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Bone exhibits remarkable self-repair ability without fibrous scars. It is believed that the
robust regenerative capacity comes from tissue-resident stem cells, such as skeletal stem
cells (SSCs). Roughly, SSC has two niches: bone marrow (BM) and periosteum. BM-SSCs
have been extensively studied for years. In contrast, our knowledge about periosteal SSCs
(P-SSCs) is quite limited. There is abundant clinical evidence for the presence of stem cell
populations within the periosteum. Researchers have even successfully cultured “stem-
like” cells from the periosteum in vitro. However, due to the lack of effective markers, it is
difficult to evaluate the stemness of real P-SSCs in vivo. Recently, several research teams
have developed strategies for the successful identification of P-SSCs. For the first time, we
can assess the stemness of P-SSCs from visual evidence. BM-SSCs and P-SSCs not only
have much in common but also share distinct properties. Here, we provide an updated
review of P-SSCs and their particular responses to bone injury.
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INTRODUCTION

The periosteum, a specialized membranous structure covering the surface of cortical bones, is a
crucial component of diaphysis growth during intramembranous and endochondral bone
development (Olsen et al., 2000). Bone tissue is constantly remodeling throughout the lifetime.
In addition to the essential function of nourishing bones, the periosteum also maintains bone
homeostasis by forming bones directly underneath it (Ferretti and Mattioli-Belmonte, 2014).
Although the bones are formed by either intramembranous ossification or endochondral
ossification, there appears to be a difference in periosteal structure between the two.
Histologically, the periosteum consists of two layers serving as the attachment site of skeletal
muscles (Allen et al., 2004). The outer layer (fibrous layer) comprises collagen, elastin, and scarce
cells (Buckwalter and Cooper, 1987; Squier et al., 1990; Dwek, 2010). In addition, it also contains a
high density of distinct microvascular networks called the “umbilical cord of bone” (Chanavaz, 1995)
and linear neuron fibers (Mach et al., 2002; Matsuo et al., 2019). The inner layer (cellular layer)
contains a slew of fibroblast-like cells. It is a highly vascularized structure with a high density of
microvessels (Dwek, 2010), also known as the cambium layer, which is thicker in early life and then
becomes thinner with age (Uddströmer, 1978).

Numerous studies from clinical trials and animal models have shown the osteogenic capacity of
the adult periosteum. Periosteal grafts have been successfully used to reconstruct large quantities of
bone tissue with high quality in the treatment of pseudarthrosis or infected sites (Masquelet et al.,
1988), large bone defects (Lapierre et al., 1991; Gallardo-Calero et al., 2019), fracture non-union
(Jaloux et al., 2020), and osteoradionecrosis (Yachouh et al., 2010). The periosteal reaction is another
example. The periosteum may be elevated from the cortex in response to various insults, such as
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trauma, infection, and tumors. As a result, the periosteum can
form new laminated or onion skin-like bones (Rana et al., 2009),
which are also critical for mechanical loading. Femurs covered
with periosteum showed significantly higher bone strength than
the periosteum-stripped ones (Yiannakopoulos et al., 2008). The
ablation of periosteal skeletal stem cells (P-SSCs) severely
interfered with routine maintenance of bone homeostasis and
mechanical loading-induced bone formation (Moore et al., 2018).

In bone repair, the regenerated cells may come from two
resources, one from the circulation and the other from local
tissues. Whether circulating “stem cells” are involved in the
production of osteoblasts has not been proven until recently.
Ransom et al. (2018) surgically connected the blood vessels from
green fluorescent protein (GFP)-labeled and non-GFP-labeled
littermate mice so that they shared a common circulation system.
Then, the non-GFP mice were treated with distraction
osteogenesis (DO) surgery. Twenty-nine days after surgery, no
GFP + cells were detected in the distraction callus (Ransom et al.,
2018). In another study, fractured femurs from a genetically
labeled donor were transplanted into the renal capsule of a
wild-type host. After 14 days, the regenerated cells were
confirmed as the donor origin (Duchamp de Lageneste et al.,
2018). These studies provided convincing evidence ruling out the
contribution from circulation.

