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Abstract

An emerging concept is that quiescent mature skeletal cells provide an important cel-
lular source for bone regeneration. It has long been considered that a small number
of resident skeletal stem cells are solely responsible for the remarkable regenerative
capacity of adult bones. However, recent in vivo lineage-tracing studies suggest that
all stages of skeletal lineage cells, including dormant pre-adipocyte-like stromal cells in
the marrow, osteoblast precursor cells on the bone surface and other stem and pro-
genitor cells, are concomitantly recruited to the injury site and collectively participate
in regeneration of the damaged skeletal structure. Lineage plasticity appears to play
an important role in this process, by which mature skeletal cells can transform their
identities into skeletal stem cell-like cells in response to injury. These highly malleable,
long-living mature skeletal cells, readily available throughout postnatal life, might rep-
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INTRODUCTION

Bones, characterized by strong and rigid structures owing to mineral-
ized matrix, are surprisingly malleable organs that can maintain their
structures throughout life. The primary functions of bones in protect-
ing vital organs and achieving locomotion render these tissues partic-
ularly susceptible to various degrees of damage, ranging in severity
from microfractures to fractures that completely disrupt tissue conti-
nuity. Most small and mechanically stable fractures heal by intramem-
branous bone formation, whereas large and unstable fractures also
involve endochondral bone formation in which fibrocartilages and
soft callus are newly generated near the fracture site to bridge bone
fragments.[12] Therefore, bones repair these damages with excellent
inherent capabilities for regeneration. Impaired regenerative capabili-
ties due to aging or other systemic conditions cause delayed union or

resent an ideal cellular resource that can be exploited for regenerative medicine.

bone marrow stromal cells (BMSCs), bone regeneration, cellular plasticity, fracture repair, in vivo
cell lineage analysis, mesenchymal stem cells (MSCs), skeletal stem cells (SSCs)

non-union of bone fractures(34) and are associated with the increased
mortality risk;l>6! therefore, understanding the mechanism of bone
regeneration has significant impact on human health. The emerging
hypothesis is that lineage plasticity of the skeletal lineage plays an
important role in bone regeneration, wherein the full spectrum of
skeletal lineage cells is mobilized to provide emergency cellular sources
that collectively participate in regeneration of the damaged skeletal
structure.

Bone regeneration requires highly coordinated processes of mobi-
lization, proliferation, and differentiation of skeletal cells to allow
deposition of mineralized matrix at the injury site. It is generally con-
sidered that stem cells of the skeletal lineage termed skeletal stem cells
(SSCs) are primarily responsible for generating new cells necessary
for regeneration.”! These SSCs, once categorized under the diffuse
term of mesenchymal stem cells (MSCs), are posited to play important
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roles in growth, homeostasis and regeneration of bone tissues.[8] The
prevailing idea is that SSCs stand at the pinnacle of the skeletal lineage,
which has been largely extrapolated from other well-studied somatic
stem cells such as hematopoietic and epithelial stem cells.9-13]
However, the challenge to this idea is that the current retrospective
approach for identifying SSCs does not permit to unambiguously
define the in vivo identity of these stem cells. In addition, the property
and the function of SSCs are highly variable across different compart-
ments, without any single master stem cells universally contributing
to all compartments. In fact, each distinct compartment of bones, such
as the growth plate, the periosteum and the bone marrow, maintain its
own unique population of stem cells with distinct functionality.!814-17]
Therefore, roles that stem cells play in bone regeneration remain
largely speculative; their roles may be highly context-dependent.

Robust regenerative potential does not necessarily mandate the
maintenance of a small population of tissue-specific stem cells through-
out postnatal life, particularly in organs with marked slow turnover.
There are alternative ways to generate functionally mature cells nec-
essary for regeneration. For example, the liver and the pancreas
possess high regenerative capacity without any discernable popula-
tion of tissue-specific stem cells; these organs primarily depend on
mature cells for tissue maintenance in homeostasis and regeneration
in response to injury.l*8] The biological process by which mature cells
revert into progenitor-like cells in response to injury, generally termed
cellular plasticity, appears to play an important role in maintaining the
regenerative potential of bones.[1?]

