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Abstract (1

Abstract (

n

ing concept is that quiescent mature skeletal cells provide an importantcellular
source fi

cells are s03nsible for the remarkable regenerative capacity of adult bones. However, recent

neration. It has long been considered that a small number of resident skeletal stem

{

in vivolineage-tracihg studies suggest that all stages of skeletal lineage cells, including dormant pre-

adipocyte-like al cells in the marrow, osteoblast precursor cells on the bone surface and other

anitor cells, are concomitantly recruited to the injury site and collectively participate in

regeneration o 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
cellsin response to injury.These highly malleable, long-living mature skeletal cells, readily available
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throughout postnatal life,might represent an ideal cellular resource that can be exploited for

regenerative medicine.

T

IntroductiO 0)

Bonespehanacterized by strong and rigid structures owing to mineralized matrix, are
surprisinngle organs that can maintain their structures throughout life. The primary functions
of bonesin pFbtedling vital organs and achieving locomotion render these tissuesparticularly
susceptiblewss degrees ofdamage, ranging in severity from microfractures to fractures that
completelyds issue continuity.Most small and mechanically stable fractures heal
byintrame\m bone formation, whereas large and unstable fractures alsoinvolve endochondral
bone form hich fibrocartilages and soft callusare newly generated near the fracture site to
bridge bon ts.l'-*ITherefore, bonesrepair these damages withexcellentinherent capabilities for
regeneratiot:d regenerative capabilities due to aging or other systemic conditions cause

delayed uni@n or non-union of bone fractures”™ *and are associated with the increased mortality risk;"

%I therefore, anding the mechanism of bone regeneration has significant impact on human

structure

Boneregeneration requires highly coordinated processes of mobilization, proliferation, and
differentialﬁn of skeletal cellsto allow deposition of mineralized matrix at the injury site. It is

generally considered that stem cells of the skeletal lineage termed skeletal stem cells (SSCs) are

primarily r @ e 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

roles in grdfvth, homeostasis and regeneration of bone tissues.*'The prevailing idea is that SSCs stand

at the pinnacle of the skeletal lineage, which has been largely extrapolated from other well-studied

*BlHowever, the challenge to this

somatic stof cells such as hematopoietic and epithelial stem cells.!
idea is thatﬁnt retrospective approach for identifying SSCs does not permittounambiguously
define the 1 entity of these stem cells. In addition, the property and the function of SSCs are
highlyvari oss different compartments, without any single master stem cells universally
contribu 11 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

[8, 14-17

distinct functionality. ITherefore, roles that stem cells play in bone regeneration remain largely

speculative; their roles may be highly context-dependent.
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Robust regenerative potential does not necessarily mandate the maintenance of a small
population of tissue-specific stem cells throughout postnatal life, particularly in organs with marked
slow turnoir.The' are alternative ways to generate functionally mature cells necessary for

regenerationdeeexample, the liver and the pancreas possess high regenerative capacity without any

discernablg @ on of tissue-specific stem cells; these organs primarily depend on mature cells for

tissue maintenance in homeostasis and regeneration in response to injury."®! The biological process by
I

which mat!e 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."”

In thi , we discuss the relative contribution of skeletal stem cells and mature skeletal

cell populmone regeneration. We argue that lineage plasticity of mature skeletal cells is an
a

important m underpinning bone regeneration, in a way much similar to other major slow
turnover oﬁs intriguing to speculate that at least part of skeletal stem cells representstransient

intermedia iies along the trajectory from one differentiated cell type to another(Figure 1).

