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Abstract

Purpose of Review The adult skeleton contains stem cells involved in growth, homeostasis, and healing. Mesenchymal or
skeletal stem cells are proposed to provide precursors to osteoblasts, chondrocytes, marrow adipocytes, and stromal cells. We
review the evidence for existence and functionality of different skeletal stem cell pools, and the tools available for identifying or
targeting these populations in mouse and human tissues.

Recent Findings Lineage tracing and single cell-based techniques in mouse models indicate that multiple pools of stem cells exist
in postnatal bone. These include growth plate stem cells, stem and progenitor cells in the diaphysis, reticular cells that only form
bone in response to injury, and injury-responsive periosteal stem cells. New staining protocols have also been described for
prospective isolation of human skeletal stem cells.

Summary Several populations of postnatal skeletal stem and progenitor cells have been identified in mice, and we have an
increasing array of tools to target these cells. Most Cre models lack a high degree of specificity to define single populations.
Human studies are less advanced and require further efforts to refine methods for identifying stem and progenitor cells in adult

bone.
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Introduction

The skeleton is a dynamic system that undergoes postnatal
growth, remodeling, and regeneration following injury. The
processes of osteoblast and chondrocyte differentiation are
well defined, and markers are available to selectively identify
and genetically target cells at various stages of differentiation.
Recent research efforts have focused on identifying the stem
and progenitor populations from which these cells derive.
Early studies used plastic adherence and the ability to form
fibroblastic colonies (CFU-F) following low-density culture
to identify mesenchymal stem cells (MSC) that were capable
of differentiation into osteogenic, chondrogenic, and
adipogenic lineages on a clonal basis [1]. Many studies focus
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on bone marrow or bone tissue as the source of MSCs; how-
ever, cells with similar in vitro characteristics have been iso-
lated from numerous tissues, including fat and muscle [2]. The
MSC markers routinely characterized in culture (CD73,
CD90, and CD105) do not specifically identify stem cells,
and a more nuanced approach to identify stem cells in vivo
is required [3, 4].

The focus of recent studies has shifted to identifying skeletal
stem cells (SSCs), and various skeletal progenitor populations
in vivo. SSC populations should show evidence of self-renewal
and the ability to differentiate into lineages including osteo-
blasts, chondrocytes, adipocytes, and marrow stromal cells that
support hematopoiesis. Many studies assume that SSCs form a
hierarchy with one stem cell population, similar to what is
characterized in the hematopoietic system. However, in reality,
there are few situations in vivo where a cell can differentiate
into any of these four lineages. Embryonic lineage tracing stud-
ies indicate that SSCs in long bones are established locally from
the limb bud mesenchyme (identified by Prx/ expression), and
from cells expressing chondrogenic markers such as Sox9 and
type 2 collagen that invade from the perichondrium [5-7].
However, postnatally, it appears that skeletal stem and
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progenitor pools are established in different bone compart-
ments. There are various lines of evidence indicating that skel-
etal stem and progenitor cells involved in both growth and
healing are derived locally and do not spread between bones
[5, 8, 9].

In this review, we will summarize the technical approaches
to identifying and isolating different skeletal stem and progen-
itor populations and recommend approaches for targeting or
quantifying different populations. We focus primarily on the
limbs. The majority of the studies covered were performed in
mice, but some human data is included.

Defining SSCs by Reporters and Lineage
Tracing

Lineage tracing experiments use transgenic mice and typically
involve a cell-specific inducible Cre combined with a suitable
fluorescence reporter that is activated by Cre activity (fre-
quently tdTomato) [10]. Depending on the timing of reporter
induction, lineage tracing experiments can be used to identify
skeletal stem and progenitor cells in vivo during embryonic
development, in postnatal and adult bones, and in response to
injury. Real-time fluorescent reporters (often GFP) are also
useful for identification and isolation of cell subsets. They
can be combined with Cre-mediated lineage tracing to validate
that similar populations are identified, or track differentiation
of stem cells. A summary of Cre models that may be useful for
postnatal lineage tracing or gene targeting is presented in
Table 1 and Fig. 1.

