (Agilent
Technologies).®® 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®® were reanalyzed. Briefly, Prx1-derived skeletal mus-
cle cells were isolated directly by enzymatic and mechanical
digestion of skeletal muscles surrounding the tibia from Prx7<";
Rosa™ ™€ uninjured mice, 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."” 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
3'Library & 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 (lllumina, 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.*3%

As described in Julien and colleagues,”” 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/).®® 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.®” 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.

Journal of Bone and Mineral Research

79

CELL RESPONSE TO BONE INJURY 5 Il



Panels B-C : Flow Cytometry

t/)A .
(- Cell sortin
& —_ —> = g
— =0 ¢ gy O
PrX1Cre.RosameG BMSCs PCs muMPs "é :
’ Panels D-E : < |3 ; )
DE_ Transplantation
in fracture
B 6C3+ c

GFP+/CDs-/TIE2-/ITGAV+ & % of subpopulation in GFP+/CDs-/TIE2-/ITGAV+ cells
l ‘y = <0.0001

Stromal lineage 804 00131 <0.0001 0.0255

THY1-/6C3+ —
® 00 60- —IBMSCs
mSSCs pre-mSSCs mBCSP > 1PCs
404 CImuMPs
Stem/Progenitors

0
THY1-/6C3- 55 é =

Chondro. E

lineage
THY1-/6C3- THY1-/6C3+

Adapted from
Chan CKF,, et al, 2015

D Callus d14 Cartilage

BMSCs

PCs

muMPs

E Total GFP+ contribution GFP+ signal in cartilage GFP+ signal in bone
0.0317 0.0159
8104, 0.002 0.006 8.10% 0.0079 0.0317 8.10%, 0.0079 0.0079
. . - I BMSCs
£ € CIPCs
= =2
[} 4 4 1 muMPs
2 410 @ 410
= 2
S S

0

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 Prx1<%:Rosa™ ™ mice 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.®® 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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tibia of Prx1%:Rosa™ ™ mice 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.
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For comparison of more than three groups, one-way or two- comparison test as indicated in the legend. Statistical analyses
way analysis of variance (ANOVA) was used. One-way ANOVA were done using GraphPad Prism v6.0a. Differences were con-
was followed by two-sided Mann-Whitney test and two-way sidered significant for p value <0.05. Statistical analyses are

ANOVA was followed by Tukey test or Sidak’s multiple 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 pm, bone high magnification = 50 pm. b = bone; bm = bone marrow; BMSC = bone marrow stromal cell;
muMP = muscle mesenchymal progenitor; PC = periosteal cell; SO = Safranin O; TC = trichrome.
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Fig. 3. Single-cell RNAseq of periosteal cells post-fracture. (A) Experimental design of scRNAseq. PCs were isolated from Prx1<"®Rosa

mice by explant

culture from uninjured tibia and from fractured tibia at d3 post-fracture and used at PO 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.®*'%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 Prx1"%;
Rosa™™€ uninjured hindlimbs (Fig. 1A). We used the strategy
proposed by Chan and colleagues,®® 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 Prx71-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,6).

Heterogeneity of periosteal cells at steady state

Periosteum is a well-established source of SSPCs during bone
repair>®'%32 To characterize the cellular composition of the
periosteum, we performed scRNAseq analyses of primary PCs
at PO isolated from Prx1<®Rosa™ ™ 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, Adgrel,
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,
Q). 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 Prx1<%:Rosa™™° 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 Col2al and Postn,
and fibroblasts expressing S700a4 and Tpm2 (Figs. 3B-D and
S3A,B, Table S3). Prx1-driven GFP expression was mainly 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. 3£-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 TGFp 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 Prxi1-
derived skeletal muscle progenitors using scRNAseq?
(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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(Figure legend continues on next page.)
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population was the most responsive to injury'? (Table $3). 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.

PCand muMP response to bone injury is mediated by BMP
signaling

We then assessed the similarities in the molecular programs driv-
ing PC and muMP activation. Microarray datasets of uninjured,
d2 and d7 post-fracture hindlimbs were reanalyzed.®*® 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 to metabolism, 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 Bmpria gene.® Due to the low efficiency of the Prx1<"EfT
mouse model (Fig. 57), we used the Pdgfra“®*" line to target
periosteal and skeletal muscle progenitors expressing Pdgfra
(Figs. 2 and 3C, and Fig. S4 and S8A,B).%'%'® We evaluated a