In this essay, we discuss the relative contribution of skeletal stem
cells and mature skeletal cell populations to bone regeneration. We
argue that lineage plasticity of mature skeletal cells is an important
mechanism underpinning bone regeneration, in a way much similar to
other major slow turnover organs. It is intriguing to speculate that at
least part of skeletal stem cells represents transient intermediate enti-
ties along the trajectory from one differentiated cell type to another
(Figure 1).

Skeletal stem cells: what are their in vivo correlates?

Skeletal stem cells (SSCs) are generally considered to play impor-
tant roles in growth, homeostasis and regeneration of bone tissues.
SSCs are primarily defined by their in vitro functions, as self-renewing
cells with the “trilineage” potential to differentiate into chondrocytes,
osteoblasts and adipocytes in cultured conditions, as well as with the
ability to establish bone and bone marrow associated with marrow
stromal cells after heterotopic transplantation. Anin vitro colony form-
ing unit-fibroblast (CFU-F) assay and the subsequent transplantation
assay have long served as a gold standard to define SSCs. The con-
cept of SSCs was originally developed in 1960s, based on the discovery
that bulk or plastic-adherent bone marrow cells can establish ossicles
containing bone and bone marrow after transplantation into immun-
odeficient mice.[20-22] Decades later, the definition of SSCs was sub-
stantially sophisticated using cell surface markers that are used to

isolate these clonogenic cells by fluorescence activated cell sorting
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FIGURE 1 Two lineage models for bone regeneration. The
prevailing model is that a small number of resident SSCs are responsible
for the remarkable regenerative capacity of bones (left). The
alternative model is that lineage plasticity of mature skeletal cellsis a
mechanism underpinning bone’s regenerative capacity (right). Note
that these two proposed models are not mutually exclusive.

(FACS). This approach was initially applied to the human bone marrow
using CD146 as a marker to identify SSCs among perivascular stro-
mal cells.!23] |t was later identified that CD51 (aV integrin)* PDGFRa™*
cells represent a small subset of CD146% cells with even more
enriched colony-forming activities.[24! In the mouse bone marrow,
non-hematopoietic non-endothelial PDGFRa*Scal*cells,[25] CD73+
cells, 26271 D271+ cells!28-31] and CD106+ cells!32] have been iden-
tified to be highly enriched for SSCs. In recent years, this cell sur-
face marker-based approach has been applied to isolate SSCs from
other skeletal compartments, such as the growth plate and the
periosteum. Chan et al. isolated “mouse SSCs” from the perinatal
mouse growth plate as defined by CD51*CD90-CD105-CD200*

non-hematopoietic mesenchymal cells!33!;

they subsequently iso-
lated “human SSCs” from the fetal human growth plate as defined
by PDPNtCD146~CD737CD164% non-hematopoietic mesenchymal
cells.[34] Periosteal stem cells (PSCs) were isolated from the perios-
teum using the same panel of markers as mouse SSCs.l16] Further,
highly clonogenic cells with greater growth and differentiation capacity
than bone marrow SSCs were isolated from the periosteum, as defined
by ScaltCD29+ cells.35] Therefore, these lines of studies lend cre-
dence to the hypothesis that a small population of highly clonogenic
SSCs present in each bone compartments play important roles in tissue
maintenance in homeostasis and regeneration in response to injury.
Although extremely powerful, these widely used ex vivo assays for
SSCs have inevitable limitations, in that these “stem cells” can be eval-
uated only in artificial exogenous conditions after cell isolation. How
these stem cells behave in their native environments cannot be con-

cluded from these types of studies. In fact, hematopoietic stem cells
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FIGURE 2 CreER™2-loxP approach for in vivo lineage-tracing experiments. (a) tamoxifen administration can temporarily activate cre-loxP
recombination in a target cell population, which removes “STOP” sequences in the Rosa 26 reporter locus. As a result, the reporter gene becomes
permanently expressed in the targeted cells. (b) The reporter gene is continually expressed in the targeted cell and its descendants, allowing

