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functionally active organs with tremendous
regenerative potential." > Unfortunately, bone
cell dysfunction is commonly associated with
many diseases, such as age-related osteoporotic
diseases, osteoarthritic diseases, fractures,
blood diseases, and tumours.” * The original
generation and functional maintenance of
each tissue type in bone depend on the precise
regulation of the corresponding stem cells.” ¢
Limited anabolic pharmaceutical options require
an advanced understanding of the stem cell
regulatory mechanism in the skeletal system.
In addition to haematopoietic stem cells that
can produce various blood cells with long-term
haematopoietic function in wvivo, other stem
cells in bone tissue may serve as the source
cells of non-haematopoietic cell lines (such
as bone, cartilage, vascular endothelium, and

Tissue-resident stem cells are a group of stem cells distinguished by their
capacity for self-renewal and multilineage differentiation capability
with tissue specificity. Among these tissue-resident stem cells, skeletal
stem cells (SSCs) were discovered in the growth plate region through a
combination of cell surface markers and lineage tracing series. With

the process of unravelling the anatomical variation of SSCs, researchers
were also keen to investigate the developmental diversity outside the
long bones, including in the sutures, craniofacial sites, and spinal
regions. Recently, fluorescence-activated cell sorting, lineage tracing,
and single-cell sequencing have been used to map lineage trajectories

by studying SSCs with different spatiotemporal distributions. The SSC
niche also plays a pivotal role in regulating SSC fate, such as cell—cell
interactions mediated by multiple signalling pathways. This review
focuses on discussing the spatial and temporal distribution of SSCs, and
broadening our understanding of the diversity and plasticity of SSCs by
summarizing the progress of research into SSCs in recent years.

matrix).*® The Longaker group” '° first identified
skeletal stem cells (SSCs) in mouse and human
through a series of proof-of-principle studies
and defined self-renewing cell populations in
different species (human SSCs as PDPN*CD146~
CD73*CD164* and mouse SSCs as CD45°
TER119-TIE2 ITGAV*CD200*), which give rise
to osteochondroprogenitors and support marrow
development (Table 1). Notably, research on
SSCs can provide a theoretical basis for multiple
therapeutic techniques used to treat various bone
and joint diseases, such as stem cell therapy, tissue
replacement therapy, and organ transplantation.
However, current research on SSCs still confronts
significant  challenges, both  conceptually
and technically, requiring collaboration and
contribution by skeletal scientists and clinical
workers. Therefore, this review will introduce
the current research progress concerning SSCs
from various perspectives.
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Table 1. Differences in surface markers between hSSCs and mSSCs

PDPN CD146 CD73 CD164 THY1 AlphaV Thy 6C3 CD105 CD200
hSSC + - + + mSSCs + - - -
hBCSP  + + Pre-BCSP  + - - - -
hOP-1 - + hi BCSP + - - +
hOP-2 - + - - lo PCP + - - + +
hCP-1 + - - - Thy + + - +
hCP-2 + - - + BLSP + + - -
hCP-3 + - + + 6C3 + - + +
HEC + - - -

Note: Data are from the studies of Chan et al.” '® 6C3: stromal cells; BCSP: bone, cartilage and stromal progenitor; BLSP: B-cell

lymphocyte stromal progenitor; hBCSP: human bone, cartilage, and stromal progenitor cell; hCP: human chondrogenic progenitor;
HEC: hepatic leukaemia factor expressing cell; hOP: human osteogenic progenitor; hSSC: human skeletal stem cell; mSSC: mouse
skeletal stem cell; PCP: pro-chondrogenic progenitor; PDPN: podoplanin; pre-BCSP: pre-bone, cartilage and stromal progenitor; Thy:

thymus cell antigen.

Search Strategy

Articles about SSCs, osteoprogenitors or bone marrow
stromal cells (BMSCs) in bone development and bone
repair were retrieved using the search terms: (skeletal stem
cells) OR (osteoprogenitors) OR (bone marrow stromal
cells) OR (periosteal stem cells) OR (circulating osteogenic
precursor/circulating osteogenic cells) AND (growth plate)
OR (periosteum/perichondrium) OR (craniofacial bone) OR
(periodontal tissue). All these searches were performed on
PubMed and Web of Science prior to November 2022. The
results were further screened by title and abstract. Irrelevant
articles were excluded. Finally, 133 articles were included in
this review.

Current Approaches for Identifying Skeletal
Stem Cells

The surface markers of SSCs constitute one of the most
crucial identifiers in defining a subset of SSCs from multiple
developmental stages to different anatomic regions. Various
techniques are used to identify SSCs, including fluorescence-
activated cell sorting, lineage tracing, and renal capsule
transplantation.'” > More recent studies have elucidated the
hierarchy of SSC subset developmental trajectories, meanwhile
taking advantage of single-cell sequencing transcriptomics
and lineage tracing.'* ™ Notably, lineage tracing in transgenic
mice is the gold standard for tracking the differentiation and
maintenance of specific cell populations in vivo.!' Lineage
tracing, as the name suggests, involves monitoring the
spatiotemporal distribution of SSCs, and uses different site-
specific recombinases.'> '* ' The advantage of this method
is that developmental processes can be assessed without any

related damage.'” '® Furthermore, using Cre-LoxP technology,
cells of interest can be permanently labelled and followed
throughout the investigation."

At present, the application of genetics is more focused on
placing the reporter gene and the Cre-ERT transgene in the
same mouse so that exogenous drugs can be used to induce
the reporter gene at a specific time of expression.'” * Marker
molecules include modified Rosa26 reporter gene alleles, such
as R26R-1acZ (encoding p-galactosidase), RZ6R-YFP (encoding
yellow fluorescent protein, YFP), R26R-tdTomato (encoding
red fluorescent protein, tdTomato), and a tandem dimer of red
fluorescent protein (DsRed and R26R-Confetti).!?* SSCs are
currently identified using lineage tracing combined with stem
cell surface marker molecules.?* 2 However, identification
and isolation of populations of SSCs by their expression of a
specific gene promoter results in extensive heterogeneity,? and
researchers are gradually pursuing more accurate experimental
methods to identify and isolate SSCs."