After the exclusion of circulation contribution, the
regenerated cells were most likely of local origin. The next
step is to determine whether they come from the periosteum,
cortical bone, or bone marrow (BM). To solve this question,
Colnot (2009) designed a series of bone graft transplantation
experiments. Bone grafts from RosaLac-Z mice with or without
periosteum were transplanted into wild-type mice. By tracing
the Lac-Z-positive cells, it was concluded that repairing cells
came from adjacent tissues; cells derived from the periosteum
were always found on the periosteal surface; cells derived from
the BM were always found within the marrow cavity; and
cortical bone involvement was very limited. In the callus,
cartilage cells are almost always derived from the
periosteum, while osteoblasts are derived from both the
periosteum and BM (Colnot, 2009; Wang et al., 2019). In a
similar study, the authors stated that approximately 70% of the
total regenerated cells came from the periosteum (Zhang et al.,
2005). Although both the bone marrow and periosteum
contribute to the formation of new bone, the quantity is
different. Because the majority of bone callus tissue is
located beneath the periosteum, it is no surprise to find that
most of the regeneration cells come from the periosteum. As
shown by Kojimoto et al. (1988), bone regeneration is highly
dependent on the periosteum rather than on the bone marrow.
When the periosteum was removed during DO, bone
regeneration was markedly disturbed. However, in contrast,
scraping of BM had no pronounced effect (Kojimoto et al.,
1988). Although in cases when the periosteum were removed,
the cells from adjacent skeletal muscle tissue could be involved
in bone repair as a compensation (Julien et al., 2021; Liu et al.,
2011). When the periosteum is in its position, its regeneration
capacity is sufficient, and other alternative cellular sources are
not required (Liu et al., 2011).

All of these studies demonstrated the strong regenerative
capacity of the periosteum. Furthermore, the capacity is
believed to come from P-SSCs. In this review, we summarized
the current knowledge of periosteal SSCs for their origin, identity,
properties, and special response to injuries.

THECONCEPT OF SKELETAL STEMCELLS

SSCs are a concept developed from mesenchymal stem cells
(MSCs). The term MSCs was first introduced by Caplan
(1991) to describe a population of cells in the bone marrow
that possesses trilineage (adipogenic, osteogenic, and
chondrogenic) differentiation capacity (Caplan, 1991; Dominici
et al., 2006). MSCs have long been considered to be a pure cell
population, and each cell has trilineage differentiation potential.
However, MSCs actually have high heterogeneity, and every
individual cell is not equal in its differentiation capacity
(Viswanathan et al., 2019). Leptin receptor (LepR) is a widely
accepted marker of adult MSCs. In their physiological state, BM-
LepR + cells give rise to bone and adipose tissue (Zhou et al.,
2014). In a recent study, LepR + cells were divided into two
subgroups: one enriched for osteogenic genes and the other
enriched for adipogenic genes at the transcription level
(Tikhonova et al., 2019). Under adipogenic induction, only
already transcribed adipogenic genes would respond; others
remained relatively quiescent (Tikhonova et al., 2019). Both
Gremlin1 (Worthley et al., 2015) and PTHrP (Mizuhashi
et al., 2018) have labeled a subgroup of MSCs residing within
the growth plates. These cells could be differentiated into
chondrogenic, osteogenic, and adipogenic lineage cells in vitro.
However, they only generated bone, cartilage, reticular stromal,
and no adipose cells in lineage tracing experiments (Worthley
et al., 2015) (Mizuhashi et al., 2018). The same results were
obtained from ectopic transplantation experiments. Chan et al.
(2015, 2018) isolated CD45−Ter-119−Tie2−AlphaV +
Thy−6C3−CD105−CD200+ cells in mice (Chan et al., 2015)
and PDPN + CD146-CD73 + CD164+ cells in human growth
plates (Chan et al., 2018) and transplanted them into the renal
capsule. Only bone, cartilage, and stroma but not adipose tissue
were generated. These data support the existence of at least two
subgroups of MSCs: one poised for adipogenic differentiation and
the other poised for osteogenic differentiation. Although MSCs
can undergo trilineage differentiation in vitro, this phenomenon
is induced by exogenous stimuli. In the absence of exogenous
stimulation, the situation is different in vivo. In fact, large areas of
the chromatin landscape need to be reshaped as osteogenic MSCs
are driven to adipogenic differentiation (Meyer et al., 2016; Rauch
et al., 2019). Therefore, each MSC is likely to carry a genetic
preprogram that suggests a restricted differentiation direction. In
some situations, such as in a living organism without exogenous
stimuli, they are more likely to behave in a preprogrammed
manner. The seemingly trilineage differentiation potential of
MSCs is more likely to aggregate potential compounds of
distinct cell types.