permanent marking of a given cell population

(HSCs) have been stringently defined by a defined panel of cell surface
markers and subsequent transplantation assays for several decades;
however, the recent study demonstrates that these HSCs contribute
little to native hematopoiesis under unperturbed conditions.[3¢! More-
over, cell populations identified by sets of markers are always com-
posed of heterogeneous cell populations, presumably including not
only highly clonogenic “stem cells,” but also at least some of their
descendants including terminally differentiated cells. In addition, these
“stem cells” rapidly change their gene expression profiles and exit from
their original statuses under regenerative conditions; as a result, it is
expected that expression of the utilized markers is not maintained over
the course of regeneration. Therefore, in vivo correlates of SSCs iden-
tified by above-mentioned cell surface markers remain largely unclar-
ified. It requires cautions to extrapolate these transplantation-based

findings to the native process of bone regeneration.

In vivo lineage-tracing analysis: approaches to testing
the stem cell hypothesis in bone regeneration

The widely-accepted method to interrogate cell fates and functions of
stem cells in their native environments is in vivo lineage-tracing experi-
ments using transgenic mice. This approach typically employs the cre-
loxP technology to permanently mark cells of interest using a dou-
ble transgenic system (Figure 2). Cre recombinase is expressed in a
promoter-specified manner in the first transgenic line and acts on the
reporter locus of the second transgenic line. The reporter construct
is typically engineered in a ubiquitously active locus, such as in the
Rosa2é6 locus; the “STOP” sequences, composed of multiple sequences
directing the addition of polyA sequences and translation termina-
tion codons in all three reading frames, are flanked by loxP sites to
halt continued transcription and translation of reporter genes. When
cre recombinase removes the “STOP” sequences, the reporter gene
becomes expressed under the direction of a ubiquitously active pro-
moter, such as the CAG promoter. In a modified “inducible” version,
the cre recombinase is covalently bound to the ligand-binding domain
of the estrogen receptor (creER™?) that has been mutated so that
tamoxifen, but not estradiol, can bind and change its tertiary structure.

Translocation of the creERT? complex to the nucleus is dependent on

the presence of 4-hydroxy-tamoxifen (4-OHT),which is an active form
of tamoxifen produced after being metabolized in the liver. Therefore,
in the creER™? system, tamoxifen administration can temporarily acti-
vate cre-loxP recombination only for 24-48 h until 4-OHT is cleared
away from the cell. Recombination in the reporter locus is irreversible;
therefore, the reporter gene is continually expressed in the targeted
cell and its descendants, even after the promoter that drove expres-
sion of cre recombinase becomes no longer active. Several different
versions of the modified Rosa26 reporter locus (“R26R") are available,
including R26R-LacZ (encoding 3-galactosidase), R26R-YFP (yellow flu-
orescent protein), R26R-tdTomato (encoding a tandem dimer of red
fluorescent protein, DsRed), and R26R-Confetti. These reporter alle-
les have different sensitivity to cre-loxP recombination. The Confetti
locus encodes four different fluorescent proteins (nuclear GFP, YFP,
tdTomato and CFP [cyan fluorescent protein]), in which one of them
becomes stochastically expressed upon cre-loxP recombination. The in
vivo lineage-tracing approach has been applied to define progenitor-
descendant relationships in the native environment in essentially all
organs in mice. To draw meaningful conclusions from these experi-
ments, it is essential to identify promoters that are active only in a nar-
row array of desirable cell types, and ideally, promoters without any
activity in descendant cells.

In recent years, this lineage-tracing approach has been applied to
reveal the behaviors and functions of SSCs in tissue growth, home-
ostasis and regeneration.[1937-44] These genetic studies have pro-
vided important insights into the fundamental characteristics of SSCs
and their potentially downstream skeletal progenitor cell popula-
tions. However, heterogeneity of cell populations marked by the pro-
moter/enhancers of the given genes complicates overall interpretation
of the findings, in a manner similar to those “stem cells” identified by
a set of cell surface markers. Cells identified by most of the creER™2
transgenic lines referenced above assumingly involve not only “stem
cells,” but also at least part of their descendants including those already
terminally differentiated. Whether it is stem cells or their downstream
progeny that robustly participate in the given process cannot be con-
clusively determined.