Discovery of Mouse Skeletal Stem Cells

The term “skeletal stem cells” has emerged to describe a group
of stem cells contributing to bone growth and development.?”
Bianco et al.?”? defined this population from anatomical and
functional aspects as those cells residing in the postnatal bone
marrow and producing cartilage, bone, marrow adipocytes,
and stroma that supports haematopoiesis. However, this only
described the cell capacity without clearly identifying how
these cells could be profiled at the cellular level. Hence, how
to specifically isolate these cells and how to perform detailed
verification on which subset of bone cells constitutes true SSCs
is generating attention from the research field.”

1 The First Affiliated Hospital of Xiamen University-ICMRS Collaborating Centre for Skeletal Stem Cell, State Key Laboratory of Cellular Stress Biology,
Faculty of Medicine and Life Sciences, Xiamen University, Xiamen, Fujian Province, China; 2 Xiamen Key Laboratory of Regeneration Medicine, Fujian
Provincial Key Laboratory of Organ and Tissue Regeneration, School of Medicine, School of Medicine, Xiamen University, Xiamen, Fujian Province, China;
3 Department of Human Anatomy, School of Medicine, Xiamen University, Xiamen, Fujian Province, China; 4 Department of Sports Medicine & Research
Centre of Sports Medicine, Xiangya Hospital, Central South University, Changsha, Hunan Province, China.
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The isolation of SSCs is based on similar approaches which
emerged from the haematopoietic field based on fluorescence-
activated cell sorting-related cell isolation combining
colony-forming unit-fibroblast assay and renal capsule
transplantation.””?** In 2015, Chan et al.” pioneered the use of
these techniques to isolate and confirm SSCs in the long bones
of postnatal mice, which were sorted and defined using a series
of cell surface markers (CD45 " TER119-TIE2- ITGAV*CD105"
CD200*). Mouse SSCs (ITGAV*CD200*) are located at the
top of the differentiation hierarchy and can give rise to bone,
cartilage and stromal progenitors (ITGAV*CD105%). These
stem cells, as crucial progenitor cells that regulate bone accrual,
also possess the capacity for multi-directional differentiation
and generate osteoprogenitor cells (ITGAV*CD105*Thy"),
chondrocyte progenitor cells ITGAV*CD200*CD105*Thy"),
stromal cells (6C3*), and B lymphocytes (ITGAV*Thy*).”

Discovery of Human Skeletal Stem Cells

Chan et al.’® identified hSSCs and mapped their entire
differentiation based on their findings in rodent models. hSSCs
were identified in the foetal long bones at 17 weeks and defined
as a population expressing CD146'PDPN*CD73*CD164*
surface markers that had the ability to self-renew and were
capable of continuous cell colony-forming unit formation.'
Furthermore, they could differentiate into multilineage
ossicles containing bone and cartilage matrix after being
implanted into the murine renal capsule.!” Human bone,
cartilage, and stromal progenitor cells are initial descendants
of hSSCs and consequently engender osteoprogenitor cells
and chondroprogenitor cells which eventually turn into bone,
cartilage, and stromal cells.”” Analysis of limb buds and long
bone samples from human embryos at 5- and 8-week gestation
revealeda population of embryonic skeletal stem and progenitor
cells (eSSPCs, defined as cells expressing PDGFRAY/-
PDPN*CADMI1*) with the potential to differentiate into
osteoblasts and chondrocytes by single-cell transcriptome
sequencing.’! Besides long bones, eSSPC were also found in
calvarial samples, the development of which was primarily
derived from intramembranous ossification, suggesting that it
may play a key role in calvarial development.* These findings
were confirmed by evidence suggesting that eSSPCs localised
at the perichondrium possess self-renewal capacity and
differentiation capability that maintain calvarial homeostasis."
Additionally, transcriptional regulatory network analysis revealed
that the transcription factors forkhead box P1/2 (FOXP1/2) were
enriched in eSSPCs.* Immunofluorescence staining showed that
FOXP1/2* cells were mainly located at the perichondrium and
inside the primary ossification centre, which can drastically
impair intramembranous ossification as shown by research
identifying Foxp1/2/4-regulated precursor cells as playing a
crucial role in regulating murine periosteal bone formation.*! 2

Apart from developmental stage, it is plausible to believe that
aging is also tightly correlated with SSC function.*® Activated
young hSSCs are clonally diverse and produce abundant
skeletal lineage cells and bone marrow stroma, whereas lineage
differentiation is skewed in aged hSSCs.** Aging triggers
significant changes in the microenvironment that extrinsically

Xu,R;Li,N;etal.

shape the functions of SSCs, as does cellular senescence.”
Current research on SSCs still has noted limitations, and the
spatiotemporal characteristics and microenvironment of SSCs
at multiple differentiation stages still need to be elucidated.

Skeletal Stem Cells In Long Bones

Skeletal stem cells in the growth plate

Growth plates are responsible for the longitudinal growth of long
bones in children. These include slowly circulating cells (resting
zone) that generate columns of proliferative chondrocytes
(proliferative zone), which then give rise to hypertrophic
chondrocytes (hypertrophic zone).* At the end of the
hypertrophic zone, the growth plate cartilage is replaced by bone
and marrow tissues through endochondral ossification.*> Many
studies have confirmed the existence of a subset of SSCs located
in the growth plate and its surrounding structures, including
the perichondrium (Table 2, and Figure 1).>* 3% Additionally,
other studies identified type 2 collagen alpha 1 chain (Col2al),
Sox9, and Aggrecan as growth plate SSC markers.**”*! Li et al.***!
found that chondrogenic progenitors from Col2al* cells
perform self-renewal in foetal and neonatal confetti rodents.
Following the formation of secondary ossification centres,
Col2al* chondrocytes develop into stable unidirectionally-
differentiated chondrocytes residing in the proliferative zone.*!
Col2al* progenitors are also present in the growth plates and
articular cartilage with a small distribution within the marrow
cavity. These progenitors contribute to osteoblasts and
chondrocytes and are partially responsible for forming CD31*
blood vessels.** Consequently, the number and differentiation
potential of Col2al* progenitors in long bones and joints
decreases during aging.** Although Chan et al.” defined SSCs
in mouse and human long bone growth plates by cell surface
markers, the specific spatial location of this group of stem cells
in the growth plate is unclear. Thus, whether ITGAV* CD200*
SSCs associate with Col2al* progenitors that anatomically
contribute to bone accrual remains unclarified.” '° SSCs in
the long bones of postnatal mice can be divided into early
osteochondral stem cells and perivascular SSCs, both of which
contain stem cell properties.*” Furthermore, osteochondral
stem cells (labeled by CD45TER119-TIE2 Thyl6C3"
CD105CD51*) are involved in developing and regenerating
long bones and can undergo multilineage differentiation
in vivo.? In contrast, perivascular SSCs (distinguished by
CD45 CD31" PDGFo*Scal*CD24*) in the bone marrow are
functionally different in shaping the haematopoietic stem cell
microenvironment and are a crucial source of bone marrow
adipocytes.*