65.9% Cre recombination efficiency in Pdgfra““f":Rosa™ ¢

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 Pdgfra“R"; Bmpria™" mice showed decreased callus
and bone volumes at d14 post-fracture compared to Bmpria™”?
controls and reduced contribution of Bmpria-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 CRE model suggests that these cells may partially com-
pensate for the phenotype using a systemic induction strategy.
To specifically trace Bmpria-deficient cells from periosteum
and skeletal muscle, we used periosteum and EDL muscle graft
transplantation. Grafts from tamoxifen-induced PdgfraetR";
Rosa™™C: Bmpria™ (Bmpr1a®©) and Pdgfra“tR";Rosa™™C;
Bmpria™* (Bmpr1a®""') mice were transplanted at the fracture
site of wild-type hosts. We observed a reduced contribution to
cartilage of Bmpria-deficient cells from periosteum and skeletal
muscle, and reduced contribution to bone, of Bmpria-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 Bmpria-deficient cells remained closer to the
graft compared to control cells (Fig. 7C). We then assessed cell
proliferation in vivo using Ki67 immunostaining on BmprmCKO
and Bmpr1a“®"™ calluses at d3 post-fracture. The percentage
of proliferative Pdgfra-derived cells over the total Pdgfra-derived
population was significantly reduced in the activated periosteum
and adjacent skeletal muscle of Bmpr1a®© 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 Bmpria-deficient
cells, whereas early chondrogenic differentiation was not
affected. In vitro migration and proliferation capacities of
Bmpria-deficient cells were impaired, confirming in vivo obser-
vations (Fig. 7F). We verified Cre-mediated recombination in
Pdgfra-derived cells by Bmpria genotyping and confirmed that
Bmpria 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.®'%'#182339 |5 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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bone marrow and periosteum, but also from adjacent skeletal fibrogenic, adipogenic, and osteochondrogenic potentials in
muscle.#61%49 | skeletal muscle, the SSPC population over- muscle regeneration or pathological conditions.*'*? More
laps with the non-myogenic cell population commonly knowledge is needed to improve the nomenclature and better
termed “mesenchymal” cells.”) These “mesenchymal” cells have describe “mesenchymal” cells that share common cell surface
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(Figure legend continues on next page.)
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markers yet may have distinct embryonic origins and functions
in different tissues.“*** 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.®® 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.“” 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.**>" Here, we combined lin-
eage tracing, conditional knockout of Bmpria 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 Bmpria 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 PDGFRf or CCL5-CCR5
signaling pathways are also essential®>>¥, 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 Bmpria-
control and Bmpr1a®© donors. Control periosteum: n = 284 cells, mutant periosteum: n = 99 cells, control EDL: n = 302 cells, and mutant EDL: n = 120 cells.
Five animals were used per group. Each dot represents an individual cell. (D) Left, Experimental design. Bmpr1a and Bmpr1a®® mice were induced
with TMX at d7 and d1 before fracture, d0 and d1 post-fracture. Samples were 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
Bmpr1a®™© mice compared to Bmpria mice. (E) Quantification of GFP + Ki67+ over the total GFP+- cells in activated periosteum and skeletal muscle
at d3 post-fracture in tamoxifen induced Bmpr1a™™ and Bmpr1a®*© mice. 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. Bmpr1a" and Bmpr1a®© mice were induced with 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 Bmpr1a®"™ and Bmpr1a®® 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 pm, high magnification = 50 pm. AUC = area
under the curve; b = bone; bm = bone-marrow; cart = cartilage; chondro = chondrogenic; d0 = day 0; osteo = osteogenic; PS = Picrosirius; SO = Safranin
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Supplemental Figure S1
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Supplemental Fig. S1: Prx71-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 Prx1°®;Rosa™ ™
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 Figure S2
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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 Figure S3

A

Prx1°®;Rosa™me

Tibial

SER

uninjured

\fracture
v — >

| —

d3

Periosteal cells

PCs at PO

Uninjured

d3

S
N\ \
N
10 15-10 -5 0 5 10 15
UMAP_1
D Integration of uninjured and d3 Sox9
post-fracture, subset of
non-hematopoietic cells (Fig 3E) .;'
R X2 0y
’ N| % : ',;
FCP $ YRl
> - bl v
) Je
Pl
T-» UMAP_1
Acan Col10a1
Ny
g
IR AN :
= W ,",-r:,(‘ij‘

o [T —

Integration of uninjured and
day 3 post-fracture datasets

10X Chromium
Single Cell

Cc

10

[&)]

UMAP_2
o

-10

0 5

T Stem/progenitor
eGFP exp. L -l ot

N,
Qsteacacts Fibroblasts

-~ (Oc) e
’\,)’_\\\\ \?> (‘62’—‘
S N N\ .\
\ A Ny
\ N Fibrochondro
P l{w LR ) progenitors
.’ \ . (FCP)
| peiid -
N _ _ “Neutrophils
-0 -5 0 5 10 15
UMAP_1
Col2at
o Expression
iy i 5
4
3
2
Mki67
1
e

Supplemental Fig. S3: ScCRNAseq 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. e GFP 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 Figure S4
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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 *. 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 Figure S5
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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 Figure S6
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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 Prx1°®;Rosa™ ™ mice by
explant culture from uninjured tibia and from fractured tibias at day3 post-fracture (d3) and
used at PO 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 Figure S7
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Supplemental Fig. S7: Inducible Prx1°ERT mouse strain does not drive efficient Cre
recombination in adult bone.