Main text m

1. Skeleta:§lls: what are their in vivo correlates?

cells (SSCs) are generally considered to play important roles in growth,
homeostasis and regeneration of bone tissues. SSCs are primarily defined by their in vitro functions,
as self—ren&ing cells withthe “trilineage” potential to differentiate into chondrocytes,osteoblasts and

adipocytes inggmtured conditions, as well as with the ability to establish bone and bone

marrowass @ 7ith marrow stromal cells after heterotopic transplantation. An in vitro colony
1broblast (CFU-F) assay and the subsequent transplantation assay have long served as a
gold stand

discovery t at bulk

bone marrow after transplantationinto immunodeficient mice.

d to define SSCs. The concept of SSCs was originally developed in 1960s, based on the
or plastic-adherent bone marrow cells can establish ossicles containing bone and
(20221 Decades later, the definition of

SSCs was substanfially sophisticated usingcell surface markers that are used to isolate these

clonogenic uorescence activated cell sorting (FACS). This approach was initially applied to
the huma arrow using CD146 as a marker to identifySSCs among perivascular stromal
cells.””? er identified that CD51 (aV integrin) PDGFRa." cells represent a small subset of

CD146" cells with even more enriched colony-forming activities.**In the mouse bone marrow, non-
hematopoietic non-endothelial PDGFRa"Scal cells,” CD73" cells,** > CD271" cells?*>" and
CD106" cells”™ have been identified to behighly enriched for SSCs. In recent years, this cell surface

marker-based approach has been applied to isolate SSCs from other skeletal compartments, such as
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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™;
they subsequently i8olated “human SSCs”from the fetal human growth plate as defined by
PDPN'CD l 46.CD73°CD164" non-hematopoietic mesenchymal cells.”*'Periosteal stem cells (PSCs)

were isola e periosteum using the same panel of markers as mouse SSCs.!"%Further, highly

clonogenic cells with greater growth and differentiation capacity than bone marrow SSCs were
H I

isolated frofin the periosteum, as defined by Scal 'CD29" cells.? Therefore, these lines of studies lend

credence to

compartme

he hypothesis that a small population of highly clonogenic SSCs present in each bone
mportant roles in tissue maintenance in homeostasis and regeneration in response

to injury.

Almtremely powerful, these widely used ex vivo assays for SSCs have inevitable
limitations, ese “stem cells” can be evaluated only in artificial exogenous conditions after
cell isolatiﬁl
these types, s. In fact, hematopoietic stem cells (HSCs) have been stringently defined by a
defined pam

hese stem cells behave in their native environments cannot be concluded from

surface markers and subsequent transplantation assays for several decades;
however, mstudy demonstrates that these HSCs contribute little to native hematopoiesis

under unpegtur onditions."“Moreover, cell populations identified by sets of markers are always
compo eneous cell populations, presumably including not only highly clonogenic “stem
cells”, but a st some of their descendants including terminally differentiated cells. In addition,
these s” 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
maintainedsver the course of regeneration. Therefore, in vivo correlates of SSCs identified by above-

mentioned ce markers remain largely unclarified. It requires cautions to extrapolate these

transplanta @ d findings to the native process of bone regeneration.

2.In vi£acing analysis: approaches to testing the stem cell hypothesisin bone

regenet’“

The widelygaccepted method to interrogate cell fates and functions of stem cells in their

native environments is in vivo lineage-tracing experiments using transgenic mice. This approach

s the cre-loxP technology to permanently mark cells of interest using a double
transgenic Figure 2). Crerecombinase is expressed in a promoter-specified mannerin 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 Rosa26 locus; the “STOP”
sequences, composed of multiple sequences directing the addition ofpolyA sequences and translation

termination codons in all three readingframes, are flanked by loxP sitesto halt continued transcription
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and translation of reporter genes. When cre recombinase removes the “STOP” sequences, the reporter
gene becomes expressed under the direction of a ubiquitously active promoter, such as the CAG
promoter. }l a mo’ﬁed “inducible” version, the crerecombinase is covalently bound to the ligand-

binding domaiasef the estrogen receptor (creER") that has been mutated so that tamoxifen, but not

estradiol,cd @ d change its tertiary structure. Translocation of the creER™ complexto the
nucleus -is deBendent on the presence of 4-hydroxy-tamoxifen (4-OHT),which is an active form of
tamoxifen SOduced after being metabolized in theliver. Therefore, in the creER™ system, tamoxifen

administration can temporarilyactivate cre-loxP recombination only for 24—48 hours until 4-OHT is