By focusing on the differentiation potential, “SSCs” are
proposed to define a group of cells that already carry an
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osteogenic program that could differentiate into skeletal lineage
(bone and cartilage) cells, excluding adipogenic lineages.
However, the concept of “SSCs” is still in the development
stage; “bone marrow “MSCs” and “SSCs” are currently used
interchangeably. Only recently has the concept of SSCs been
extrapolated from BM/growth plate (GP) to the periosteum.

DEVELOPMENTAL ORIGIN OF THE
PERIOSTEAL-SKELETAL STEM CELLS

Skeletons are formed by either intramembranous ossification or
endochondral ossification. In intramembranous ossification,
mesenchymal cells condense at the site of the future
periosteum. Transcription factor 2 (Runx2) and osteogenic
factor (Sp7) are then expressed in sequence, causing
mesenchymal cells to differentiate directly into osteoblasts
(Long, 2011). Undifferentiated mesenchymal cells form the
periosteum, and some of them form P-SSCs (Ochareon and
Herring, 2011) (Figures 1A,B).

In endochondral ossification, mesenchymal cells condense at
the position of future bones (Akiyama et al., 2005). By expressing
SRY-box 9 (Sox9), mesenchymal cells differentiate into
chondrocytes to form cartilage templates (Akiyama et al.,
2002; Akiyama et al., 2005; Long and Ornitz, 2013). The
undifferentiated mesenchymal cells at the periphery form the
perichondrium. At the same time, blood vessels invade the center
of the cartilage template, forming the bone marrow cavity and
transitioning from cartilage to bone tissue (Long and Ornitz,
2013). As ossification progresses, the perichondrium is reshaped
into the periosteum (Kronenberg, 2007). During this time, the
perichondral stem cells become P-SSCs. Therefore, whether
P-SSCs are derived from local skeletal elements or from blood
has not been elucidated until recently. Duchamp de Lageneste
et al. (2018) transplanted unvascularized femur cartilage
templates from Prx1-Cre and YFPfl/+ donors to the renal

capsule of wild-type hosts. After 8 weeks, the cartilage
templates developed into bone tissue, and the P-SSCs came
from the donor (Duchamp de Lageneste et al., 2018). Lineage
tracing experiments also provided evidence from another aspect.
Hox11 is regionally expressed in the perichondrium of zeugopod
limbs during the embryonic stage. Hox11-expressing cells persist
in the periosteum continuously, giving rise to SSCs and
osteoprogenitors from the embryonic to adult stage (Pineault
et al., 2019). These experiments demonstrated the local origin of
P-SSCs.