One of the skeletal stem cell populations that are clearly maintained
in a defined anatomical location is PTHrP™* cells, which are exclusively

localized to the resting zone of the postnatal growth plate.[14] These
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PTHrP* stem cells clonally establish columns of chondrocytes within
the growth plate, and subsequently transform into osteoblasts and
marrow stromal cells beneath the growth plate in a high sequential
manner.!1445] Another example is Mx1taSMA* periosteal stem cells
(P-SSCs) that are defined from their downstream progeny in a defined
anatomical location of the periosteum.[43] Despite these advances,
specific anatomical locations housing SSC populations have not been
largely identified yet.!17] Therefore, the behaviors and functions of
stem cells in a majority of skeletal compartments cannot be easily
discerned due to the absence of “stem cell-specific” inducible genetic
tools, particularly in the highly crowded skeletal tissues such as the
bone marrow and the periosteum.

The in vivo lineage-tracing approach has not yet been extensively
applied to study the process of bone fracture healing, primarily due to
lack of highly cell type-specific inducible genetic tools. Some studies
examining the function of potential skeletal stem cell populations rely
on a “constitutively active” version of cre recombinases, such as Prrx1-
crel33] and Ctsk-crel 16! for the periosteum, and LepR-crel 46! for the bone
marrow. The fundamental difference between “constitutively active”
cre and “inducible” creER™requires close attention; unlike the latter,
the former induces recombination whenever the promoter becomes
active, therefore there is no temporal factor that controls cre activi-
ties. If that promoter becomes active in other cell types at a late phase
during lineage development, the possible relationships between the
different cell types marked by a reporter gene cannot be delineated.
Therefore, the contribution of native stem cells to inherent bone regen-
eration remains largely inconclusive, as roles that putative stem cells
play in the process of bone regeneration cannot be completely defined
based on the current sets of toolkits.

Unexpected roles of dormant marrow fat precursor
cells in bone regeneration

Cells of the skeletal lineage at various stages of differentiation can
be classified by a well-described set of marker genes. Importantly,
cells at each defined stage still demonstrate substantial cellular het-
erogeneity and functional diversity. The prime example is bone mar-
row stromal cells (BMSCs), which are undifferentiated mesenchymal
cells residing in a perisinusoidal space of the bone marrow. BMSCs
express important hematopoiesis-supporting cytokines such as C-X-
C motif chemokine 12 (CXCL12, also known as stromal cell-derived
factor 1, SDF1)[47! and stem cell factor (SCF, also known as KIT
ligand).[48] In addition, BMSCs also express leptin receptor (LepR),
a receptor for fat-specific hormone leptin. As a result, some of the
BMSCs are termed as CXCL12+LepR*cells.[41] Lineage-tracing stud-
ies revealed that CXCL12*LepR* BMSCs provide a long-lasting source
of osteoblasts in physiological conditions, while encompassing all
colony forming-unit fibroblasts (CFU-Fs):l414¢] these findings support
the idea that there exists a small population of skeletal stem cells
within CXCL12*LepR* BMSCs. Recent single-cell RNA-sequencing
studies revealed the substantial cellular heterogeneity within BMSCs

| [49-51,63

in genera and, more specifically, CXCL12-abudant reticular

(CAR) cells.[191 |n fact, CAR cells are composed of two major groups of
pre-adipocyte-like “Adipo-CAR” cells and pre-osteoblast-like “Osteo-
CAR’ cells.[1952] Therefore, these studies have established the concept
that CXCL12*LepR* BMSCs, initially thought to be homogeneous, are
indeed heterogeneous and composed of at least two populations of fat
and bone precursor cell populations, in addition to a population of puta-
tive “stem cells” with unknown identities.