cleared aw@y fromJthe cell. Recombination in the reporter locus is irreversible;therefore, the reporter
gene is continually expressed in the targeted cell andits descendants, even after the promoter that
droveexpra§si re recombinase becomes no longer active.Several different versions of the
modified orter locus (“R26R”) areavailable, including R26R-LacZ (encoding [3-
galactosidase), R2@R-YF'P (yellowfluorescent protein), R26R-tdTomato (encoding tandem dimer of
redfluorescent protein, DsRed), and R26R-Confetti. These reporter alleles have different sensitivity to
cre-loxP re@ombination. The Confetti locus encodes fourdifferent fluorescent proteins (nuclear GFP,
YFP, tdTomato and CFP [cyanfluorescent protein]), in which one of them becomes stochastically

expressedugon oxP recombination.The in vivo lineage-tracing approach has been applied to

defineprogenitor®descendant relationships in the native environment in essentially all organs in mice.

Todra ngful conclusions from these experiments, it is essential to identify promoters that are
active only i w array of desirable cell types, and ideally, promoters without anyactivity in
descen

In ;cent years, this lineage-tracing approach has been applied to reveal the behaviors and

downstream 8tal progenitor cell populations. However, heterogeneity of cell populations marked

by the profer:eniancers of the given genes complicates overall interpretationof the findings, in a

manner

10, 37-44

functions o tissue growth, homeostasis and regeneration.| IThese genetic studies have

provided i insights into the fundamental characteristics of SSCs and their potentially

ose “stem cells” identified by a set of cell surface markers. Cells identified by
most of “ transgenic lines referenced above assumingly involve not only “stem cells”, but
also at leas heir descendants including those already terminally differentiated. Whether it is
stem cells mwnstream progeny that robustly participate in the given process cannot be

conclusively ined.

Oni skeletal stem cell populations that are clearlymaintained in a defined anatomical
location is PTHrP" cells, which are exclusively localized to the resting zone of the postnatal growth

[14

plate."” These 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
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high sequential manner.''* ! Another example is Mx1"aSMA" periosteal stem cells (P-SSCs) that are
defined from their downstream progeny in a defined anatomical location of the periosteum.**! Despite
these advarmices, spgtific anatomical locations housing SSC populations have not been largely
identified yetdedTherefore, the behaviors and functions of stem cells in a majority of skeletal
compartme easily discerned due to the absence of “stem cell-specific” inducible genetic
tools, particularlx in the highly crowded skeletal tissues such as the bone marrow and the periosteum.

llneage -tracing approach has not yet been extensivelyapplied to study the process

ofbone frammg, primarily due to lack of highly cell type-specific inducible genetic tools.

Some studi ning the function of potential skeletal stem cell populations rely ona

“constituti > version of cre recombinases, such as Prrx/ -cre® and Ctsk-cre!'® for the

S

periosteum; R-cret*® for the bone marrow.The fundamental difference between“constitutively

active” cre ucible” creERrequires close attention;unlike the latter, the former induces

Li

recombinati ever the promoterbecomes active, therefore there is no temporal factor that

controls cr s. If that promoterbecomes active in other cell types at a late phase during lineage

df

developme ssible relationships between the different cell types marked by areporter gene

cannot be . Therefore, the contribution of native stem cells to inherent bone regeneration
remains la nclusive, as roles that putative stem cells play in the process of bone regeneration
cannot y defined based on the current sets of toolkits.