(A-B) Top, Experimental design of tamoxifen injection (TMX) in Prx1°*ERT:Rosatac#

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

fl/fl fl/fl

Bmpr1a™ control and Prx1°*ERT-Bmpr1a™ 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: 200um.
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Supplemental Figure S8
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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 Pdgfra“®cf";Rosa™™¢ 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

mimG or tamoxifen-induced Pdgfra®“tR":Rosa™™® mice respectively at

callus of Prx1°®;Rosa
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 Pdgfra®®cf":Rosa™™° 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

Prx1°;Rosa™™™¢ or tamoxifen-induced Pdgfra®®cR":Rosa™™C

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. Prx1°®;Rosa™™® EDL and periosteum
grafts (left) give rise exclusively to Prx71-derived GFP+ chondrocytes (white arrowheads) and
osteocytes (white arrows) in the callus. Pdgfra®®tR":Rosa™™°® 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: 200um, for bone: 50um.
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Supplemental Figure S9
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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. Pdgfra®*cR":Rosa™™®;Bmpria™ (Bmpr1a®") and
Pdgfra®®cRT- Rosa™™®:Bmpr1a™ (Bmpr1a®®) 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

control cKO

from Bmpria and Bmpr1a®"® 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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Skeletal muscle
mesenchymal
progenitors/
Stem/progenitor

"Cd34", "Cxcl12", "Prrx1", "Ly6a", "Pdgfra", "Eng"

cells
Abi3bp, 'Adam12', 'Anxa2', 'Aspn’, 'Bgn’, 'Cav1’, 'Col12a1’,
'Col1a1', 'Col5a1’, 'Col5a2', 'Col5a3', 'Col6a1’, 'Col6aZ2’,
'Col6ad’, 'Col8a1', 'Creb3I1’, "Crispld2", "Dstn", 'Emilin1",
Fibrogenic FbIn5', 'Gpm6b', 'Lamb1’, 'Lox', 'LoxI2", 'Pmp22', 'Postn’, 'Ptn’,

'Ptx3', 'Serp1’, 'Serpinh1’, 'Smoc?2', 'Tagln', 'TagIn2', 'Tgfb2',
"Tgfbi', 'Tnn', 'Tsn', 'Vim', '‘Col14a1’, 'FbIn2', 'Mmp13', 'Fscn1’,
'Ecm2', 'LoxI3', 'Lum’, ‘Mfap4', 'Mmp14', 'Mmp2', 'Ogn’,
'OlfmlI2b’, 'Pdpn’, 'Aplp2', "Csgalnact1"

Chondrogenic

Col2a1, "Acan", "Sox9", "Pth1r", "Fgfr3", "Wnta", "Wnt5a",
"Sox6"

Fibrochondrogeni

Col2a1, "Acan", "Sox9", "Postn", "TagIn", "Col5a1"

c
Macrophages "Adgre1", "Ptprc", "Csf1r", "Ly76"
Neutrophils "Elane", "S100a8", "Ngp"
Acta2, "Actr3", "Ager", "Akap12", "Akt1", "Bag4", "Dmtn",
"Fgfr1", "ltgb1", "ltgb3", "Itgh3", "Pak1", "Pak3", "Prkce", "Ptk2",
Migration "Slc8a1", "Tgfb1", "Tgfbi", "Thbs1", "Tsc2”, “Uts2", "Zfp640",
"Cxcr4", "Fbxo5", "Abi3bp", "Col8a1", "Emilin1", "Lox", "Mfap4",
"Pmp22", "Smoc2", "Pdpn", "LoxI2"
BMP signaling Bmpr1ia, "Bmprib", "Bmpr2", "Smad4", "Smad1", "Smad5",
pathway "Smad9", "Acvr1"

Supplemental Table 1: List of genes used for lineage score analyses in
scRNAseq analyses.
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Sup

lemental Table 2

Cluster Identity Markers
0
1
2 Skeletal stem/progenitor "Cd34", "Cxcl12", "Prrx1",
3 cells "Ly6a", "Pdgfra", "Eng"
Fig 2 4
5
6 Macrophages "Adgre1","Ptprc",
7 "Csf1r","Ly76"
8 Osteoclasts "Acp5", "Ctsk","Ocstamp"
0
1 Skeletal stem/progenitor "Cd34", "Cxcl12", "Prrx1",
2 cells "Ly6a", "Pdgfra", "Eng"
3
4 Fibroblasts "TagIn", "Lgals1", "Tpm4",
5 Fibrochondro progenitors "Col2a1", "Acan",
6
Fig 3 !
8 "Adgre1","Ptprc",
9 Macrophages
"Csf1r","Ly76"
10
11
12
13 Osteoclasts "Acp5", "Ctsk","Ocstamp"
1‘5‘ Neutrophils Elane”, "S100a8", "Ngp"
0 Skeletal stem/progenitor "Cd34", "Cxcl12", "Prrx1",
Fig 4A ! Fibrogenic cells "Aspn’, "Postn”, "Col1a1”,
2 "Col5a1", "Col6a1", "Ogn",
3 Chondrogenic cells "Col2a1", "Sox9", "Acan"
0
1
2
3
4 "Cd34", "Pdgfra", "Prrx1",
FAP/MP
5 "Ly6a"
6
Supp Fig 3 9
11
12
7 Fibroblasts "S100a4", "Col1a1",
183 Pericytes "Mylk", "Des", "Cspg4"
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 Prx1¢; 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 Prx1¢7®; 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 Fgfr3763”“/* 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 Fgfi3Y%3”“* 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, Prx1“"Fgfi3Y%37%/* PCs give rise to fibrocartilage and fibrosis. Conversely, wild-type PCs transplanted
at the fracture site of Prx1°";Fgfr37°3”“/* 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 signaling within 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
etal., 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
etal., 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 Prx1¢"%;
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
Fgfi3Y637C/+ 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 Prx1“Fgfr3"357“/* mice is correlated
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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
PerCre;Fgﬁ3Y367C/+ Mice