The next logical question is whether each cellular subset of
CXCL12*LepR* BMSCs possesses its own unique function in phys-
iological and regenerative conditions. Our recent in vivo lineage-
tracing study using a Cxcl12-creER transgenic line shed light on the
unique functionality of a specific subset of BMSCs.[1] Importantly,
we found that Cxcl12-creERpreferentially marks a quiescent subset of
CXCL12*LepR* BMSCs upon tamoxifen injection, which are exclu-
sively located in a perisinusoidal space of the central bone mar-
row. Interestingly, these Cxcl12-creER* cells possess a pre-adipocyte-
like state akin to Adipo-CAR cells with little colony-forming activ-
ities. These Cxcl12-creERT BMSCs are highly dormant and do not
contribute to cortical bone osteoblasts in physiological conditions.
However, in regenerative conditions, these Cxcl12-creER* BMSCs
are actively recruited to the injury site and robustly differentiate
into osteoblasts and osteocytes to repair the cortical bone defect
in regenerative conditions. Therefore, a highly quiescent subset of
CXCL12*LepR* BMSCs in the central bone marrow, which normally
function as marrow fat precursor cells, can be activated in response to
injury and robustly contribute to cortical bone regeneration.

The important mechanistic question is how dormant marrow fat
precursor cells can be enlisted for bone regeneration. To address this,
we further performed combined lineage-tracing and single-cell RNA-
seq analyses during injury responses. Cxcl12-creER* BMSCs trans-
formed their identities into skeletal stem-like cells in response to injury,
which represented an intermediate state between osteoblasts and
marrow pre-adipocytes. These intermediate-state stem cell-like cells
possessed robust colony-forming activities, and orderly differentiated
into mature osteoblasts to fill the bone defect. Further, this transfor-
mative process was regulated by canonical Wnt signaling. Therefore,
the quiescent fat precursor-like subset of CXCL12*LepR* BMSCs can
de-differentiate into skeletal stem cell-like cells in response to injury,
and re-differentiate into osteoblasts to facilitate bone regeneration,
in a manner mediated by canonical Wnt signaling. These findings shed
light on the unexpected roles of non-skeletal stem cells, indicating the

potential role of cellular plasticity in bone regeneration (Figure 3).

Stem and mature cells contribute cooperatively to
bone regeneration

These findings raise a new hypothesis that so-called “skeletal stem
cells (SSCs)” can be newly generated under regenerative conditions
when the demand for cytogenesis is particularly elevated, supporting
the presumptive role of cellular plasticity in bone regeneration. The
next important question is whether this plasticity is unique to mar-

row fat precursor cells, or it also occurs to other mature skeletal cells
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FIGURE 3 AWnt-mediated transformation of bone marrow stromal cell identity coordinates cortical bone regeneration. The quiescent fat
precursor-like subset of CXCL12*LepR* BMSCs can de-differentiate into skeletal stem cell-like cells in reponse to injury, and re-differentiate into
osteoblasts to facilitate bone regeneration, in a manner mediated by canonical Wnt signaling

abundantly present in the milieu, such as osteoblasts or their immedi-
ate precursor cells. To address this question, we closely examined our
model for cortical bone regeneration and defined the relative contri-
bution of various mature skeletal cell populations, by utilizing multi-
ple tamoxifen-inducible creER' lines that are active in these mature
cell types, namely Cxcl12-creER for marrow fat precursor cells, and Osx-
creER for osteoblasts and their precursor cells.

As a quantitative model to define the relative contribution of vari-
ous cell populations to bone regeneration, we employed the drill-hole
injury model. In this model, a hole with the standardized size (typi-
cally up to 1 mm in diameter) is created in the cortical bone using a
bur or a drill bit, in a standardized position of the long bone. The drill
hole is typically created unilaterally in the diaphysis (the middle shaft
of long bones) to disrupt the endocortical surface. The drill-hole corti-
cal defect is exclusively repaired by BMSCs through the intramembra-
nous pathway, as the periosteum is completely removed from the surgi-
cal field.[5354] This mechanically stable drill-hole injury is an excellent
model to interrogate regenerative potentials of BMSCs, together with
a bone marrow ablation surgery that induces direct differentiation of
BMSCs into osteoblasts within the bone marrow.!55! The injured area
of the cortical bone can be easily identified by standard histology, and
the total number of osteocytes present in the regenerated portion of
the cortical bone serves as the denominator to lineage-traced osteo-
cytes to determine the contribution of each cell type to cortical bone
repair.

