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The bone regeneration process has historically been studied with the repair of fracture as a unique ability of our
body by restoring it to its pre-injured functions. In bone biology, homeostasis is regulated by two main cellular
components: osteoblasts (bone-forming cells) and osteoclasts (bone-resorbing cells). Furthermore, various
inflammatory cells and cytokines dynamically interact with these cells in bone environments, which are responsible
for their repair capacity. For the bone regeneration process, previous studies have emphasized the role of

osteoblasts with morphogen gradients such as bone morphogenetic proteins (BMPs).

bone morphogenetic proteins osteoblast mesenchymal stem cells

| 1. Bone Homeostasis

Normal bone homeostasis is balanced by osteoblasts and osteoclasts (Figure 1A). Importantly, these two cells
have different lineages between mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs),
respectively. MSCs, when induced by transcriptional factors, such as SRY-box transcriptional factor 9 (SOX9),
Runt-related transcriptional factor 2 (RUNX2), fibroblast growth factor (FGF), and BMP, differentiate into
osteoprogenitor and pre-osteoblast cells L2 These cells, in turn, have the potential to differentiate further into
osteoblasts, osteocytes, and chondrocytes, which are primarily involved in bone and cartilage formation. Of the
many transcriptional factors, SOX9 and RUNX2 are the most important factors, and dominance between SOX9
and RUNX2 in MSC-derived progenitors determines their fates between chondrogenesis (SOX9 dominance) and
osteogenesis (RUNX2 dominance) B, Osteoblast lineage cells not only differentiate into osteocytes but also

promote bone mineralization by secreting hydroxyapatite and calcium (Figure 1B).
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Figure 1. Bone homeostasis. (A) Normal bone homeostasis is balanced by osteoblasts and osteoclasts. (B) The

detailed differentiation pathways of osteoblasts and osteoclasts in bone homeostasis.

Meanwhile, osteoclasts, which have the function of bone resorption, are large multinucleated cells derived from
HSC lineage 1. Hematopoietic monocytes and macrophages were differentiated into osteoclast precursors
mediated by macrophage colony-stimulating factor (M-CSF) 4. M-CSF also proliferated the osteoclast precursors.
Then, the osteoclast precursors differentiated into mature osteoclasts mediated by the receptor activator of nuclear
factor kappa-B ligand (RANKL). Thus, M-CSF and RANK-RANKL signaling within bone environments is essential
for osteoclastogenesis, which is initiated by the recruitment of osteoclast precursors by osteoblasts that express
RANKL (Figure 1B) 2!,

The homeostasis between osteoblasts and osteoclasts is very important in physiological bone environments €1, If
an imbalance between osteoclasts exists, it can develop into a pathological process such as osteoporosis (the
environment for osteoclast activity surpasses osteoblast activity) or osteopetrosis (the environment for osteoblast

activity surpasses osteoclast activity) B,

| 2. Bone Regeneration Process
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The regeneration process of bone has been studied with the fracture healing phase . It involves a series of
coordinated events, including hematoma-forming inflammation, soft callus formation, the hard callus stage, and

bone remodeling (Figure 2) 2119,
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Figure 2. Bone regeneration process. (A) Hematoma formation. (B) Soft callus formation. (C) Hard callus
formation. (D) Bone remodeling stage.

Inflammation stages occur for more than a few days after fracture 1. The most important initial phase of the
inflammation stages for bone regeneration is hematoma formation and inflammatory exudation from the injured
blood vessels at the breakage location L1122l |njured soft tissues and degranulation of platelets release various
cytokines, which results in typical inflammation responses such as vasodilation, hyperemia, polymorphonuclear

neutrophils (PMNSs), and macrophage migration and proliferation (Figure 2A) 8,

The network of fibrin and reticulin fibrils in hematoma is gradually substituted with granulation tissues (called soft
calluses) and osteoclasts act to remove the necrotic bone at the fragment’s ends 8. For soft callus formation, the
osteoprogenitor cells in the cambium layer and endosteum are differentiated into osteoblasts, starting