To investigate the role of FGFR3 in bone repair, we crossed
Fgfi3Y637C* mice with the Prx1¢ 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 Fgfr3Y63”“* mutation ubiquitously recapitulate
a severe form of dwarfism and die within 2 months after
birth, the Prx1°"Fgfr3¥3%7“* mice also displayed shorter
long bones in the limbs but survived until adulthood.
Adult Prx1°";Fgfr3¥3%7/* 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
Prx1°7Fgfr3Y37“/* 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 Prx1"Fgfr3¥3%7“* 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 Prx1¢™
Fgfi3Y3¢7C/* mice, indicating an impairment of endochon-
dral ossification (Figures 1C and 1D).

We induced open non-stabilized tibial fractures in
3-month-old Prx1°%Fgfi3¥3¢7“* mice and Prx1°"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 Prx1¢"
Fgfr3Y3¢7C/* 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 Prx1"Fgfi3Y367</+
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calluses, whereas Prx1°";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 Prx1¢Fgfr3¥367¢/* 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 deposition marked by the matrix
protein Periostin in Prx1°™Fgfr3Y3%7“/* 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 Prx1“"Fgfi3Y367“* mice with a
persistent decrease in bone volume (Figure S2).

Cartilage-to-Bone Transition Is Disrupted in
Prx1°";Fgfr3Y3¢7¢/* Fracture Callus

The pseudarthrosis phenotype in Prx1“Fgfi3¥3¢”“*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 Prx1“Fgfr3¥3¢7/* mice, we did
not observe delayed healing compared with Prx1<%;
Fgfr3** mice (Figure $3). 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 Prx1Fgfi3Y3¢7/* 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 Prx1¢
Fgfr3Y367<* 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 Prx1°"Fgfi3Y3¢7/* 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 Prx1"Fgfr3Y3%7“/* 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 Prx1°
Fgfr3Y367C/+ calluses. This correlated with a poor vasculari-
zation as shown by the absence of CD31/EMCN double-
positive vessels in Prx1°Fgfr3Y367/* calluses compared
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Figure 1. Reduced Tibia Length and Abnormal Tibial Epiphyseal Cartilage Organization in Prx1%;Fgfr3"367%* Mice
(A) Three-month-old Prx1®:Fgfr3"257%* and Prx1“®;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 0 (SO) staining of epiphyseal cartilage of uninjured tibia from 1- to 3 month-old Prx1;Fgfr3*/* and
g ) g ]

Prx1°;Fgfr3Y37%* mice. Scale bar, 50 pm.

(C) Immunofluorescence of Collagen X (COLX), Osterix (0SX), and CD31/Endomucin (EMCN) at the transition zone between the epiphyseal
hypertrophic cartilage (hc) and the metaphysis in uninjured tibia from 3 months old Prx1;Fgfr3*/* and Prx1;Fgfr357%* mice (n = 3).

Scale bar, 50 um.

(D) Quantification of CD31 and EMCN immunofluorescence at the transition zone between the epiphyseal cartilage and the metaphysis from

Prx1°®;Fgfr3*/* and Prx1;Fgfr3"%7* mice (n = 6).
Values represent mean + SD. **p < 0.01 using Mann-Whitney test.

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 Prx1<";Fg-
fi3¥367¢/* 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 Prx1¢*Fg-
fi3Y367C mice.

Prx1°";Fgfr3Y3¢7¢/* 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
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50 - . Figure 2. Altered Bone Regeneration and
Pseudarthrosis in Prx1<%;Fgfr3Y357%/* Mice
(A) Histomorphometric analyses of callus,
cartilage, and bone volumes at days 7, 10, 14,
21, and 28 post-fracture in Prx19%;Fgfr3”*
and Prx19¢:Fgfr3"357%* mice (n = 4 or 5 per
d7 d10 d14 d21 d28 group).

tibial fracture
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@ epresentative micro-CT images o
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d7 d10 d14 d21 d28  o¢ trichrome (TC) of Px1%Fgfr3”* and