The majority of lineage markers target one or more
defined populations. An interesting exception is Hoxall,
which targets skeletal stem and progenitor cells in all tis-
sue compartments developmentally and throughout adult-
hood, but only in specific bones. Hox genes are essential
for developmental patterning, and some expression is
retained throughout life. The expression of Hoxal1-GFP
is restricted to the zeugopod limbs (radius/ulna and tibia/
fibula) and to undifferentiated mesenchymal cells that are
capable of skeletal lineage differentiation in the perioste-
um, bone marrow, and in the growth plate [9, 32]. The
majority of these cells are PDGFRa+/CD51+/LepR+.
Lineage tracing of Hoxal 1-CreER cells from P3 indicates
they contribute to growth plate chondrocytes, trabecular
and cortical osteoblasts and osteocytes, and a subset of
bone marrow adipocytes [9¢]. Hoxal 1+ cells identified in
adulthood also contribute to osteoblasts and osteocytes,
although the timing and extent of this process have not
been documented to date [23]. Hoxal 1-CreER looks to
be a useful tool to target genetic changes to the majority
of different types of SSCs, specifically in zeugopod bones,
at any stage of life.
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Growth-Related Stem Cells

During postnatal growth, the growth plate retains an organized
structure with the expansion of resting zone cells into prolifer-
ative chondrocytes, which ultimately undergo hypertrophy.
There is a large body of evidence indicating that hypertrophic
chondrocytes from the growth plate can go on to form osteo-
blasts (reviewed elsewhere [33, 34]). Resting zone
chondrocytes in the upper growth plate can be targeted by
Pthrp-CreER, and to a lesser extent, Grem1-CreER. These
cells continue to contribute locally to osteoblasts and stromal
cells, but probably not adipocytes, for at least a year after
neonatal labeling [14, 15, 26, 35]. There is also evidence that
skeletal stem and progenitor populations reside in the trabecu-
lar region. Glil-CreER targets stem cells in several postnatal
settings, including mesenchymal and epithelial stem cells in
murine incisors, and SSCs in calvarial sutures [16, 17, 36,
37]. In long bones, Glil identifies a population of
“metaphyseal mesenchymal progenitors” [18e¢]. These cells
are present at one-month of age and contribute to the majority
of trabecular osteoblasts present 1 month later, with a contin-
ued contribution to a subset of osteoblasts, stromal cells, and
marrow adipocytes in the metaphysis for at least 9 months.
Importantly, Glil expression is also present in the resting zone
of the growth plate. The Glil+ cell populations in the
metaphysis are present during the rapid growth period, but
not in older animals. xSMA-CreER, initially developed as a
perivascular marker, also identifies cells involved in trabecular
osteoblast formation during postnatal growth [27]. xSMA
does not target growth plate cells, but long-term tracing studies
suggest that these cells are progenitors that give rise to a wave
of osteoblasts and osteocytes, rather than self-renewing stem
cells [28]. xSMA-lineage cells do not contribute to trabecular
osteoblasts in mice over two-months of age. CTGF-GFP also
labels cells resident in the trabecular region in growing animals
[38]. These CTGF-GFP cells demonstrate MSC characteristics
ex vivo, but the in vivo fate of these cells has not been con-
firmed [38]. Since Glil-CreER also targets growth plate stem
cells, and the other markers do not show evidence of self-
renewal in vivo, it is unclear whether there is a metaphyseal
stem cell population that contributes to trabecular bone forma-
tion, or if contribution continues to come from the growth
plate.