FINDING A GOOD MARKER FOR
PERIOSTEAL-SKELETAL STEM CELLS

P-SSCs and BM-SSCs are comparable to a great degree. Some
markers, such as Nestin and LepR, used to identify BM-SSCs also
label P-SSCs (Gao et al., 2019). BM, however, appears to be a
much larger pool of cells (Méndez-Ferrer et al., 2010; Zhou et al.,
2014). In one study, distinguishing between P-SSCs and BM-SSCs
using these markers was difficult. A strategy of combined markers
(CD45−Ter-119−Tie2−AlphaV + Thy−6C3−CD105−CD200+)
provided by Chan et al. (2015) to identify GP-SSCs was also
effective for P-SSCs (Chan et al., 2015; Ransom et al., 2018;
Tournaire et al., 2020). However, the population in the
periosteum contains approximately 7%–8% mature osteoblasts
(Matthews et al., 2021). α-SMA is another well-studied marker
that was originally a pericyte marker. Pericytes exhibit “stemness”
in various tissues, and they are considered tissue-resident stem
cells (Crisan et al., 2008; Wong et al., 2015). α-SMA has been
proven to label some (not all) SSCs in the periosteum (Diaz-
Flores et al., 1992; Matthews et al., 2014). However, a recent study
uncovered the heterogeneity of periosteal α-SMA+ cells by single-
cell RNA-seq (Matthews et al., 2021). The periosteal α-SMA+ cell
population comprises three clusters: P-SSCs, fibroblasts, and
perivascular cells (Matthews et al., 2021). Therefore, α-SMA

FIGURE 1 | The development of P-SSCs and their differentiation capacity. (A) In the limb development, a cartilage template is first established; the perichondrium
contains undifferentiated mesenchymal cells. (B) Ossification begins when the blood vessel invades the center of the cartilage; the perichondrium is changed into
periosteum. The perichondral mesenchymal cells give rise to P-SSCs. (C) Skeletal stem cells (SSCs) in different sites of the femur have distinct differentiation abilities.
Compared with bone marrow-SSCs (BM-SSCs) and growth plate-SSCs (GP-SSCs) the periosteal SSCs (P-SSCs) can only give rise to osteoblasts at baseline.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 8120943

Zhang et al. Periosteal Skeletal Stem Cells

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


alone is not appropriate for serving as a P-SSC marker. MX1 is a
BM-SSC marker with some limitations. Mx1-Cre is broadly
expressed in other lineages but is not expressed under normal
circumstances (Park et al., 2012). Ortinau et al. (2019) combined
these two strategies and successfully identified MX1 + α-SMA+
cells as P-SSCs.

Specifically, this combination only labeled P-SSCs, and no
double-positive cells were seen in the BM (Ortinau et al.,
2019). Prrx1 is a broad skeletal mesenchymal cell marker
(ten Berge et al., 1998; Peterson et al., 2005) that is
expressed in both the endosteum and periosteum in the
early postnatal period. With increasing age, Prrx1
expression is gradually restricted in the periosteum to mark
P-SSCs (Esposito et al., 2020). Another marker is the cysteine
protease cathepsin K (CTSK). Historically, CTSK has been
used as a marker of osteoclasts; however, this application is site
specific. In the BM, CTSK-lineage cells were tartrate-resistant
acid phosphatase (TRAP) positive, indicating osteoclasts;
however, the CTSK-lineage cells in the periosteum were
TRAP negative. The periosteal CTSK-lineage cells include
three clusters: P-SSCs (CD200+ CD105−), periosteal
progenitor 1 (PP1) (CD200−CD105−), and periosteal
progenitor 2 (PP2) (CD105 + CD200variable). Among them,
P-SSCs are the most stem-like cells, and they are the precursors
of PP1 and PP2 (Debnath et al., 2018). Ideally, the markers
should be able to separate P-SSCs from BM-SSCs, thus making
α-SMA + MX1, Prrx1, and CTSK good candidates.

Characterization of P-SSCs by gene expression analysis
revealed that the α-SMA + MX1+ P-SSCs could highly express
CD105, CD140a, Cxcl12, LepR, and Grem1 (Ortinau et al., 2019).
Prrx1-lineage P-SSCs overexpressed PDGFRα, Grem1, Cxcl12,
Nestin, and NG2 but not LepR (Duchamp de Lageneste et al.,
2018). The CTSK-lineage P-SSC population contains Gremlin1+
and Nestin+ subsets but not LepR, CD140a, or CD146 (Debnath
et al., 2018).

In conclusion, the markers that identify BM-SSCs may also
identify P-SSCs. To date, α-SMA + MX1, Prrx1, and CTSK are
P-SSC-specific markers, and there are overlapping subsets
among them.