[ Prx19iFghr3” IR Prx1Cr;Fgfr3"367c/ Prx17;Fgfr31** calluses 28 days post-

fracture. High magnification showing conti-

B d28 post-fracture (o nuity of the newly formed cortex in

Prx1°;Fgfr3*/* callus (box 1, red arrows) and
absence of new bone in the center of
Prx1®:Fgfr3"7* callus (box 2, asterisk).
Scale bars, 1 mm (left) and 300 um (right).
(D) Longitudinal sections stained with SO of
Prx1%e;Fgfr3*/* and Prx17%:Fgfr397%* 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 Prx1“%;
Fgfr3"*%7%* callus (box 3, top). High magni-
fication of fibrosis stained with Picrosirius
(PS) and Periostin (POSTN) immunostaining
in Prx1%;Fgfr3"%7%* callus (box 4, bottom).
Scale bar, 100 pm. 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 Prx1¢:Fgfr3Y36”7%* 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 Prx1“®;Fgfr3*”* and Prx1“®;Fgfr3"5”%* mice (n = 4 or 5 per group).

(B) Longitudinal sections of Prx1;Fgfr3™* (control) and Prx1"®;Fgfr3"¢7%/* (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 um (boxes 1 and 2).

(C) Longitudinal sections of Prx1%®;Fgfr3*/* and Prx1®;Fgfr3"*%7%* 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 um (boxes 3 and 5), and 25 um
(boxes 4 and 6).

(D) Immunostaining for COLX, OSX, Periostin (POSTN), and CD31/EMCN at the cartilage-to-bone transition zone in Prx1%¢;Fgfr3*/* and
Prx1°®;Fgfr3"¢7%* calluses 14 days post-fracture (n = 5 per group). Scale bar, 50 pm.

(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 Prx1¢:Fgfr3*/* and Prx1®;Fgfr3"*67%* mice (n = 5 per group) Scale
bar, 25 pum. Values represent the mean + SD. **p < 0.01 using Mann-Whitney test.
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Figure 4. In Vitro Characterization of Prx1;Fgfr3"367%/* periosteal Cells
(A) Experimental design of Prx1;Rosa™ ™ ;Fgfr3*/* (control) and Prx1“®;Rosa™ ™, Fgfr3'357%* (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~
experiments per group). Values represent the mean + SD.

cells) sub-populations in GFP* PCs as defined (Chan et al., 2015) (right) (n = 3 from 3 independent

(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.

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 Prx1“;Rosa™ ™ Fgfr3¥367</*
mutant mice compared with Prx1<;Rosa™ ™S, Fgfi3** 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

960 Stem Cell Reports | Vol. 15 | 955-967 | October 13, 2020

and increased fibrosis by days 14 and 21 compared
with wild-type callus transplanted with control PCs (Fig-
ure S5E). 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
Prx1°7;Fgfr3¥367“* Mice

We next attempted to rescue the pseudarthrosis phenotype
in Prx1"Fgfr3Y37“/* mice with the tyrosine kinase inhib-
itor PD173074 that can arrest the GO/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 Prx1“";Rosa™™C;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
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Figure 5. Transplantation of Prx1¢;Fgfr3Y367/* Periosteal Cells Impairs Bone Healing

(A) Experimental design of Prx1“®;Rosa™ ™ Fgfr3*/* (control) and Prx1“®:Rosa™ ¢;Fgfr3"*6”%/* (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 pm (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 DAPL/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 um (C, high magnification), and
25 um (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.

bone trabeculae by day 21 (Figure 6B, top). Conversely, in  (Figure 6B, bottom). By day 28, the transplantation of
mutant hosts treated with Tisseel matrix carrier alone, we Prx]C’E;RosameG;Fgfrj’*/ * PCs in mutant hosts had a signif-
observed the pseudarthrosis phenotype of mutant mice icant impact on bone healing as shown by the decrease in
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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 Prx1“"Fgfi3¥3%”“/* 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 Prx1";Fgfr3Y3¢7“/* mouse model that
exhibit a pseudarthrosis phenotype. We identify inherent
deficiencies of PCs carrying the Fgfi3"3%7C 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 Prx1"Fgfr3Y367“/* 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
Fgfr3936°C/* 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 etal., 2017; Su et al., 2008). However, callus ossifica-
tion was not inhibited in the Fgfr39**°“/* model suggesting
that cartilage-to-bone transformation was not affected.
Thus, our results using the Fgfr3Y*¢”“/* 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 Prx1®;Fgfr3"57%* 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 um (for d14, high magnification), and
25 um (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 Prx1¢;Fgfr3"*67%/* 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 um (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 Prx1¢%
Fgfr3Y3¢7C/* 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 associated with 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, Prx1™, and Rosa-tdTomato-EGFP (Rosa™ ™) trans-
genic mice were obtained from Jackson Laboratory (Bar Harbor,
ME). Fgfr3Y3%7C mice were generated in Dr. Legeai-Mallet’s labora-
tory (Pannier et al., 2009). In brief, the point mutation was 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 bone marrow was flushed using growth media (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-
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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), CDS51-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 uL 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 (BD Biosciences) and re-
sults analyzed using Flow]Jo 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

Prx1°"Fgfr3¥397C+ 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 3 weeks. Tibias were embedded in paraffin or O.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 pm?
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 in O.C.T. Thirty micron thick cryosections
were collected for CD31/EMCN immunostaining and 10-um-
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).