I\/E

3. Unexpected roles of dormant marrow fat precursor cells in bone regeneration

skeletal lineageat various stages of differentiation can be classified by a well-

T

described s ker genes. Importantly, cells at each defined stagestill demonstrate
substantial¢ @ eterogeneity and functional diversity.The prime example is bone marrow stromal

cells (BMS ich are undifferentiated mesenchymal cells residing in a perisinusoidal space of the

h

bone marrofy. BMSCs express important hematopoiesis-supporting cytokines such as C-X-C motif
chemokinegl 2 (C L12, also known as stromal cell-derived factor 1, SDF1)"*” and stem cell factor
(SCF, also own as KIT ligand).**In addition, BMSCs also express leptin receptor (LepR), a
receptor forfaElﬁc hormone leptin. As a result, some of the BMSCs are termed as

CXCLI12"LepR cells.*''Lineage-tracing studiesrevealed that CXCL12"LepR” BMSCsprovide a long-
lasting
fibroblasts
skeletal stem cells within CXCL12 LepR" BMSCs. Recent single-cell RNA-sequencing studies

osteoblasts in physiological conditions, while encompassing all colony forming-unit

);1#1- %] these findings support the idea that there exists a small population of

revealed the substantial cellular heterogeneity within BMSCs in general,'**'! and, more specifically,
CXCL12-abudant reticular (CAR) cells.""”'In fact, CAR cells are composed of two major groups of

pre-adipocyte-like “Adipo-CAR” cells and pre-osteoblast-like “Osteo-CAR” cells.'"” ** Therefore,
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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

precursWations, in addition to a population of putative “stem cells” with unknown

identities.
Tth question is whether each cellular subset of CXCL12 LepR" BMSCs

possess&8 ¥ gWAhique function in physiological and regenerative conditions. Our recent in vivo
lineage-tra sing a Cxcl12-creER transgenic line shed light on the unique functionality of a

specific sum\/lSCs.m]Importantly, we found that Cxcll2-creERpreferentially marks a

quiescent s CXCL12'LepR" BMSCs upon tamoxifen injection, which are exclusively located

in a perisi i ace of the central bone marrow. Interestingly, these Cxcl12-creER "cells possess
a pre—adipmpstate akin to Adipo-CAR cells with little colony-forming activities. These
Cxcll12-cr Cs are highly dormant and do not contribute to cortical bone osteoblasts in
physiologi‘iﬂS

actively remthe injury siteand robustly differentiate into osteoblasts and osteocytes to repair

ions. However,in regenerative conditions, these Cxcl12-creER"” BMSCs are
the cortica ect in regenerative conditions. Therefore, a highly quiescent subset of
CXCL12" SCs in the central bone marrow, which normally function asmarrow fat precursor

cells, can d in response to injury and robustly contribute to cortical bone regeneration.

ortant mechanistic question is how dormant marrow fat precursor cells can be
enlisted for eneration.To address this, we further performed combined lineage-tracing and
single- analyses during injury responses. Cxcl12-creER™ BMSCs transformed their
identities intoskeletal stem-like cells in response to injury, which represented an intermediate state
olony-forming activities, and orderly differentiated into mature osteoblasts to fill

possessed 1

the bone dd
Therefoﬁcent fat precursor-like subset of CXCL12 LepR" BMSCs can de-differentiate into
stetu cell-li

between osm and marrow pre-adipocytes. These intermediate-state stem cell-like cells
o i
@ her, this transformative process was regulated by canonical Wnt signaling.

skeletal like cells in response to injury, and re-differentiate into osteoblasts to facilitate bone
regenerati;, ina sanner mediated by canonical Wnt signaling. These findings shed light on the

unexpectedroles of non-skeletal stem cells, indicating the potential role of cellular plasticity in bone

regeneration(Figus 3).

4. Stemﬁe cellscontribute 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
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important question is whether this plasticity is unique to marrow fat precursor cells, or it also occurs
to other mature skeletal cells abundantly present in the milieu, such as osteoblasts or their immediate
precursor qlls. dedress this question, we closely examined our model for cortical bone

regeneration aaehdefined the relative contribution of various mature skeletal cell populations, by

utilizing mf @ oxifen-inducible creER™ lines that are active in these mature cell types, namely

Cxcli2-creER for marrow fat precursor cells, andOsx-creER for osteoblasts and their precursor cells.
H I

Ashative model to define the relative contribution of various cell populations to bone

regeneratioffy we oployed the drill-hole injury model.In this model, a hole with the standardized size
(typically u in diameter) is created in the cortical bone using a bur or a drill bit, in a
standardiz