Stem Cells Involved in Adult Bone Turnover

Growth-related stem and progenitor cells, particularly those
present during adolescent growth, make minimal contribution
to cortical osteoblasts. There is little turnover in rodent cortical
bone, so osteocytes are likely to have very long lifespans.
However, osteoblast turnover continues during postnatal life,
with osteoblasts estimated to have a lifespan of a few weeks
[21,26]. Several studies indicate that one source of osteoblasts
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Table 1 Cre lines that can target postnatal SSC populations

Model Skeletal targets® Non-skeletal targets Comments Refs

Sox9-CreER Chondrocytes, periosteum, metaphyseal Heart valves, pancreatic ductal [11-13]
progenitors cells, hepatocytes

Pthrp-CreER GP resting zone Unknown Small population but selective [14ee]

Grem1-CreER GP resting zone, articular chondrocytes Intestinal stem cells Very rare cells [15]

Glil-CreER GP resting zone, articular chondrocytes, Hair follicle bulge stem cells, [16-18]
metaphyseal progenitors, periosteum smooth muscle cells

Osx-CreER Osteoblasts, osteocytes, committed Minimal Targets multipotent progenitors at [19,20]
osteoprogenitors some stages of development

Mx1-Cre' Marrow osteoprogenitors, periosteum HSCs, interferon-responsive cells  Sometimes used as a global inducible [21, 22]

Cre
LepR-Cre CAR cells, diaphyseal osteoprogenitors Hypothalamus, limbic and cortical Expression starts postnatally [7]

Hoxal 1-CreER

Most SSCs/progenitors, both layers of

brain regions

Muscle stromal cells

periosteum
Cxcl12-CreER ~ CAR cells Unknown
Ebf3-CreER CAR cells, diaphyseal osteoprogenitors Unknown
a«SMA-CreER Periosteum, trabecular progenitors

Perivascular cells, satellite cells,

Restricted to zeugopod limbs [9, 23]

[24+°]
[25°]
Selective to periosteum in adult bone [26-29]

myoepithelial progenitors

Prx1-CreER:GFP Periosteum

Unknown

Initial labeling not clearly
characterized

[30, 31]

! Induced by pIpC treatment

2 CAR, Cxcl12-abundant reticular cells (do not form osteoblasts under homeostatic conditions); GP, growth plate

during adulthood is mature cells within the osteoblast lineage
that express late osteoblast markers such as Dmpl and
osteocalcin [26, 39, 40]. Tracing of cells identified by
Dmp1-CreER at 2 months of age indicates initial labeling of
the vast majority of osteoblasts, a dramatic drop in labeled
bone surface cells after 3 weeks, then retention of similar
numbers of labeled osteoblasts up to at least 6 months later
[26]. These osteoblasts are probably derived from bone lining
cells that can reactivate and transcortical channel-resident
osteoprogenitors [26, 41].

Leptin receptor (LepR) is widely used as an MSC marker
that identifies cells that appear postnatally. LepR+ cells in-
creasingly contribute to osteoblasts as mice age, increasing
from < 10% of osteoblasts at two-months of age to around
80% at 14 months of age [7]. Notably, all the LepR studies
use constitutively active LepR-Cre, which makes interpreta-
tion of the timing of LepR expression impossible. LepR-Cre
also identifies a network of reticular stromal cells in the central
bone marrow; however, there is accumulating evidence sug-
gesting these cells are not osteoprogenitors contributing to
normal bone homeostasis. Further, these cells may inhibit
bone formation, as cell ablation mediated by both LepR-Cre
and Adipog-Cre results in rapid formation of trabecular bone
in the diaphysis [7, 42]. Notably, 30-60% of bone lining cells
and transcortical osteoprogenitors identified by Dmp1-CreER
also express LepR [26, 41]. Stromal cells in the bone marrow
labeled by Adipog-Cre, which mostly co-express LepR and
Cxcl12, and Cxcl12-CreER labeled cells, never contribute to