For COLX immunostaining a Dako EnVision Kit (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 pA, exposure time
100 ms, filter Al 0.5, and pixel size 19.98 pym. 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 S1. Direct bone formation at the periphery of the callus is not affected in Prx1<";Fgfr3"’*"““mice.
(A) Representative Masson’s Trichrome (TC) staining of tibial fracture calluses from PrxI“*;Fgfr-3"* (control) and
Prx1“"; Fgfr3757/* (mutant) mice at day 14 post-fracture and high magnification of new bone area at the periphery

of the callus showing normal bone deposition in mutant compared to control. Scale bar: 1mm, high magnification:

100 pm.
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Figure S2. Reduced bone formation in Prx1"; Fgfr3"*“* mutant calluses.

(A) Quantification of bone volume via pCT in the callus of Prx1“":Fgfi-3"" control and Prx1";Fgfi3"*’“"" mutant
mice at day 28 and 56 post-fracture (n=4-5 per group). (B) Representative pCT images of PrxI<";Fgfi3"*“" and
Prx1“"*;Fgfir3""" calluses at 56 days post-fracture. Values represent the mean + SD. **p<0.01 using Mann-Whitney

test. Scale bar: Imm.
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Figure S3. Healing via intramembranous ossification is unaltered in PrxI;Fgfr3"“ mice.

(A) Histomorphometric analyses of callus and bone volumes at day 7 and 21 post-unicortical defect in the tibia of
PrxI<";Fgfr3""" and Prx1<;Fgfr3“"* mice. n=5 per group. (B) Representative TC staining of cortical defect

calluses from Prx]“";F; ofr3 ** and Prx1“";F, ofr3" 37C* mice at day 7 (upper panels) and day 21 (lower panels). Scale

bar: 0.1mm. Values represent the mean + SD. **p<0.01 using Mann-Whitney test.
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Figure S4. PD173074 treatment increases cartilage and hypertrophic cartilage in the callus of
PrxI<"; Fgfr3¥* mice.

(A) Experimental design of daily injection of PD173074 (50mg/kg) or vehicle (control) in Prx“"; Fgfr3 B7C mice
with tibial fracture. (B) Histomorphometric analysis of total callus, bone, cartilage and hypertrophic cartilage volumes
of PD173074 treated and control mice at days 7 and 14 post-fracture. (n=4 or 5 per group). (C) Representative callus
sections of Prx1"; Fgfr3"*“ treated and control mice stained with Safranin’O (SO) at day 14 post-fracture and high
magnification of hypertrophic cartilage area (Box 1-2). Scale bar: 1mm, high magnification: 150 pum.

Values represent the mean + SD. **p<0.01 using Mann-Whitney test.
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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 NF71 gene encoding the RAS/MAPK regulator Neurofibromin. NF1 patients develop
peripheral nerve tumors (neurofiboromas), 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 Nf7 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 pPSSPCs 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-Nff 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. Nff-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. Nff-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 Nff-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 Nf7-deficient Schwann cells. We
identified the pro-fibrotic factor TGF( as one of the factors involved in the impaired differentiation of wild-
type pSSPCs. Inhibition of TGF[ 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 TGFp.
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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 Nf7-deficient SCs that induce fibrogenic differentiation of wild-
type pSSPCs. TGFB 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 Nf7 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 NF7 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 (Prss56°;
R26%Tom: Nf1"1 and Prss56°; R26%™m: Nf17-). Using targeted NF1 gene sequencing and single nuclei
RNAseq (snRNAseq), we found that CPT is associated with NF7 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 Nf7-deficient pPSSPCs 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 Nf7-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 Nf7-deficient SCs play a central role in mediating this paracrine effect causing the
pseudarthrosis phenotype. Furthermore, we identify the pro-fibrotic factor TGF( 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 NF17 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-1). 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-NF7 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 TGFB 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 NF17-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-

).

Tibial pseudarthrosis in mice lacking Nff 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
Prss56°; R269Tom: Nf1"1 (Prss56-Nf1") and Prss56°; R26'7°m; Nf1"- (Prss56-Nf1"") mutant tibia
compared to Prss56°¢; R26197°™; Nf1** (Prss56-Nf1**) controls (Fig. S2A-B). After tibial fracture,
reduced callus and bone volumes were detected in both Prss56-Nf1"" and Prss56-Nf1"- 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-
Nf1"7 and Prss56-Nf1"- 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-Nf1" 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-
Nf1"" mice (Fig. 4C-D). Instead, tdTom+ cells were localized in fibrotic tissue of Prss56-Nf1"" 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-Nf1"" mice (Fig 4F).