THE STEMNESS OF
PERIOSTEAL-SKELETAL STEM CELLS

“Stemness” means the ability to proliferate, self-renew, and
differentiate. Traditionally, the colony-forming ability on
plastic dishes is referred to as “proliferative/self-renewal,” and
the multilineage differentiation ability in certain induction media
is called “multipotency.” However, some authors have noted the
shortcomings of these definitions. Colony-forming assays or
expansion cultures demonstrate not self-renewal but rather
proliferation capacity (Bianco and Robey, 2015). In vitro
differentiation assays proved the plasticity rather than the
differentiation capacity. To eliminate the effect of exogenous
factors, Bianco and Robey (2015) suggested that the
differentiation capacity should be assessed by heterotopic
transplantation of non-doctored and non-induced cultures. In

this review, we evaluated the stemness of SSCs mainly by their
behaviors in vivo.

The self-renewal capacity of Mx1+αSMA + P-SSCs was
evaluated by serial transplantation experiments. The donor
Mx1+αSMA + P-SSCs were sorted and transplanted into
calvarial injury sites of hosts with Matrigel. Four weeks later,
the Mx1 + αSMA + P-SSCs repopulated and generated new bone.
Following the second transplantation, the retransplanted Mx1 +
αSMA + P-SSCs also maintained repopulation and differentiation
capacity (Ortinau et al., 2019). Similarly, the self-renewal capacity
of CTSK-lineage P-SSCs was analyzed by two successive rounds
of heterotopic transplantation. Donor CTSK-lineage P-SSCs were
transplanted into the mammary fat pad and kidney capsule of
female hosts. In both rounds, the CTSK-lineage P-SSCs self-
renewed and rebuilt the P-SSC pool. The CTSK-lineage P-SSCs
maintained their immunophenotype and differentiation capacity
after the last transplantation (Debnath et al., 2018).

For the differentiation capacity, the same conclusion was
drawn from different SSC lineage experiments. Nestin-lineage
(Tournaire et al., 2020), CTSK-lineage (Debnath et al., 2018), and
Mx1 + αSMA + (Ortinau et al., 2019) P-SSCs only generated bone
without cartilage or stroma in transplantation. This observation
coincided with the intramembranous ossification function
mediated by the periosteum (Figure 1C).

In conclusion, P-SSCs are true tissue-resident stem cells with
the capacity to proliferate, self-renew, and differentiate into
osteolineage cells.

PERIOSTEAL-SKELETAL STEM CELLS VS.
BONE MARROW-SKELETAL STEM CELLS

Considering how closely the BM is related to the periosteum, it is
interesting to compare them. In vitro, P-SSCs grew faster, and
secondary colony formation efficiency was higher at the same
density of P-SSCs and BM-SSCs (Duchamp de Lageneste et al.,
2018). In transplantation assays, BM-SSCs displayed a typical
endochondral ossification model generating bone, cartilage
tissue, and hematopoietic stroma. P-SSCs represent an
intramembranous ossification model, producing only bone
tissue without cartilage and hematopoietic stroma (Debnath
et al., 2018) with a higher migration capacity. In wound
healing assays, the wound closure time of P-SSCs was only
approximately half that of BM-SSCs (Debnath et al., 2018). In
vivo, intravital imaging showed that the Mx1 + αSMA + P-SSCs
moved toward the injury site immediately after wounding,
whereas MX1 + BM-SSCs remained in situ (Ortinau et al.,
2019). When P-SSCs and BM-SSCs were transplanted into the
bone fracture site, the P-SSCs quickly penetrated into the center
of the callus, while the BM-SSCs stayed at the periphery of the
callus (Duchamp de Lageneste et al., 2018). At the gene
expression level, P-SSCs were enriched in genes related to
“stemness,” “limb development,” and “extracellular matrix
(ECM),” while BM-SSCs were enriched in “downregulation of
stemness,” “bone resorption,” “immune cells,” and
“hematopoietic stem cells” (Duchamp de Lageneste et al.,
2018). The gene expression patterns coincide with their
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distinct microenvironment. The BM is an immunological and
hematopoietic organ; preserving immunological homeostasis and
supporting hemopoiesis are also major functions of BM-SSCs
(Méndez-Ferrer et al., 2010; Isern et al., 2014). This is why genes
associated with hematopoiesis and immune response are
enriched in BM-SSCs but not in P-SSCs. However, when we
focus specifically on “stemness,” P-SSCs appear to be the better
choice.