osteoblasts under homeostatic conditions [24, 42]. Ebf3-
CreER labels Cxcl12-abundant reticular (CAR) cells and cells
that contribute to osteoblasts during adulthood, similar to
LepR-Cre [25¢]. However, the timing of this process is un-
clear. Ebf3 is co-expressed with Adipog, LepR, and Cxcli?2,
but presumably targets a broader population that includes
most cells capable of CFU-F formation in the bone marrow
[25,42]. Mx1-Cre also targets adult osteoprogenitors that con-
tribute to over 70% of endosteal osteoblasts beginning 20 days
after labeling in adult animals [21]. The Mx1 promoter is
inducible by stimuli including double-stranded synthetic
RNA (poly I: poly C, pIpC) and is often used as a ubiquitous
inducible system [43]. Most studies utilizing Mx1-Cre involve
irradiation and bone marrow transplantation to eliminate the
hematopoietic lineage that is also targeted by Mx1, and pIpC
induction is performed over a 20 day period; therefore it is not
possible to evaluate the cells labeled initially. These limita-
tions make Mx1-Cre largely unsuitable for targeting genetic
changes to SSCs as irradiation has well-established adverse
effects on bone homeostasis and healing [44]. It is also chal-
lenging to identify these cells in other expression-based stud-
ies as Mx1 is not expressed under basal conditions. Overall,
the evidence suggests that cells in close proximity to the bone
surface contribute to ongoing osteoblastogenesis during adult
homeostasis. Some of these cells are committed osteoblast-
lineage cells, others, which express Ebf3 and probably
LepR, may be more primitive but have not yet been clearly
separated from CAR cells using lineage tracing. In summary,
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Cxcl12-CreER provides a useful model for targeting CAR
cells in the central marrow. Ebf3-CreER may provide a meth-
od to target LepR+ cells with temporal control, but both these
models target a range of stromal populations which make it
challenging to interpret results of genetic changes induced by
these Cre models.

Periosteal Stem Cells

The periosteum is recognized as a critical source of injury-
responsive stem cells. The periosteum contains an inner cam-
bium layer and an outer fibrous layer (Fig. 1). Stem and pro-
genitor cells seem to reside in the cambium layer. Most studies
indicate that the periosteum is highly enriched for SSCs and
osteoprogenitors compared to the endosteum or bone marrow
compartment [5, 28, 45]. During fracture healing, when the
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periosteum is present, the majority of cells that contribute to
osteoblasts and chondrocytes within the callus are derived
from the periosteum [46]. Graft transplantation studies indi-
cate the presence of rare stem cells that can self-renew and
participate in multiple rounds of fracture healing; however,
further characterization of these cells to identify markers has
not been reported to date [Se].

In recent years, numerous markers for periosteal stem cells
have been proposed. Single-cell gene expression studies indi-
cate that there is heterogeneity in periosteal populations, but it
is still unclear how the different populations that contribute to
fracture healing overlap [45¢¢]. Cathepsin K-driven Cre (Ctsk-
Cre) targets the majority of periosteal mesenchymal cells, and
a subset of skeletal cells in the fracture callus [45¢¢]. Dual-
labeled Mx1-Cre and xSMA-GFP cells are also enriched for
ex vivo stem cell characteristics [22¢]. Following periosteal
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injury, dual-labeled Mx1-Cre and «SMA-GFP cells contrib-
uted to 80% of callus osteoblasts [22¢]. LepR-Cre also targets
about half of the osteoblasts and chondrocytes in fracture cal-
luses, but periosteum-resident LepR+ populations have not
been otherwise characterized [7, 19]. Several inducible Cre
models target a subset of periosteal progenitors contributing
to both osteoblasts and chondrocytes in the callus. These in-
clude Sox9-CreER, Prx1-CreER, Glil-CreER, and xSMA-
CreER [11, 18, 27, 28, 30, 44, 47]. Postnatal Prx/ expression
appears to be mainly restricted to the cambium layer of the
periosteum, and the contribution of these cells to the fracture
callus appears to be moderate [30, 31, 47]. Sox9+ periosteal
resident cells also contribute to a subset of osteoblasts and
chondrocytes during long bone fracture and rib injury healing
(around 20% in the rib) [11, 12]. Glil+ cells present at one-
month of age contribute about half of osteoblasts and
chondrocytes in a later fracture callus, and cells capable of
callus contribution are also present in older animals [18, 44].
In addition to cambium cells, Glil targets cells in the fibrous
layer, and cells that contribute to fibrosis in a radiation-
induced non-union model [44]. These fibrotic cells appear to
be separate from the cells involved in successful healing.
«SMA-CreER targets resident periosteal cells that contribute
to 30-40% of osteoblasts, and 27% of chondrocytes in a frac-
ture callus. Some of these cells retain longer-term potential to
contribute to fracture, with about 20% of fracture osteoblasts
coming from cells that were labeled using aSMA-CreER
90 days ecarlier [28]. Both Sox9-CreER (in the rib) and
«SMA-CreER identify a large proportion of callus osteoblasts
(> 80%) when tamoxifen is delivered around the time of inju-
ry, suggesting activation of these genes in the early stages of
the lineage response to injury [12, 28, 48, 49]. Therefore, these
models are useful for targeting genetic changes to a large
portion of local progenitor cells during healing without affect-
ing bone development. Finally, Col2.3-CreER+ cells labeled
just before fracture contributed to around 10% of osteoblasts
but no chondrocytes in the fracture callus, indicating that more
committed osteolineage cells in the periosteum can also con-
tribute in an injury setting.