First, we defined the contribution of quiescent pre-adipocyte-like
Cxcl12-creER* cells to osteocytes in the regenerated portion of the
cortical bone after 8 weeks of injury. These cells contributed to approx-
imately 40% of osteocytes in the regenerated portion of the cortical
bone. This number is substantial, and indicates that these dormant
marrow fat precursor cells are indeed functionally important contribu-
tors to cortical bone repair; this conclusion is further supported by the
additional functional assay that deletion of canonical Wnt signaling in
these cells leads to insufficiencies in cortical bone repair. However, this
number also points to another important fact that the remaining 60%
of osteocytes in the regenerated portion of the cortical bone are not
derived from Cxcl12-creER* BMSCs.

Second, we defined the contribution of Osx-creER* osteoblast pre-
cursor cells to osteocytes in the regenerated portion of the corti-
cal bone after 8 weeks of injury. These cells provide a particularly
important cellular source during bone development;[3856] however,
these cells essentially lose their potential and its expression becomes
more restrictive to mature osteoblasts in adulthood. Indeed, Osx-creER
marks the vast majority of mature osteoblasts on the bone surface
and osteocytes embedded in the bone matrix. Osx-creER* cells con-
tributed to approximately 12% of osteocytes in the regenerated por-
tion of the cortical bone, indicating that these cells retain their ability to
participate in cortical bone repair in adulthood particularly in response
toinjury.

The findings from lineage-tracing studies of Cxcl12-creER and Osx-
creER raise another important question; that is, what is the source of
the remaining 48% of osteocytes in the regenerated portion of the cor-
tical bone? There are several potential sources that account for the
remaining osteocytes of the regenerated cortical bone. The first poten-
tial source is other non-pre-adipocyte subsets of CXCL12*LepR*
BMSCs, including those pre-osteoblast-like cells termed as Osteo-CAR
cells. These cells abundantly express pre-osteoblast markers such as
alkaline phosphatase (Alpl) and periostin (Postn), therefore primed to pro-
vide a rapid source of osteoblasts under regenerative conditions. The
second potential source is other immature BMSCs that do not express
CXCL12or LepR. The identities of these BMSCs that may encompass
bona fide SSCs have not yet been clearly identified, or are part of a sep-
arate heterogeneously labeled population such as byMx1-cre,l43] Gli1-
creER!2] orPrrx1-cre.35] The third potential source is other mature
skeletal cells that are not marrow pre-adipocyte-like cells or osteoblast
on the bone surface. The emerging concept is that cells that originate
from multiple cellular sources collectively participate in bone regener-
ation under emergencies of bone injuries. How these cellular sources
differentially contribute to bone regeneration will need to be clarified
with novel cell type-specific inducible genetic tools in future studies.

As discussed above, we identified that dormant pre-adipocyte-like
Cxcl12-creERT BMSCs can transform their identities to skeletal stem
cell-like cells in response to injury. The important question is whether

this transformative capacity is unique to pre-adipocyte-like cells. It
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FIGURE 4 Cooperative contribution of stem and mature cells to
bone regeneration. Various types of skeletal cells in bone marrow
contribute to cortical bone regeneration. Cxcl12-creER* Adipo-CAR
cell contribute to 40%, whereas Osx-creER osteoblast precursors
contribute to 12% of osteocytes in the regenerated bone. Other cell
types, including Osteo-CAR cells, SSCs and others cell with unknown
identities, may contribute to the remaining osteocytes of the
regenerated bone

remains to be defined whether Osx-creER* cells can revert back to
intermediate-state skeletal stem cell-like cells, or directly differenti-
ate into osteoblasts in the process of cortical bone regeneration. It is
interesting to speculate that bone regeneration utilizes multiple modes
of cellular plasticity, wherein at least part of “skeletal stem cells” rep-
resent transient intermediate-state cells between the cycle of “de-
differentiation” and “re-differentiation.” Whether there is a genuinely
self-renewing skeletal cell population within highly diverse BMSCs
remains to be clarified in vivo(Figure 4). The important caveat is that
direct evidence demonstrating direct conversion of “mature” skele-
tal cells to stem cell-like cells is still lacking in the current studies. It
would be important in future studies to take advantage of more rigor-
ous approaches at a single-cell level, such as intravital imaging, to test

this hypothesis.