GLI-Kruppel family member GLI1 (Glil) is a marker of
osteogenic mesenchymal progenitors.® Glil-positive cells
are found below the growth plate and are responsible for the
formation of cancellous bone; they are called “metaphyseal
mesenchymal progenitors”.* This population of cells is affected
by hedgehog signalling and contributes to bone formation
following fracture.® Parathyroid hormone-related protein
(PTHTrP) is specifically expressed in the quiescent zone of the
long bone growth plate in postnatal mice as demonstrated
by Mizuhashi et al.”” The PTHrP* chondrocyte population

www.biomat-trans.com
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Table 2. Markers of skeletal stem cells in long bone growth plates

Gene Transgenes Source Function References

Col2al ~ Col2ala-CreER  Bone/cartilage Contribute to osteoblasts and chondrocytes and the formation of CD31* 36
blood vessels

Gli1 Glil-CreERT Bone/cartilage Expressed in the quiescent zone of the long bone growth plate in 38
postnatal mice

PTHrP  PTHrP-CreER  Bone/cartilage Generate chondrocytes, osteoblasts, and mature cortical osteocytes 37,41
during the repair of femoral fracture

Sox9  Sox9-CreERT  cartilage Differentiate into chondrocytes 35,42

FoxA2  FoxA2-CreER Bone/cartilage Promote growth plate tissue regeneration, exhibit higher clonogenicity, 40
and longevity

mTert  mTert-rtTA Cartilage Contribute to endochondral osteogenesis as chondrogenic 39

osteoprogenitor cells

Note: CreER: Cre-estrogen receptor; Col2al: type 2 collagen alpha 1 chain; FoxA2: forkhead box A2; Gli1: GLI-Kruppel family member
GLI1; mTert: mouse Telomerase; PTHrP: parathyroid-associated protein; rtTA: reverse tetracycline transcriptional activator; Sox9:
SRY (sex determining region Y)-box 9.
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Figure 1. The distribution of SSCs in the growth plate, periosteum, bone marrow, and peripheral circulation shows
different cell surface markers. The cell surface markers of SSCs on the growth plate are CD200*, PTHrP* Col2al*,
Gli1*, FoxA2*, and mTert*. The cell surface markers of PSCs are Ctsk*, Prx1* Axin2*, Sox9*, Mx1*, and a-SMA*. The
cell surface markers of SSCs in the bone marrow cavity are Lepr*, Nestin®*, Nes*, Cxcl12*, and Grem1*. The cell surface
markers of circulating osteogenic cells in the peripheral circulation are haematopoietic COP cells (CD45*, CD34*,
CD14*, OCN*, AP, and Col1*) and MSC-like COP cells (CD45~, CD34-, CD44*, CD73*, CD90*, and CD105*). Axin2:
axis inhibition protein 2; AP: alkaline phosphatase; OCN: osteocalcin; Coll: type 1 collagen; Col2al: type 2 collagen
alpha 1 chain; COP: circulating osteogenic cell; Ctsk: cathepsin K; Cxcl12: chemokine (C-X-C motif) ligand 12; FoxA2:
forkhead box A2; Glil: GLI-Kruppel family member GLI1; Grem1: gremlin 1, DAN family BMP antagonist; Lepr: leptin
receptor; MSC: mesenchymal stem cell; mTert: mouse Telomerase; Mx1: MX dynamin like GTPase 1; Nes: nestin;
Prx1: paired related homeobox 1; PSC: periosteal stem cell; PTHrP: parathyroid-associated protein; Sox9: SRY (sex
determining region Y)-box 9; SSCs: skeletal stem cells; e-SMA: a-smooth muscle actin.

expresses a panel of SSC markers and uniquely possesses stem
cell properties under in vitro culture conditions. Furthermore,
PTHrP* chondrocytes continue to form columnar
chondrocytes in the proliferating zone over the long term.”’
As the hypertrophy process of these chondrocytes progresses,
osteoblasts and BMSCs are simultaneously formed beneath
the growth plate.”” Importantly, these PTHrP* cells and their
progeny are still observable in areas of cartilage growth at 3
and 6 months, and even 1 year of age in murine models.”” *
Additionally, PTHrP* SSCs in the resting zone are maintained
in a Wnt-inhibitory environment. PTHrP* cell populations
give rise to a specific type of chondrocytes by interacting with
Indian hedgehog proteins released from the hypertrophic

Biomater Transl. 2022, 3(4), 280-294

zone.** Compared to PTHrP* stem cells, the forkhead box A2-
positive (FoxA2*) SSC population persists in the quiescent
zone of the growth plate for a longer time, and these cells
do not mimic characteristics of PTHrP* stem cells that
display higher clonogenicity and prolonged longevity.
Notably, FoxA2* cells show improved chondrogenic ability
and promote growth plate tissue regeneration following
trauma.*” Telomerase activity prevents cell senescence and
maintains the cycling capacity of stem cells.*’ mTert* cells
have been confirmed in the metaphysis, growth plate, and
bone marrow. The mTert" cell population contributes to
endochondral ossification as chondrogenic osteoprogenitors
or even stem cells that play a temporal role in developmental
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stages.!