Other Injury-Responsive Cells

There is still debate about the contribution of bone marrow cells
to fracture calluses, but they contribute to new bone formation
in response to physical injury to the marrow or full-thickness
cortical injuries where mechanical integrity of the bone is
retained [46]. Cxcl12-CreER derived cells, which comprise a
subset of the cells labeled by Cxcl12-GFP, make up 40% of
new osteocytes following a cortical injury, and healing is im-
paired if these cells are ablated [24e¢]. A separate committed
osteolineage population identified by Osx-CreER contributes
12% of new osteocytes following injury [24ee]. Thus, like the
periosteum, there is diversity in bone marrow cell populations

that can contribute to bone formation during healing including
cells that would otherwise never enter the osteogenic lineage.

Defining SSCs Using Cell Surface Markers
in Murine Models

In the hematopoietic field, different populations are primarily
identified by cell surface marker combinations, and these
methods have been applied to the skeletal field with some
success. After a digestion or dissociation process to isolate
cells from the matrix is performed, cell surface marker stains
enable identification and isolation of live cells using flow
cytometry. These methods do not require transgenic lines
making them more widely applicable, and similar markers
can potentially be used in different species. The use of
marker combinations also allows detailed dissection of spe-
cific populations once rigorous validation has been per-
formed. In the bone setting, we do not have established cell
surface markers for excluding mature cells such as osteo-
blasts. However, it is well-accepted that the mesenchymal
cell fraction can be identified by excluding cells of the he-
matopoietic lineage (CD45+), and endothelial lineage (usu-
ally CD31+). The frequency of non-hematopoietic cells in
adult mouse bone marrow is usually around 0.5% [51].
Markers that have been investigated for prospective isola-
tion of SSCs are summarized in Table 2.

Sca1-Based Stains

Scal (stem cell antigen) is traditionally used as a marker for
murine hematopoietic stem cells (HSCs). Scal+ cells are local-
ized to perivascular regions within the epiphyseal bone mar-
row, and near the endosteal surface [50, 52]. Scal+/PDGFR o+
(PxS) bone-associated cells from adult mice are significantly
enriched for CFU-F formation and show robust multi-lineage
differentiation in vitro and in vivo [7, 53]. The addition of
CD24 to the P«asS stain (PaS+/CD24+ cells) further enriches
for CFU-F and multi-lineage differentiation [54ee]. Different
combinations of these three markers can also define
osteochondroprogenitors (PDGFR&+/Scal—) or marrow adi-
pocyte progenitors (PDGFRa+/Scal+/CD24-). Scal is also
used in combination with CD51 to identify skeletal stem cells,
while Scal—/CD51+ cells have been defined as committed
osteoprogenitors or osteoblasts [55-57]. Thorough validation
of this marker combination has not been published. We have
demonstrated that Scal+/CD51+ cells in the periosteum show
efficient CFU-F formation and multi-lineage differentiation
in vitro [28]. Scal—/CD51+ cells contain some mature osteo-
blasts, in addition to progenitors capable of CFU-F formation,
but are committed to the osteoblast lineage [28]. In contrast, a
study aimed at identifying periosteal stem cells suggested that
these cells were Scal— [45¢¢]. Hu et al. describe a hierarchy of
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Table 2 Cell surface markers that