In conclusion, compared with BM-SSCs, P-SSCs have higher
growth and migration potential, but their differentiation capacity
is more restricted in osteolineages.

THE CONTRIBUTION OF
PERIOSTEAL-SKELETAL STEM CELLS TO
BONE REPAIR
As previously mentioned, P-SSCs are considered to be a major
contributor to bone regeneration. In Prrx1-Cre, after activated
recombination of mTmG mice 3 days after fracture (Esposito
et al., 2020), all newly regenerated cells in the callus were derived
from Prrx1+ cells (Duchamp de Lageneste et al., 2018).

Conditional ablation of Prrx1+ cells in Prx1-CreER DTA mice
led to deficient healing with much less bone and cartilage content
(Esposito et al., 2020). Similarly, MX1 + αSMA + P-SSCs
contributed to approximately 20% of chondrocytes and 80% of
new osteoblasts in the fracture callus (Ortinau et al., 2019).
Conditional ablation of periosteal MX1+ cells led to
significantly delayed healing and osteoblast reduction (Ortinau
et al., 2019). Ablation of αSMA + cells either at the beginning or
throughout the first 8 days in fracture healing led to reduced
callus size formation and delayed mineralization (Matthews et al.,
2021). By conditionally deleting OSX, a key osteogenic factor in
the CTSK-Cre (Nakashima et al., 2002) CTSK + P-SSC osteogenic
differentiation pathway was blocked. Osxfl/fl mice exhibited
hypomineralization of the skull, uneven periosteal surfaces,
and extensive linear intracortical pores (Debnath et al., 2018).
Under injury conditions, these mice showed a markedly high risk
of fracture non-union with defects in mineralization and an
increased volume of cartilage in the callus (Debnath et al., 2018).

In conclusion, P-SSCs are the major sources of repairing cells
in bone repair. The osteogenic differentiation capacity of these
cells is critical to successful bone healing.

THE SPECIAL RESPONSE OF
PERIOSTEAL-SKELETAL STEM CELLS TO
DIFFERENT BONE REGENERATION
MODELS

In bone regeneration, endochondral and intramembranous
ossification patterns occur simultaneously. Endochondral
ossification predominated in unstable fracture models, but
some direct bone formation and fibrochondrogenesis were also
involved. Intramembranous ossification predominated in stable
fracture, bone defect, and DO models (Runyan and Gabrick,

2017). In unstable fracture healing, cartilage scaffolds are first
constructed and then gradually replaced with bone (Ferguson
et al., 1999). Almost no cartilage is seen in intramembrane bone
regeneration models (Jazrawi et al., 1998; Choi et al., 2002).
P-SSCs respond differently to these patterns, but
approximately 20% of available chromatin site alterations are
common in fractures and DO models, including clusters related
to general stress and inflammatory responses, such as HIF, VEGF,
and IL signaling (Ransom et al., 2018). Here, we mainly focused
on the modeled special responses of P-SSCs.

As we have discussed before, the periosteum not only mediates
intramembranous ossification in physiological conditions but is
also chondrogenic in fractures; this is a longstanding
contradiction. In ectopic transplantation, Prrx1-, MX1 +
αSMA-, and CTSK-labeled P-SSCs not only produced
cartilage-less bone but also contributed approximately 100%,
20%, and 50% of the total chondroblasts in the fracture callus,
respectively (Debnath et al., 2018; Duchamp de Lageneste et al.,
2018; Ortinau et al., 2019).