Skeletal stem cells in the periosteal region of long bones
The dimensional expansion of long bones requires a joint
effort by different subsets of SSCs responsible for axial and
transversal enlargement.* * Importantly, growth plates are
responsible for the longitudinal extension of bones.” Cells
in the periosteum contribute to bone thickening and cortical
maintenance during bone development.* The periosteum
also contains SSCs with bone regeneration ability controlled
by periostin.* The discovery of these SSC populations relies
on validating cell surface marker identification and stemness
confirmation (Table 3, and Figure 1).” ' ¥' Another
significant subset of periosteal stem cells (PSCs) is labeled by
the cysteine protease cathepsin K (Ctsk), which is traditionally
considered a critical marker of osteoclasts.®> A distribution
of Ctsk-positive mesenchymal stem cells (MSCs) was
previously reported in the perichondral groove of Ranvier,
suggesting that Ctsk is not just a marker for osteoclasts but
also contributes to osteoblastic lineage cells.”> Additionally,
recent research by Debnath et al.'* confirmed the existence of
a group of Ctsk-positive PSCs in the periosteum of long bones
and calvaria that holds self-renewal capacity and sits at the
apex of the differentiation hierarchy through lineage tracing
and serial transplantation studies. Ctsk-positive periosteal cells
include three classes of SSCs (CD200*CD105); bone, cartilage,
stromal progenitor cells (CD200-CD1057), and bone, cartilage,
stromal precursor cells (CD200-CD105*).!" Furthermore, skull
formation mainly depends on intramembranous ossification,
which implies that Ctsk* cells are involved in maintenance
of the calvarial osteogenic pattern. Ctsk* cells isolated from
the periosteum can self-renew and differentiate into bone,
cartilage, and adipocytes in vitro.® Pathologically, ablation
of the tumour suppressor gene liver kinase b1 (LkbI) in the
Ctsk* cell population induces the spontaneous formation
of neoplasm phenocopies of human osteosarcoma in mice,
suggesting that Ctsk® cells may serve as stem cells and
participate in the development of malignant tumours.”* An
identified transcriptome crucial to skeletal development,
paired related homeobox 1 (PrxI), also labels mesenchymal
cells with specific functions in limb bones.* ** Prx1* cells
isolated from the periosteum expressed multiple characteristic
transcriptomes of BMSCs, such as Pdgfra, gremlin 1, DAN

Xu,R;Li,N;etal.

family BMP antagonist (GremlI), chemokine (C-X-C motif)
ligand 12 (Cxcl12), and nestin (Nes).”> Prx1-expressing cells
extracted from the periosteum of postnatal long bones can
differentiate into chondrocytes and osteoblasts.*® Therefore, by
transplanting Prx1* cells from the periosteum to the fracture
site, Prx1* cells can differentiate into osteogenic progenitor
cells with self-renewal ability.’* ¥ Furthermore, the number
of Prx1* cells in the cranial suture niche also decreases during
aging, and Prx1* cells are also proven to be majorly involved in
restoring cranial defects.””

Sox9is also understood to label groups of PSCs and has previously
been studied during the process of endochondral ossification. %
Intriguingly, recent studies revealed that extracellular nutrients
determine endochondral ossification through the transcription
factor forkhead box O (FOXO0).” In the absence of fat tissue,
FOXO determines the fate of skeletal progenitors by regulating
Sox9 expression.”” Sox9* periosteal progenitors generate
chondrocytes, osteoblasts, and mature cortical osteocytes during
the repair of femoral fractures.” Sox9-expressing progenitors in
the periosteum supply hybrid skeletal cells to form osteoarthritis
osteophytes.!® This indicates that Sox9* cells derived from the
periosteum have stem cell properties and broadly participate
in bone regeneration. Similarly, Ortinau et al.* reported the
presence of Mx1*aSMA*PSCs in postnatal mice, which also
rapidly differentiate into chondrocytes and osteoblasts in the
injured area with the periosteal amendment. Chemokine (C-C
motif) ligand 5 receptors, C-C motif chemokine receptor
(CCR)3 and CCR5, have also been demonstrated to label PSCs.
CCRS5 induces PSCs to migrate to the injured area in response
to repair.*® © Additionally, Glil, apart from the growth plate
labelling, also represents a population of PSCs that persist in
the periosteal tissue generating chondrocytes and osteoblasts
during fracture healing through transforming growth factor p/
Smad? signalling.*’

The close relationship between PSCs and stem cells of the
growth plate resting zone dynamically maintains skeletal
homeostasis during both regenerative and developmental
stages. Loss of HoxII function leads to reduced cartilage
formation and delayed fracture healing.®' With the loss of Hox11
function, osteoblast maturation is defective, and osteocytes are
abnormal.®® Hox11-expressing cells are mainly found in the

Table 3. Markers of skeletal stem cells in the periosteum of long bones

Gene Transgenes Source Function References

Cisk Cisk-Cre Bone/cartilage/adipose A marker of osteoclasts; distinguishing periosteal 14,52, 54
osteoprogenitor cell types

Prxl Prrx1-Cre Bone/cartilage In the repair of cranial defects 55,56

Sox9 Sox9-CreERT Bone/cartilage Generate chondrocytes, osteoblasts, and mature cortical 47
osteocytes during the repair of femoral fracture

Mx1 Mx1-Cre Bone/cartilage Repairing new periosteum 48

aSMA aSMA-CreERT

aSMA-GFP
Gli1 Glil-CreERT Bone/cartilage Labels skeletal stem cells of the growth plate 49
Hoxall ~ Hoxall-CreERT2Z  Bone/cartilage Regulating differentiation of Hox-expressing skeletal 50, 51

Hoxall-EGFP

stem cells into the osteolineage

Note: Ctsk: cathepsin K; eSMA: a-smooth muscle actin.
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periosteum, the earliest stages of skeletal development, and are
capable of self-renewal.”! Nes* cells are capable of tri-lineage
differentiation, but they are not true SSCs as they lack the
ability to self-renew.%? Furthermore, Tsukasaki et al.** reported
that PSCs are responsible for growth plate maintenance, long
bone growth, and intramembranous osteogenesis. Notably,
mice deficient in PSCs show defects in intramembranous and
endochondral ossification, which reflects the importance of
crosstalk between SSCs in the periosteum and growth plate.®®