.2 .
OB expression Key expression

Pan-hematopoietic marker
Erythroid marker
Endothelium, macrophages

Hematopoietic and endothelial progenitors

Erythroid marker
Endothelial cells
<1% HSC, endothelial stem cells, etc.
30% Broad stromal expression including mature cells
<1% Mesenchymal-derived cells
3% Hematopoietic stem and progenitor cells

B cells

Neural crest-derived cell types

Stromal cells, lymphatic endothelium, osteocytes
HSCs, stromal cells

Inflamed vascular endothelium, myeloid cells

14% Endothelial cells, stromal cells

90% May include osteoblasts/osteocytes
Broadly expressed

2% T cells, thymocytes, and fibroblast

<1% Endothelial cells, pericytes

help to identify SSC/progenitors Marker! Gene
in mouse and human bone tissue

Negative selection
CD45 Ptprc
Terl19 (m*) Inpp5d
CD31 Pecam1
CD34 Cd34
CD235a (h) GYPA
Tie2 Tek

Positive selection
Scal (m*) Ly6a
CD51 Itgva
PDGFR«x Pdgfra
LepR Lepr
CD24 (m) Cd24
CD271 (h) NGFR
PDPN (h) PDPN
CD164 (h) CDl164
CD106 (h) VCAMI1

Selection of progenitors or unclear utility
CD105 Eng
CD200 Cd200
CD73 Nt5e
CD90 Thyl
CD146 Mcam
CD166 (m) Alcam

20% Osteoprogenitors

! Markers that have only been reported in mouse (m) or human (h) are indicated. * indicates the antigen only exists

in mouse

2% of Col2.3-GFP+ osteoblasts in the adult endosteum that express the indicated marker in mice [26, 28, 50]

bone-associated stromal cells where Scal+/CD146—/CD166—
cells represent the multipotent progenitor, and CD146+ and
CD166+ populations represent downstream more committed
progenitors [S50]. The use of Scal as a marker for SSCs also
has limitations. Expression levels of Scal are not consistent in
different mouse strains [58]. C57BL/6 mice have strong Scal
expression, whereas BALB/c and DABI strains can have little
or no non-hematopoietic Scal expression. Despite this, Scal is
one of the best characterized markers to assist with identifica-
tion of skeletal stem and progenitor cells, especially in the adult
setting.

PDGFRa-Based Stains

PDGFR« is an early mesodermal marker, and its expression
overlaps with most Nestin-GFP+ stromal cells, LepR+ cells,
and Cxcl12+ cells [7, 59, 60]. In addition to the combination
with Scal [53], PDGFR« has also been combined with CD51
to define stem/progenitor populations which are enriched for
CFU-F ability and tri-lineage differentiation in vivo and
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in vitro [32, 59]. Park et al. found that the PDGFRo+/
CD105+ fraction of bone-associated cells were enriched for
CFU-F and used this combination to enrich for periosteal stem
cells [21, 22]. In contrast, our studies show that CD105 is one
of the few markers that are more prevalent in endosteum than
periosteum, and these cells in the periosteum generally per-
form poorly in CFU-F assays [28]. Flow analysis in our lab
identified a large degree of overlap between PaS, Scal+/
CD51+ and PDGFRa+/CD51+ populations in endosteum
and periosteum cells. In contrast, CD105 expression is mostly
restricted to separate cells: only 17% of endosteal P«S cells
are CD105+. In our experience, PDGFRx expression is weak,
which means it is important to use a bright fluorophore for
flow cytometry. Notably, some studies reported that PDGFR
is absent or very rare in bone marrow [61, 62]. In contrast,
using a GFP reporter, Ambrosi et al. reported broad expres-
sion of PDGFR«, including the absence of a Scal+
PDGFR«&— population [54e¢]. This uncertainty highlights the
reproducibility challenges surrounding the use of PDGFR as
a marker.
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CD51-Based Stains