Nf1-deficient periosteal SSPCs fail to transition from fibrogenic to chondrogenic state
To functionally assess the impact of Nff inactivation on periosteal cell fate, we grafted periosteum or
cultured pSSPCs from Prss56-Nf1"" 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 Nff-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, (i) immune response marked by the expression of inflammatory related-genes (Cxcl5,
1133), (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-Nf1"" compared to Prss56-Nf1** calluses.
Negative correlation between pERK and SOX9 signal was observed in Prss56-Nf1** calluses while
Prss56-Nf1"" 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 Prx1°®; R26™™™¢ mice at the fracture site of Prss56-Nf1"" or Prss56-
Nf1** hosts. GFP+ cells formed cartilage in the control Prss56-Nf1** environment and fibrosis in the
mutant Prss56-Nf1"" 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-Nf1""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-Nf1"" 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 Nf71-deficient pPSSPCs. Transplanted pSSPCs
from Prss56-Nf1"" 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 Nf71-deficient pSSPCs alone did not cause pseudarthrosis (Fig. S5F-G). Hence,
we considered Nf7-deficient SCs, the other BC-derivatives localized within periosteum. Transplantation
at the fracture site of wild-type hosts of SCs isolated from Prss56-Nf1"" 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 TGF 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 Col712a1 and ltga11 (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-Nf1" cells (Fig. 7C). GO related
to the profibrotic factor TGFB was upregulated specifically in cluster 6 of Prss56-Nf1"" dataset,
suggesting TGF as a paracrine factor affecting the fate of pSSPCs (Fig. 7D-E, Fig S7F). We observed
increased Tgfb1 expression and percentage of phospho-SMAD2 (TGFB downstream effector) positive
cells in day 7 Prss56-Nf1" calluses compared to Prss56-Nf1** (Fig. 7F-G). To test functionally the role
of TGFB, we inhibited TGF signaling by IP injection of TGF blocking antibody in Prss56-Nf1"" mice at
days 5, 8 and 11 post-fracture. Mice treated with TGFf blocking antibody exhibited bone bridging and
improved union score, as well as reduced fibrosis accumulation at day 28 post-fracture (Fig 7H),

indicating that TGFp 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 NF71-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 Nf7-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 pPSSPCs are not the
only cell type involved in CPT. Indeed, in 3 patients, we identified NF7 loss in periosteum but not in
pSSPCs. In Prss56-Nf1 KO mice, we detected Nff-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 Nf7-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 Nf7-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 TGFB1 as a critical

driver of fibrotic accumulation in CPT and inhibiting TGFf 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 TGF 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 NF7 2™ 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 Nff 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 TGF 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.
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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 NF 7 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 2™ 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). l. 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: 50um.
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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
TGFB 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: 100um.
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Figure 3: Tibial pseudarthrosis in Prss56-Nf1 KO mice

A. Experimental design of tibial fracture in Prss56¢; R269°m; Nf1** (Prss56-Nf1**) control, Prss56°;
R2619Tom: Nf1"1 (Prss56-Nf1"") and Prss56°*; R26%™m; Nf1"- (Prss56-Nf1"") mutant mice. B.
Histomorphometric quantification of the volume of callus fibrosis at days 7, 14, 21 and 28 post-fracture
in Prss56-Nf1**, Prss56-Nf1"" and Prss56-Nf1"- mice (n=5-6 per group). C. Representative microCT
images of callus from Prss56-Nf1**, Prss56-Nf1"" and Prss56-Nf1"- mice at 28 days post-fracture,
showing absence of bone bridging in Prss56-Nf1"" and Prss56-Nf1"- mutant mice (white arrows). D.
Top, representatives callus sections of Prss56-Nf1**, Prss56-Nf1"" and Prss56-Nf1"- 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-Nf1"" and Prss56-Nf1"- mutant mice. E.
Percentage of calluses from Prss56-Nf1*"*, Prss56-Nf1"" and Prss56-Nf1"- 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-Nf1"" mice showing
expression of the extracellular matrix proteins periostin (POSTN), but not Collagen Il (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: 100um. Panel F: 50um.
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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 PDGFRa 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 (PDGFRa*) and SCs (p75-NTR*) in the tdTom+
population in uninjured periosteum of Prss56-Nf1** and Prss56-Nf1"" 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-Nf1"" mice 14 days after fracture. D. Quantification of tdTom+
signal in callus, cartilage, bone and fibrosis of Prss56-Nf1** and Prss56-Nf1"" mice 14- and 28-days
post-fracture (n=5 per group). E. Immunofluorescence on callus sections of Prss56-Nf1"" mice day 14
post-fracture shows the presence of PDGFRa+ 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-Nf1"" mice showing an increased number of tdTom+ cells in Prss56-Nf1"" mutant.
Percentage of tdTom+ cells and of PDGFRa+ pSSPCs in the tdTom+ population in digested periosteum
28 days post-fracture of Prss56-Nf1** and Prss56-Nf1"" 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: 50um. Panel B: 25um. Panel F: Low magnification: 1mm. High magnification:

25um. Panel H: 10pm. Panel I: 50um.
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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-Nf1"" 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-Nf1"" 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-Nf1""mice. Right: Correlation analysis of pERK and SOX9 signals in tdTom+
cells in Prss56-Nf1** (top) and Prss56-Nf1"" (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

magpnification: 100um. Panel I: Low magnification: 150um, High magnification: 25um.
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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 Prx1¢®; R26™™¢ mice and
transplanted at the fracture site of Prss56-Nf1** control or Prss56-Nf1"" 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 77 hosts. Right: Percentage of the
contribution of grafted GFP+ pSSPCs to cartilage and fibrosis in Prss56-Nf1** and Prss56-Nf1 " 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-Nf1"" 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-Nf1"" 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-Nf1"" datasets. Violon plot of the lineage
score of chondrogenic and fibrogenic score per dataset. Percentage of cells per cluster in Prss56-Nf1**
and Prss56-Nf1"" datasets. E. Top: Experimental design. tdTom+ Schwann cells (SCs) were isolated
from Prss56-Nf1** or Prss56-Nf1"" 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-Nf1"" 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: 100um. Panel E: 1mm.
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Figure 7: TGFB 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-
Nf1"1 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 Col/72a1 and /tga11 expression.
D. Top: Gene Ontology of upregulated genes in cluster 6 of Prss56-Nf1** and Prss56-Nf1"" datasets.
Bottom: Gene Ontology of upregulated genes in cluster 6 of Prss56-Nf1"" dataset in “Signaling
pathways” category. E. TGFB score in cluster 6 from Prss56-Nf1** and Prss56-Nf1"" datasets. F.
Relative expression of Tgfb1 in day 7 post-fracture callus of Prss56-Nf1** or Prss56-Nf1"" mice (n=5
per group). G. Percentage of phospho-SMAD?2 positive (pSMAD2+) cells in the day 7 post-fracture callus
of Prss56-Nf1** or Prss56-Nf1"" mice (n=4 per group). H. Left: Experimental design. Prss56-Nf1""mice
were treated with blocking TGFB antibody or IgG1control isotype at day 5, 8 and 11 post-fracture.
Representative microCT images of callus of Prss56-Nf1"" mice treated with TGF blocking antibody or
IgG1 isotype control at 28 days post-fracture, showing absence of bridging in mice grafted with Nf7-
deficient Schwann cells (white arrows). Right: Histomorphometric quantification of the volume of callus
fibrosis of Prss56-Nf1"" mice treated with blocking TGFB antibody or IgG1 isotype control at 28 days

post-fracture. (n=4 per group). Scale bars: Panel G: 50um, 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 pPSSPCs 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 pPSSPCs 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 S1 (related to Fig. 1-2)
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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-Nf1"" and Prss56-Nf1"- mice (n = 5-7 per group).

B. Representative longitudinal and transverse microCT images of uninjured tibia from 3 month-Prss56-
Nf1**, Prss56-Nf1"" and Prss56-Nf1"- mice. n.s.: non-significant. Scale bar: 500um. C. Representatives
callus sections of Prss56-Nf1**, Prss56-Nf1"" and Prss56-Nf1"- 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-Nf1"" and Prss56-Nf1"-mice. (n=5-6 per

group).
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Figure S2 (related to Fig. 3)

A s ) B Prss56-Nf1** Prss56-Nf1"1 Prss56-Nf1"
& \ 3 month-old mice

A=

—)

Cortical porosity BV/TV

Prss56-Nf1** [ Prss56-Nf1"
[ Prss56-Nf1"

7.9, tibial fracture

D Callus

150 d%

Volume (mm?)

Prss56-Nf1*+ [ Prss56-Nf1"" B Prss56-Nf1"

171



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, Cdhb), 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 S3 (related to Fig. 4)

A

UMAP_2

Boundary caps

scRNAseq of digested hindlimbs
at E11.5, 13.5, 15.5 and 18.5 from Kelly et al.

151 " 43¢, Endothelial cells
0
' g /

Myogenic cells

N Skin cells
e |

\
N

.
2

'+ 18,
! Mesenchymal * / *
'

cells ‘qaf 1
' A8,
\

-104

Chondrocytes

¥ Immune cells

-10 -5 0 5 10 15

Tibia

3 ©
($) \ﬁ/\/Q\Q‘

Average Expression Percent Expressed

«+ 25 0 50@ 75 @ 100

173

0

Number of positive
cells per tibia sections

L T T
125135145

Lk T T
125135145

tdTom

Prss56

Prss56



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-Nf1"" 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-Nf1"" 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-Nf1"" 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-Nf1"" 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-Nf1"" 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-Nf1"" 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-Nf1""mice to the host callus. Cart: cartilage. * p < 0.05, ***

p < 0.001. Scale bars: Low magnification: 1mm. High magnification: 50 um.
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Figure S4 (related to Fig. 4)
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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-Nf1"" 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-Nf1"" 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-Nf1" 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-Nf1""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-Nf1"" cultured periosteal
cells showing that cultured tdTom* are PDGFRa+ SSPCs (97.4% = 4.6 for Prss56-Nf1** mice and 98 %
+ 2.4 for Prss56-Nf1"" mice) (n= 5-6 per group). F. Histomorphometric quantification of the volume of
cartilage <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>