intramembranous appositional bone growth (Figure 2B) 8 When the gaps between bones are linked with the
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soft callus, it starts to change the hard callus, called the hard callus stage L. For intramembranous bone formation,
the soft callus within the gap is developed into the hard callus that is constituted with rigid calcified tissue by
endochondral ossification . Hard callus formation starts peripherally and progressively moves toward the center

of the fracture and the fracture gap (Figure 2C) [,

Following the solid union of gaps with woven bones, the remodeling stage begins [&. The woven bone undergoes
gradual replacement with lamellar bone, facilitated by surface erosion, condensation, and osteonal remodeling 8. It
persists from a few months to several years until the bone’s morphology is fully restored to its original state (Figure
2D) 81,

| 3. Signaling Pathways for Bone Formation

Since the osteoblasts have a critical function in bone formation, many studies have been focused on various
osteoblast differentiation-related signaling pathways, which act in a coordinated manner to bone development and
fracture repair BIEILOL3]  The researchers introduce the five representative signaling pathways, including

Hedgehog, Notch, Wnt/B-catenin, FGF, and BMP signaling (Figure 3).
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Figure 3. Signaling pathways for bone formation.

Hedgehog has been known to be an important morphogen in limb development for the anteroposterior body axis
14 The Hedgehog pathway also has a crucial role in endochondral ossification . Indian hedgehog (IHH) acts
with parathyroid hormone-related peptides in a negative feedback loop 22, IHH binds smoothened homologue
(SMO), which blocks the cleavage of GLI3 to the GLI3 repressor (GLI3R) and activates GLI2 to the GLI2 activator
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(GLI2A) 1. |t leads to the expression of SOX9 and RUNX2 in osteoprogenitor cells, which are master regulators for
osteoblast differentiation 16!,

Compared to other signaling pathways, Notch signaling is a negative regulator of osteoblast differentiation [,
Notch receptors initially interact with Jagged (JAG) or Delta-like protein (DLL) families by direct cell-to-cell contact
[, This leads to proteolytic cleavage of the y-secretase complex, which releases Notch intracellular domain (NCID)
(1. The NCID interaction with RPBJ and Mastermind-like protein 1 (MAML1) induces the expression of Notch target
genes, including Hairy and Enhancer of Split (HES) and HES-related with YRPW motif (HEY), which inhibits
osteoblast differentiation 11,

Wnt/B-catenin signaling acts as a positive regulator of osteoblast differentiation . The Wnt ligand binds Frizzled
(FZD; a cell surface receptor) and low-density lipoprotein receptor-related protein 5 (LRP 5) or LRP6, which leads
to B-catenin accumulation in the cytoplasm 7. It allows for translocation to the nucleus expressing RUNX2 and
osterix (OSX) 17, The expression of RUNX2 and OSX enables the differentiation of osteoblasts 7. The role of -
catenin is important for various signaling pathways for osteoblast differentiation because it stimulates
transcriptional activity by interacting with the T cell factor (TCF)/lymphoid enhancing factor (LEF) 18, Thus, the

presence of B-catenin is also essential for osteoblast differentiation in the Hedgehog pathway 1.

FGFs are known as a family of signaling proteins that are crucial for normal development . For osteoblast
differentiation, FGF initially binds with the extracellular ligand-binding domain of the fibroblast growth factor
receptor (FGFR), which leads to the phosphorylation of tyrosine kinase in the FGFR intracellular domain 219, |t
activates the intracellular signaling cascade, including Ras/MAPK, PI3K/AKT, JAK/STAT, and protein kinase (PKC)
pathways W. For fusion as a bone regeneration process, FGF2, among the more than 20 types of FGFs, has been
shown to have superior osteogenic effects with a combination of BMP2 W&l Thus, FGF2 is currently recognized as
enhancing the BMP-induced bone regeneration process in the inflammatory and endochondral bone formation

stages.
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