CD51, or alphaV integrin, is expressed throughout the osteo-
blast lineage and is abundant in the growth plate [26, 35]. All
cells capable of CFU-F formation in endosteum and perioste-
um are CD51+, as are fetal or neonatal bone cells capable of
ossicle formation in vivo [28, 35, 51, 63]. Chan and col-
leagues have defined a hierarchy of skeletal stem and progen-
itor cells using cells isolated from neonatal bones, with a focus
on cell populations in the growth plate [35, 63, 64].
Differentiation and self-renewal potential was evaluated by
transplantation into the kidney capsule and evaluation of the
cell and tissue types formed. They identified mouse skeletal
stem cells (mSSC) as CD45—/Ter119—/Tie2—/CD51+/CD90
—/6C3—/CD105—/CD200+, capable of producing ossicles
containing bone, cartilage, and marrow infiltration. These
cells give rise to various progenitors, including multipotent
bone, cartilage, and stromal progenitors (BCSP; CD51+/
CD90-/6C3—/CD105+), as well as five other progenitor pop-
ulations committed to forming primarily bone, cartilage, or
stromal cells. These stains have been applied to various set-
tings, indicating that SSC and BCSP populations expand dra-
matically in response to fracture, a response that is impaired
by irradiation [35, 65]. Similar populations have been identi-
fied in the periosteum, also primarily in neonates, where peri-
osteal cells were defined by expression of a Ctsk-Cre driven
reporter. They defined periosteal stem cells as CD45—/Ter119
—/CD31-/CTSK-GFP+/CD90—/6C3—/CD105—/CD200+,
and identified two progenitor populations with varying ex-
pression of CD200 and CD105 [45¢¢]. These populations form
bone-only ossicles in vivo, except following fracture where
they form bone and cartilage.

While these populations have been validated in neonatal
bones, their identity in adult bones is less clear. BCSPs isolat-
ed from adult bones were only capable of forming a bony
ossicle lacking a marrow cavity using the same kidney capsule
transplant model [50]. It appears that freshly isolated bone-
associated cells from adult animals are unable to form ossicles
containing multiple lineages when transplanted outside the
bone environment. Finally, we have demonstrated that in the
endosteum of adult mice, a third of the SSC and BCSP pop-
ulations expressed mature osteoblast marker Col2.3GFP [28].
On this basis, we do not believe that these stains are a robust
method to identify pure stem and progenitor populations in
adult bones.

Other Progenitor Markers

CD90 is often stated to identify committed osteogenic cells,
although most of the evidence for this appears to come from
neonatal systems [63]. In the periosteum, CD90+ cells are
enriched for CFU-F and show multi-lineage differentiation
capacity in vitro [28]. Single-cell RNAseq analysis also

identified CD90, along with Scal, as a marker of early mes-
enchymal progenitors [42¢¢]. Nestin-GFP identifies cells in
the bone marrow that show SSC potential ex vivo, and the
ability to support hematopoiesis [66]. Nestin-GFP cells are
also abundant in the periosteum and show similar characteris-
tics [67]. Studies using Nestin-Cre and Nes-CreER do not
confirm the contribution of these cells to bone formation
in vivo, although they also appear to target different cell pop-
ulations [68, 69]. The use of Nestin as a marker of MSCs
remains controversial.

To summarize, a combination of cell surface markers is
required to isolate refined populations of skeletal stem and
progenitor cells. In the adult setting, PDGFR and Scal are
useful for positive selection and effectively exclude mature
osteoblasts. CD51 is also useful for positive selection but must
be combined with additional markers which exclude mature
lineages. There is scope for further validation and refinement
of existing methods to ensure that they are appropriate for the
developmental stage and tissue compartment in question.