Skeletal Stem Cells in the Marrow Cavity

MSCs and BMSCs are a mixture of different subpopulations
with significant heterogeneity in the bone marrow cavity.®
The earliest research on the existence of stem cells in bones was
carried out in the 1960s when Friedenstein et al.* found that
reticular tissue develops after transplantation of bone marrow
fragments and bone marrow cell suspensions into diffusion
chambers, and sometimes bone formation was also observed.
Subsequently, Caplan® proposed the name “mesenchymal stem
cells” to define the group of stem cells involved in forming
bone and cartilage tissue in embryos and in repairing bone
in adulthood. In 2005, The International Society for Cellular
Therapy®® proposed minimum criteria for defining human
MSCs: 1) cells which are plastic-adherent under standard
culture conditions; 2) cells which express the surface immune
markers CD105, CD73 and CD90, but not CD45, CD34, CD14
or CD11b, CD79alpha or CD19 and human leukocyte antigen-
DR; and 3) cells with tri-lineage differentiation ability in vitro.
The types of MSCs have been extended to bone marrow,
adipose tissue, periosteum, synovial lining, muscle tissue,
dental pulp, and umbilical cord.**7

Since then, continuous progress has been made over the
decades. Although MSCs can be extracted from many different
tissues, they remain difficult to define due to their severe
ambiguity regarding nature, identity, and function.* Notably,
MSCs are highly heterogeneous cells with stem cell properties.”
SSCs have significant biological and functional overlaps with
MSCs, the main difference between them being that MSCs
can differentiate into bone, cartilage and fat, but SSCs can only
differentiate into bone and cartilage. Studies have proved that
various markers in the bone marrow cavity can be used to
label MSCs, including, but not limited to, GremI, Glil, leptin

Table 4. Markers of skeletal stem cells in the bone marrow

Biomaterials Translational

receptor (Lepr), Nes, early B cell factor 3 (Ebf3), and Cxcl12.
Nestin * MSCs are capable of expanding after being implanted
into animal models (Table 4, and Figure 1).”+” Additionally,
parathyroid hormone treatment promotes the differentiation
of Nestin® MSCs into osteoblasts. 80 Mx1* stromal cells also
rapidly respond to fractures by differentiating into osteoblasts
at the injury site to accelerate bone healing.®' However, neither
Nestin®* MSCs nor Mx1* stromal cells can differentiate into
cartilage or adipose tissue.’” 8! Grem1 expression identifies
distinct connective tissue stem cells in bone and intestine.
Greml1 can mark osteochondroreticular stem cells in the
bone marrow.*?> Grem1-expressing cells have the ability to
self-renew and to differentiate into osteogenic, cartilage, and
reticular marrow stromal cells but not adipocytes.®> Grem1*
cells do not express Nes and Cxcl12, unlike SSCs around blood
sinusoid vessels. Furthermore, Grem1* cells are essential for
bone development and bone repair.®#

BMSCs can be divided into metaphyseal MSCs (mpMSCs)
and diaphyseal MSCs. Among them, mpMSCs have a stronger
ability to differentiate into osteoblasts and are an important
source of diaphyseal MSCs. PDGFRB* mpMSCs have multi-
directional differentiation potential. Adult mouse mpMSCs can
differentiate into adipocytes after injury.** Of note, diaphyseal
MSCs include Lepr* mesenchymal cells and other stromal
cells in the bone marrow cavity. The leptin receptor (LepR)
is an MSC marker highly enriched in the bone marrow.”®”
Almost all LepR* cells are colony-forming unit fibroblasts
in the bone marrow. Fate-mapping showed that LepR-Cre
marked the vast majority of osteoblasts and adipocytes in the
bone marrow.”” % Indeed, LepR* cells, which are the source
of most bone and fat cells in the adult bone marrow cavity,
only gradually increase after birth.”” LepR* cells are normally
quiescent, but they enter a proliferative state after injury,
and are involved in bone regeneration after irradiation and
fracture healing.”” Importantly, the Leptin-LepR signalling
pathway is key in regulating adipogenesis and osteogenesis.
The elevated expression of Leptin enhances adipogenesis and
reduces the osteogenesis of bone marrow MSCs.”® Shu et al.?
also found that bone formation before and after adolescence
is dominated by Aggrecan® growth plate chondrocytes and
Lepr* bone marrow MSCs, which regulate bone growth and
thickening, respectively. Furthermore, most of the Lepr*

Gene Transgenes Source Function References
Axin2 Axin2-CreER Bone/cartilage/adipose  Osteoblasts, mesenchymal cells 74,75
Cxcli2 Cxcl12-CreER Bone/cartilage Reactivate to form osteoblasts after injury 76
Mxi MxI-CreER Bone/cartilage Differentiate into cartilage and adipose tissue, respond to 81

bone fractures
Nestin Nestin-CreER Bone/cartilage Nestin* mesenchymal stem cells can self-renew and expand 77, 80

in transplantation experiments
Lepr Lepr-Cre Bone/cartilage/adipose Regulation of adipogenesis and osteogenesis 78,79
Greml Greml-CreER Bone/cartilage Mark osteochondroreticular stem cells, bone repair 82,83

Note: Axin2: axis inhibition protein 2; CreER: Cre-estrogen receptor; Cxcl12: chemokine (C-X-C motif) ligand 12; Grem1: Gremlin 1,
DAN family BMP antagonist; Lepr: leptin receptor; Mx1: MX dynamin like GTPase 1; Nes: nestin.
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BMSCs originated from growth plate cartilage. This transition
explains, from a stem cell perspective, how mammalian limb
skeletons transition from rapid longitudinal growth to slow
thickening of bone after adolescence.®

Skeletal Stem Cells In Craniofacial Bone
Skeletal stem cells in the periosteum of the cranium
Many studies have observed that many osteogenic precursor
cells contribute to bone formation in the periosteum of the
skull (Table 5, and Figure 2).'* 8! However, they have not
been confirmed due to the lack of specific cell surface markers.

Table 5. Markers of skeletal stem cells in craniofacial bone

Xu,R;Li,N;etal.