Canonical Wnt signaling pathways play important
roles in skeletal cell lineage plasticity

As discussed above, canonical Wnt signaling plays an important func-
tional role in directing dormant pre-adipocyte-like BMSCs to the
regenerative process, through converting these cells to a transient
stem cell-like state. Indeed, canonical Wnt signaling has been widely
recognized as an important pathway that critically regulates bone
development and regeneration.!7-591 Transcriptional activation of
canonical Wnt signaling pathways in cells of the skeletal lineage highly
depends on the differentiation stage, indicating the context-dependent
role of canonical Wnt signaling in vivo.[¢061] We found that inactiva-
tion of canonical Wnt signaling in either Cxcl12-creER* pre-adipocyte-
like BMSCs or DIx5-creER™ osteoblast precursors led to insufficien-

cies in cortical bone regeneration; therefore, canonical Wnt signaling

has a unanimous role in promoting bone regeneration across differ-
ent cellular subsets of the skeletal lineage. Transcription factors Sox9
and Runx2 cooperatively regulate commitment to the osteoblast lin-
eage in a manner regulated by canonical Wnt signaling during skeletal
development.[57:58] |nterestingly, this canonical Wnt-mediated cellu-
lar plasticity of quiescent Cxcl12-creER*BMSCs does not seem to be
mediated by Sox9 or Runx2 function, underscoring the fundamental
difference between canonical Wnt-regulated bone development and
regeneration. In other major slow turnover organs such as in the liver,
canonical Wnt signaling plays important roles in regulating the plastic-
ity of mature cells both in homeostasis and regeneration.[62] Therefore,
activation of canonical Wnt signaling may be a common mechanism in

inducing lineage plasticity across many slow turnover organs.

CONCLUSIONS AND PROSPECTS

Here, we have argued that skeletal cell lineage plasticity serves as
an important mechanism for bone regeneration, during which mature
skeletal cells, including dormant pre-adipocyte-like marrow stromal
cells and osteoblast precursor cells are mobilized to the injury site
together with other stem and progenitor cells, and collectively partici-
pate in regeneration. The recent in vivo lineage-tracing studies call for
a revision on the prevailing skeletal stem cell-centric model of bone
regeneration, to a more diversified model in which multiple classes
of mature cells are involved for the regenerative process. It is cur-
rently unclear what is the relative contribution of cellular plasticity
and stem cell recruitment; however, it appears that cellular plasticity
may provide more than 50% of cells participating in regeneration under
some settings. Cellular plasticity plays major roles in tissue regener-
ation across other organs, not only in relatively fast turnover organs
such as the skin and the intestine,[12] but also in slow turnover organs
such as the liver and the pancreas.’8! The common scheme is that
lineage-restricted cells such as unipotent progenitors or differenti-
ated cells revert to a stem cell-like state during injury responses to
ensure proper tissue regeneration. Bones also appear to employ this
mechanism to ensure that tissue regeneration occurs at a proper time
and place. Current evidence on bone regeneration is only limited to
BMSCs to repair a relatively small cortical bone defect; the remain-
ing question is whether this process of skeletal lineage plasticity also
occurs to periosteal cells to repair amuch larger bone defect associated
with complete bone fractures. This would require additional cell type-
specific inducible genetic tools that allow interrogating the behav-
iors and functions of various mature cellular subsets of skeletal cells.
Exploiting mature skeletal cells as a cellular source for “autotherapies”

of bone defects represents an opportunity for regenerative medicine.
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