Interestingly, the CTSK-lineage P-SSCs isolated from normal
periosteum were osteoblastic only, but the P-SSCs isolated from
the fractured periosteum were both osteoblastic and
cartilaginous, and they could give rise to bone and cartilage in
capsule transplantation (Debnath et al., 2018), indicating that a
transition occurs in the P-SSCs. Genetically, P-SSCs upregulate
cartilage formation-associated genes in fractures, such as Sox9
(Ransom et al., 2018), making the gene expression profiles similar
to those of BM-SSCs. The fate shifting of P-SSCs in fractures has
been observed, but its regulatory mechanism remains unclear.
Some evidence points to the HIF and BMP pathways, but further
investigation is required (Nakahara et al., 1990; Hanada et al.,
2001; Ueno et al., 2001; Tsuji et al., 2006; Eyckmans et al., 2010;
Chan et al., 2015).

The most significant difference between the fracture model
and the DO model is that the DO model produces a larger bone
tissue volume. The rate of bone growth during DO is equivalent to
that of the fetus and is four–eight times that of adolescents
(Steinbrech et al., 2000; Choi et al., 2002). Unlike the unstable
fracture model that demonstrates the plasticity of P-SSCs, the DO
model displays other sides of P-SSCs. Runx2 and Sox9 are key
triggers of osteogenesis and chondroblast differentiation, with
high chromatin accessible in fracture P-SSCs but not in DO
(Ransom et al., 2018), indicating that P-SSCs are not in a poised
differentiation state in DO but are ready to differentiate in
fractures. The genes specifically enriched in P-SSCs during DO
are associated with vascularization, adhesion, migration, and
responses to mechanical stimulation (Ransom et al., 2018).
Disruption of the mechanotransduction pathway FAK led to
non-oriented migration of the P-SSCs and failure of DO
(Ransom et al., 2018). These data indicated that the primary
response of P-SSCs in DO had a close relationship with their
migration within the periosteum. Human P-SSCs have been
reported to express receptors from chemokine subfamilies CC,
CXC, CX3C, and C, which respond to CCL2, CCL25, CXCL8,
CXCL12, and CXCL13 (Stich et al., 2008). In mice, MX1 + αSMA
+ P-SSCs induced high expression of CCR5 and recruitment to
the bone defect site (Ortinau et al., 2019). Blocking the
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CCL5–CCR5 interaction severely interrupts the bone healing
process (Ortinau et al., 2019) (Figure 2).

In conclusion, during unstable fracture healing, osteogenic
unipotent P-SSCs become osteogenic and chondrogenic bipotent.
The complete the migration capability of the P-SSCs is
fundamental to successful DO.

DISCUSSION

In this review, the research progress on P-SSC properties in recent
years was summarized. P-SSCs are a population of cells with high
proliferation, migration, and osteogenic potential that exhibit
plasticity in fractures, but the mechanism regulating this cell fate
transition has not yet been fully clarified. The high mobility of
P-SSCs is critical to DO. Thoroughly understanding the
properties of P-SSCs and their behavior in injury is the
cornerstone for their potential clinical application.

Since the discovery of tissue-resident stem cells, they have
been widely used in both fundamental and clinical research. BM-
SSCs have shown plasticity in vitro, and subsequently, many
research groups have adopted BM-SSC therapy with the hope that
BM-SSCs can cure diseases by differentiating into local cell types.
However, BM-SSCs rarely or never differentiate into cell types
outside the skeletal lineage (Caplan, 2017). Within the skeletal
lineage, when considering reconstruction of the cartilage,
synovium-derived stem cells showed a higher chondrogenic
potential than BM-SSCs (Sasaki et al., 2018). Cartilage

regeneration using BM-SSCs requires genetic modification or
induction (Chan et al., 2015), but perichondrium-derived stem
cells could directly form cartilage (Kobayashi et al., 2011).
Similarly, P-SSCs appear to be a better choice than BM-SSCs
for bone tissue reconstruction, where we do not want to see too
much cartilage. Tissue-resident stem cells carry tissue-specific
memories. Therefore, we need to be very careful when trying to
use SSCs as a therapy. Before transplantation, we need to
determine whether cartilage or bone is needed. In other
words, the best cells should be chosen for the best treatment.
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