Ctsk* PSCs are present not only in the periosteum of long
bones but also in the periosteum of the calvaria.'* Ctsk* PSCs
are primarily involved in intramembranous osteogenesis but
can also contribute to endochondral osteogenesis after injury."
Ortinau et al.*® traced a group of long-term PSCs expressing
Mx1 and e-smooth muscle actin (¢SMA), which is responsible
for periosteal osteoblastogenesis throughout life and can
respond to bone defect injury in a mouse calvarial defect
model. Notably, Mx1*aSMA* PSCs specifically express the
chemokine (C-C motif) ligand 5 receptors, CCR3 and CCR5,
and chemokine (C-C motif) ligand 5 induces PSC migration in
vivo to participate in bone healing.*®

Craniofacial bone  Gene Transgenes Source Function References
Periosteum of the Ctsk Ctsk-Cre Bone/cartilage  Intramembranous osteogenesis 9
cranium MxI MxI-Cre Bone/cartilage  Participate in bone healing 48
SMA aSMA-CreERT ~ Bone/cartilage
Calvarial sutures Glil Glil-CreER Bone/cartilage ~ Cause premature craniosynostosis 81, 82
Axin2  Axin2-CreERT ~ Bone/cartilage Respond to orthodontic tension force 87
Prx1 Prx1-Cre Bone/cartilage Scattered distribution in calvaria sutures 57
Teeth and Glil Glil-CreER Bone/cartilage Regulated by Wnt pathway 88
periodontal tissue  Axjn2  Axin2-CreERT ~ Bone/cartilage  Primary progenitor cells of cementoblasts 89
Prx1 Prx1-Cre Bone/cartilage Participate in angiogenesis. 90
Jaw bone Ctsk Ctsk-Cre Bone/cartilage Present on the periosteum of the jaw 91
Ly6a Bone/cartilage

Note: Axin2: axis inhibition protein 2; Cre: Cre recombinase; CreER: Cre recombinase estrogen receptor; CreERT: Cre recombinase
receptor tamoxifen; Ctsk: cathepsin K; Glil: GLI-Kruppel family member GLI1; Ly6a: lymphocyte antigen 6 complex, locus A; Mx1:
MX dynamin like GTPase 1; Prx1: paired related homeobox 1; SMA: smooth muscle actin; eSMA: a-smooth muscle actin.

Periosteum of the cranium

Ctsk*
Mx1*a-SMA*

Calvarium

o Gli1*
Axin2*
Prx1*

Teeth and periodontal tissue

Gli1*
Axin2*
Prx1*

Calvaria sutures

sek
o lfiot

Ctsk*Ly6a*

Jaw bone

Figure 2. Distribution of SSCs in craniofacial bone, with different cell surfaces shown. The cell surface markers of SSCs
in the cranial periosteum are Ctsk* and Mx1*aSMA*. The cell surface markers of SSCs in the calvarial sutures are Glil*,
Prx1*, and Axin2*. The cell surface markers of SSCs in the teeth and periodontal tissue are Gli1*, Prx1*, and Axin2*. The
cell surface markers of SSCs in the jaw bone are Ctsk* and Ly6a*. Axin2: axis inhibition protein 2; Ctsk: cathepsin K;
Glil: GLI-Kruppel family member GLI1; Ly6a: lymphocyte antigen 6 complex, locus A; Mx1: MX dynamin like GTPase
1; Prx1: paired related homeobox 1; SSC: skeletal stem cell; ®SSMA: a-smooth muscle actin.
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Skeletal stem cells in calvarial sutures

The cranial sutures refer to the connection gaps between the
craniofacial bones, which contain active osteogenic activity.”
Ablation of the interstitial Glil* cells causes premature
craniosynostosis and cranial growth impairment in adult
mice.”” The number of Glil* suture stem cells (SuSCs) is
significantly reduced in Twist1*/~ mice with craniosynostosis.”
The Glil* SuSC lineage is rapidly activated in the standard
suture expansion model to contribute to bone formation
regulated by the Wnt signalling pathway, and (-catenin
conditional knockout restricts the activation of Glil* SuSCs.*’
Takamitsu et al. confirmed that the Axin2* stem cell population
in the cranial suture retained self-renewal and differentiation
capabilities for a long time.” The bone morphogenetic protein
(BMP) signalling pathway regulates the Axin2* stem cell
population. From investigations, it was noted that Bmprla
knockout mice with Axin2-expressing SuSCs lose osteogenic
differentiation ability, resulting in craniosynostosis.”* In
contrast, the disruption of Rap1b in mice enhances osteogenic
differentiation and impairs chondrogenic differentiation,
resulting in abnormal skeletal development.” Importantly,
Rap1bis downstream of Axin2 in response to fibroblast growth
factor and BMP signalling and is critical for balancing fibroblast
growth factor and BMP signalling.” Furthermore, postnatal
Prx1* SSCs are present in calvarial sutures and decrease with
age. Unlike the ablation of Glil* cells, the ablation of Prx1* cells
does not lead to craniosynostosis and cranial growth disorder,
which may be due to the scattered distribution of Prx1* cells
and the widespread distribution of Gli1* cells.”’

Skeletal stem cells in teeth and periodontal tissue
Theteethareattached to alveolar bonebyperiodontal ligaments.
Glil* cells are present in the molar periodontal ligament in
mice. Glil* periodontal ligament SSCs are distributed around
nerve bundles and are regulated by the Wnt pathway.®® Axin2*
periodontal ligament cells also contribute to the formation
of alveolar bone in response to orthodontic tension force.
Ablation of Axin2* periodontal ligament cells predominantly
blocks osteogenic patterns in tooth development.®” Notably,
Axin2* cells are the primary cells that form cementoblasts in
the adult physiological state, while CD90* cells become the
primary progenitor cells of cementoblasts in the pathological
state of periodontal disease.”® Prx1-expressing cells also exist in
the periodontal ligament, contributing to postnatal periodontal
development and regeneration. In the process of periodontal
ligament reconstruction after tooth transplantation, Prx1* cells
participate in angiogenesis.”

Skeletal stem cells in the jaw

The jaw SSC population possesses activity within multiple
signalling pathways to achieve regeneration in a mouse model
of mandibular distraction, such as focal adhesion kinase.” In
the mouse models of mandibular distraction osteogenesis, this
work also reflects the ability of SSCs to achieve regeneration
in response to mechanotransduction.” Ctsk* stromal cells
have also been confirmed to exist within the jaw bone marrow
and periosteum.” Ding et al.”! also found that the Ctsk*Ly6a*
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subset of cells with Ly6a surface markers only exists on the
periosteum of the jaw. Therefore, the migration of the
Ctsk*Ly6a* cell population can be activated when required for
osteogenic differentiation of jaw defects, suggesting that the
Ctsk*Ly6a* population may be a critical progenitor subset in
the process of jaw formation.”!