Identifying SSCs in Human Tissue

It is not always possible to directly translate findings in mice
into human systems. The majority of studies on human MSCs
have involved in vitro isolation and characterization. Methods
for enriching MSCs in culture have been covered elsewhere
[70, 71]. Prospective isolation of human skeletal stem cells is
limited to staining and ex vivo evaluation. Some of the
markers and stains that have been characterized are detailed
below.

CD146

Sacchetti et al. reported that the non-hematopoietic CD146+
population in bone marrow included all cells capable of CFU-
F formation, and could establish ossicles with a hematopoietic
microenvironment in vivo after expansion [72]. This popula-
tion localizes around sinusoidal blood vessels and expresses
HSC niche factors ANG-1 and CXCL12 [2, 72]. Meanwhile,
pericytes (CD45—/CD34—/CD146+), which are associated
with microvessels, were proposed as a uniform source of
MSCs throughout the body, and have been characterized
ex vivo from tissues including pancreas, placenta, adipose
tissue, brain, and dental pulp [2, 73-75]. However, later stud-
ies confirmed that while CD146+ cells from different tissues
can undergo multi-lineage differentiation in vitro, their in vivo
differentiation potential was more restricted, and only bone
marrow-derived cells formed ossicles containing marrow
[76, 77]. However, CD146 alone is not enough for human
SSC isolation, as within CD271+ cells, both CD146+ and
CD146— cells show similar CFU-F formation and differenti-
ation in vitro [78].
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Growth Plate Stem Cells

Chan et al. identified potential cell surface marker combina-
tions based on comparing gene expression of cells in different
zones of the fetal growth plate with mSSC populations [35,
79]. These studies suggested that human SSCs were present in
the pre-hypertrophic zone of the growth plate. hSSCs were
defined in the stromal fraction (CD45—/CD235a—/Tie2
—/CD31-) of fetal bone cells as PDPN+/CD146—/CD73+/
CD164+. These cells formed ossicles containing bone, carti-
lage, and marrow. PDPN+/CD146+/CD73+/CD164+ cells
(hBCSPs) were also multipotent. The hSSC population per-
sists in adult bone marrow, retaining osteochondrogenic po-
tential in vitro, and contributing to ossicle formation upon
transplantation [79<¢]. Cells that formed bone robustly were
isolated from the surface of trabecular bone rather than mar-
row alone. hSSC populations are enriched in response to in-
jury. Unlike most of the MSC populations characterized in
other studies, hSSCs do not form adipocytes in vitro or
in vivo. While impressive, the majority of characterization in
this study was performed using fetal samples. Therefore,
clearer characterization of populations present in adult tissue
is still of interest.

PDGFRa/CD51

PDGFRo+/CD51+ cells are multipotent, have significantly
enriched CFU-F formation, and have high expression of
HSC niche genes [59]. The frequency of human PDGFRo+/
CDS51+ cells decreases with age, constituting 6% in fetal but
only ~0.21% of the stromal population in adult bone marrow.
In fetal tissue, PDGFRa+/CD51+ make up a subset of the
CD146+ population (15.8%) and enrich this population for
colony formation as well as expression of HSC supporting
factors and ability to support recruitment of hematopoietic
cells.

Periosteum

CD45-/CD235a—/CD31-/CD90—/CD200+/CD105— recog-
nizes human periosteal stem cells, using an equivalent cell
surface marker profile to that characterized in mice [45¢°].
This population constitutes around 5% of non-hematopoietic
cells within the femoral periosteal samples evaluated. This
population displays multi-lineage potential in vitro and un-
dergoes intramembranous bone formation in vivo.

Conclusion
In summary, mouse studies have enabled the identification of

several different populations of postnatal SSCs and progeni-
tors that play different roles in relation to growth, bone
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turnover and homeostasis, and injury response. Most markers
lack specificity for a single cell population. However, we are
beginning to understand the diversity and functionality of
populations present in the bone marrow space, and to some
degree, in the periosteum. Human studies are less advanced,
and further efforts to refine methods for identifying different
cell populations that appear to be capable of involvement in
healing in adults, and ultimately how these may change in
aging and relevant disease states are of great interest.
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