Circulating Osteogenic Cells

The earliest reports regarding circulating SSCs suggested
the presence of some circulating stem cells with osteogenic
characteristics in the blood of breast cancer patients.”® The
term circulating SSCs was first coined by Kuznetsov et al.”
who obtained osteogenic and adipogenic cell populations
from four mammals, transplanted them subcutaneously
into immunodeficient individuals, and found that they
generated bone organoids. Osteoblast-lineage cells found
in human circulation further convinced the research field
of the existence of circulating SSCs.!® Notably, osteoblastic
cells undergo massive expansion during adolescence, which
is closely related to bone formation.'” Circulating SSCs are
a group of blood-derived cells with osteogenic ability which
can differentiate into MSCs. There are also many other
terms, including circulating osteogenic precursor (COP) cells,
circulating osteoprogenitors, circulating MSCs (cMSCs), and
monocyte-derived mesenchymal precursors.”” Among these,
COP cells are most frequently reported.'® This cell population
expresses surface markers related to bone formation, such
as osteocalcin (OCN), alkaline phosphatase (AP), and type
1 collagen. However, they do not express CD45, CD14, and
the endogenous stem cell marker CD34."" 2 More evidence
is still needed to determine the source of COP cells, of which
bone marrow is the main source.'” COP cells also have the
characteristics of MSCs, including plasticity and cell surface
expression of CD105, CD73, and CD90 (Table 6, and Figure
3).1% They also lack expression of CD45, CD34, and CD14 and
differentiate into osteoblasts, adipocytes, and chondroblasts in
vitro.'™ It is also reported that COP cells consist of two subsets,
one of which expresses haematopoietic cell line antigen
markers, and the other possesses bone marrow mesenchymal
stem and progenitor cell properties.”” ' The proportion of
COP cells in healthy people is relatively low and stable and
only increases during fracture healing or adolescence.* 190106107
COP cells are mobilised to participate in tissue repair under
the influence of fractures, thyroid hormones, hypoxia, and
other factors.'®'"° They are attracted by osteogenic expressed
stromal cell-derived factor-1 and migrate to the fracture site to
participate in the repair of bone tissue.'"! Other chemokines,
including platelet-derived growth factor AB, insulin-like
growth factor 1, and macrophage-derived chemokine, mobilise
peripheral COP cells to migrate to the corresponding tissues to
play their role, but how these chemokines are recognised and
responded to is still unclear.!'?

Circulating progenitors are also called circulating healing cells
and are characterised by Lin-cell surface markers.'® These
cells dramatically increase in the femoral fracture callus to
contribute to fracture repair.'* Bone marrow stromal cell
antigen 2 (BST2)-expressing circulating healing cells derived
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Table 6. Markers of circulating osteogenic cells in the peripheral circulation
Markers

CD45*CD34*CD14*OCN*AP*Col1*

References
69, 103, 107

Cell type Function

Maintain a stable level in the peripheral
circulation

Haematopoietic COP
cells

MSC-like COP cells CD45CD34

CD44*CD73*CD90*CD105*

Possess characteristics of mesenchymal stem 71, 99, 102, 106

cells

Note: AP: alkaline phosphatase; Coll: type 1 collagen; COP: circulating osteogenic cell; MSC: mesenchymal stem cell; OCN: osteocalcin.

MSC-like COP cell
(CD45-, CD34-, CD44*, CD73*, CD90*, CD105%)

Haematopoietic COP cell
(CD45*, CD34*, CD14*, OCN*, AP+, Col1*)

«PD «PD «PD oD «PD D

<P

«ad <« @D «P o« <« L J <«
MCSF SDF-1
— . HSC PDGF-AB
* MDC
Hae
RANKL
<
N
® o o o e o
Ld - -
"% S e ™ e i
Osteoclast Osteoclast

Figure 3. Circulating osteogenic cells contribute to bone formation through stem cell homing to receive IGF-1, PDGF-
AB, SDF-1, and MDC. M-CSF stimulates HSC:s to differentiate into monocytes and macrophages and then differentiate
into osteoclasts to receive RANKL. COP: circulating osteogenic precursor cell; HSC: haematopoietic stem cell; IGF-1:
insulin-like growth factor 1; M-CSF: macrophage colony-stimulating factor; MDC: macrophage-derived chemokine;
MSC: mesenchymal stem cell; PDGF-AB: platelet derived growth factor AB; RANKL: receptor activator of nuclear
factor kappa-B ligand; SDF-1: stromal cell-derived factor-1.
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from bone marrow are circulating promoters that quickly
accelerate fracture injury and repair damaged tissues.''* BST2-
expressing circulating healing cells also induce the activation
of quiescent stem cells.'”® Additionally, CD34" cells derived
from endothelial progenitor cells are induced under trauma
to provide a suitable microenvironment for fracture healing
through angiogenesis and osteogenesis to accelerate fracture
healing.!'*!** Furthermore, CD34*OCN* cells originating from
the haematopoietic circulating population also contribute to
the process of fracture repair.'® Notably, CD31 is a marker
of circulating endothelial precursor cells, and CD31* cells
extracted from human peripheral blood and transplanted into
a rat model of a bone defect promote bone tissue repair.? #
Although circulating osteogenic cells appear to home upon
injury and contribute to fracture healing, what has been

discovered so far is not enough to comprehensively profile
circulating SSCs. Furthermore, the origin and niche of the
osteogenic cells in the blood remain unstudied.

Regulation of the Skeletal Stem Cell Niche

The functions of self-renewal and pluripotent differentiation
of SSCs need to be carried out within a unique but supportive
niche. The stem cell niche affects stem cell state (quiescent/
proliferative states) as well as their lineage directions. A
balanced niche is primarily required for the proper function
of SSCs which then have the capacity to differentiate into
skeletal tissues during bone accrual and regeneration.'” '?° The
availability of a sufficient number and appropriate function of
SSCs are prerequisites for healthy tissue regeneration. Failing
to maintain such a niche can drastically dampen the functioning
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of SSCs. For instance, increased cellular senescence caused by
systemic and local pro-inflammatory environments is the main
reason for the decline in the number and function of SSCs.'?""'%*

Chronic inflammation mediated by nuclear factor xB activation
leads to dysfunctional stem cell pool regeneration because it
induces cellular senescence.'” Several signalling pathways
have also been shown to regulate the SSC niche. Col2al*
growth plate chondrocytes are regulated by the hedgehog
and mammalian target of rapamycin complex 1 signalling
pathways.*! CTSK* PSCs are regulated by the Wnt signalling
pathway, and Wnt-responding cells have been traced to utilize
the Axin2 gene in mice (Figure 4B).” * The bone healing of
diabetic patients is usually worse than that of healthy people,
and alteration of the SSC niche may be a cause. Expression of
Indian hedgehog controls SSC expansion in diabetic mice, and
exogenous Indian hedgehog rescues defective bone healing
caused by the altered SSC niche in diabetic mice.'”® A large
number of studies have confirmed that BMP2 plays a vital role
in maintaining bone development and growth.'** ' The BMP
antagonist GremI is a marker of bone marrow SSCs.*? Although
BMP2 is abundantly expressed in bone tissue, only Prx1* periosteal
progenitors contribute to bone repair.'"® Exogenous recombinant

BMP2
Wnt

!_>

=
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BMP?2 rapidly induces expansion of isolated SSCs, whereas the
addition of exogenous recombinant transforming growth factor 3
or tumour necrosis factor a does not.’

Ambrosi et al.’?' further found that aging of SSCs alters
the signalling of the bone marrow niche to distort the
differentiation of bone and haematopoietic lineages, resulting
in reduced bone regeneration capacity. The combination of
BMP2 and macrophage-colony stimulating factor antagonists
reverses this change and converts aging SSCs back to a younger
state in mice (Figure 4C).'*!

Piezol1 is highly expressed in PSCs and their derived osteoblast
lines and chondrocytes. Activation of piezol promotes the
expression and nuclear localisation of yes-related protein in
PSCs, thereby increasing f-catenin expression and nuclear
localisation. Yes-related protein directly interacts with
B-catenin to form a transcriptional yes-related protein/p-
catenin complex, up-regulating osteogenic, chondrogenic and
angiogenic factors (Figure 4A).'"” Platelet-derived growth
factor-BB has also been shown to recruit PSCs for osteogenic
differentiation.”® In conclusion, the regulation of SSCs
requires the regulation of many factors, but many still need to
be explored.

mTORCI
ot PTHP —=—
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Figure 4. (A) Wnt and BMP2 are enriched in PSCs. PDGF-BB and CCL5/CCR3/CCR5 promote the migration of SSCs,
while activation of Piezol promotes the expression and nuclear localisation of Yap in PSCs, and forms a transcriptional
Yap/p-catenin complex which promotes fracture healing. (B) The Wnt and mTORCI signalling pathways regulate
SSCs of the growth plate. PSCs control growth plate SSCs through the Ihh signalling pathway. (C) Aged mice develop
a pro-inflammatory microenvironment that disrupts the osteoclast—osteoblast balance. A combination of BMP2 and
CSF1 antagonists reverses this change and activates aging SSCs in mice, returning them to a younger state. BMP2: bone
morphogenetic protein 2; CCL5: chemokine (C-C motif) ligand 5; CCR3: C-C motif chemokine receptor 3; CCR5: C-C
motif chemokine receptor 5; CSF1: colony stimulating factor 1; mTORCI1: mechanistic target of rapamycin complex;
PDGF-BB: platelet derived growth factor BB; PSC: periosteal stem cell; PTHrP: parathyroid hormone-related protein;
Wnt: wingless-related integration site; Yap: yes-related protein.
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Conclusions and Future Insights

The discovery of SSCs in mice and humans began a new
chapter in bone research and an era of tissue-residing stem
cell research. Researchers have successively used different cell
markers to confirm the existence of SSCs at different sites, but
many problems still have not been clarified. Recently, single-
cell transcriptome sequencing analysis of 108 intervertebral disc
nucleus pulposus, annulus fibrosus and endplate tissues revealed
a group of PDGFRA and protein C receptor, endothelial
(PROCR) nucleus pulposus progenitor cells, which were
confirmed to have clonogenic and trilineage differentiation
abilities in vitro."! Whether there are SSC populations in the
pedicle of the spine and the vertebral body and what biological
characteristics they exhibit in the function of the spine still
require additional research for clarification. Furthermore, breast
and prostate cancers are prone to bone metastasis, and the role
of SSCs in this situation is still unclear. This review summarizes
the research progress into SSCs in recent years. SSCs are far
more complex than previously thought, and their characteristics
still baffle scientists. Future research directions should focus
on mapping the differentiation hierarchy of all SSCs and their
niches in space and time based on their surface markers. The
bridge between SSC dysfunction and the pathogenesis of skeletal
diseases has not been clearly defined, and more research on this
aspect is needed. Finally, the main factors determining stem cell
fate commitment are discussed. Various stem cells have been
used for clinical research, such as BMSCs, adipose stem cells,
and umbilical cord stem cells. The elucidation of the regulatory
mechanisms of SSCs at the cellular, molecular, and tissue
structure levels is expected to provide new strategies for stem
cell therapy and bring new hope for human health and life.

This review summarizes recent research progress on SSCs
from initial identification to potential utilization. As one of the
major groups of representative tissue-specific resident stem
cells, SSCs refreshed our knowledge of skeletal development,
bone homeostasis, and ossification-based regeneration. These
important findings on SSCs also define the responsible group
of cells that continuously restore bone quality from upstream.
This ends the argument of whether a whole group of “stem
cells”, namely MSCs, should be hierarchically considered as the
source of bone-forming cells. Although conceptual conflicts on
how these stem cells should be entirely defined still exist, it is
not negligible that the studies on SSCs have great therapeutic
potential which will help overcome the limitations of recent
osteoporotic treatments. Future research directions should
focus on making the link between the dysfunction of SSCs
and the pathogenesis of skeletal diseases to clearly define their
pharmaceutical value. At present, various sources of cells have
been taken advantage of, such as BMSCs, adipose-derived
stromal cells, and umbilical cord stromal cells. The elucidation
of the regulatory mechanism of SSCs from cellular to organic
levels is expected to provide new strategies for developing stem
cell therapy which will bring hope for future human health.

We have systematically summarized the literature on SSCs
in recent years, but due to the huge amount of literature on
SSCs, there may be omissions. In addition, this review has not
thoroughly discussed the spatiotemporal distribution of SSCs due

Xu,R;Li,N;etal.

to the current lack of sufficient research regarding this point.
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