(the middl

n of the long bone. The drill hole is typically createdunilaterallyin the diaphysis

S

ft@f long bones) to disrupt the endocortical surface. The drill-hole cortical defect is

exclusivel by BMSCs through the intramembranous pathway, as the periosteum is

U

completel from the surgical field."> >*! This mechanically stable drill-hole injury is an

excellent terrogate regenerative potentials of BMSCs, together with a bone marrow

ablation su t induces direct differentiation of BMSCs into osteoblasts within the bone

N

[55]

marrow. mgired arca of the cortical bone can be easily identified by standard histology, and the
total numbg&k o ocytes present in the regenerated portion of the cortical bone serves as the
denomi ge-traced osteocytes to determine the contribution of each cell type to cortical

bone repair.

M

] fined 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

contribute ximately 40% of osteocytes in the regenerated portion of the cortical bone. This

1

number is s ial, and indicates that these dormant marrow fat precursor cells are indeed

functionall @gant contributors to cortical bone repair; this conclusion is further supported by the

additional fi 1 assay that deletion of canonical Wnt signaling in these cells leads to

insufficien@ies in cortical bone repair. However, this number also points to another important factthat

A

the remainiag 60%of osteocytes in the regenerated portion of the cortical bone are not derived from

Cxcl12-creER" BMSCs.

Ut

defined the contribution of Osx-creER" osteoblast precursor cells to osteocytes in

the regenerat ion of the cortical bone after 8 weeks of injury. These cells provide a particularly
r source during bone development;”® ** however, these cells essentially lose their

potential and its ¢XPpression 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 contributed to approximately 12% of osteocytes in the regenerated
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portion of the cortical bone, indicating that these cells retain their ability to participate in cortical bone

repair in adulthood particularly in response to injury.

Ms from lineage-tracing studies of Cxcli2-creER and Osx-creER raise another
important is, what is the source of the remaining 48% of osteocytes in the regenerated
portion of ti one? There are several potential sources that account for the remaining
osteocyt®s BFHEFELenerated cortical bone. The first potential source is other non-pre-adipocyte
subsets of  LepR" BMSCs, including those pre-osteoblast-like cells termed as Osteo-CAR
cells. Thes@undantly express pre-osteoblast markers such as alkaline phosphatase (Alpl) and

periostin ( erefore primed to provide a rapid source of osteoblasts under regenerative
conditions. nd potential source is other immature BMSCs that do not express CXCL12or

LepR. The tigi€s of these BMSCs that may encompass bona fide SSCs have not yet been clearly

identified, of a separate heterogeneously labeled population such as byMx1-cre,*'Glil-
creER™ o .5 The third potential source is other mature skeletal cells that are not marrow
pre-adipoc ells or osteoblast on the bone surface. The emerging concept is that cells that
originate fiy iple cellular sources collectively participate in bone regeneration under
emergencieg e injuries. How these cellular sources differentially contribute to bone regeneration
will need ted with novel cell type-specific inducible genetic tools in future studies.

cussed above, we identified that dormant pre-adipocyte-like Cxcl12-creER” BMSCs
can transfor dentities to skeletal stem cell-like cells in response to injury. The important
questio this transformative capacity is unique to pre-adipocyte-like cells. It remains to be

defined whetherOsx-creER" cells can revert back to intermediate-state skeletal stem cell-like cells, or

directly di into osteoblasts in the process of cortical bone regeneration. It is interesting to

[

speculate thg ¢ regeneration utilizes multiple modes of cellular plasticity, wherein at least part of

ithin highly diverse BMSCsremains to be clarified in vivo(Figure 4).The important

“skeletal s ’ represent transient intermediate-state cells between the cycle of “de-
“re-differentiation”. Whether there is a genuinely self-renewing skeletal cell
population
caveat is that direcfgevidence demonstrating direct conversion of “mature” skeletal cells to stem cell-
like cellsi*lllacking in the current studies. It would be important in future studies to take
advantage of moreii gorous approaches at a single-cell level, such as intravital imaging, to test this

hypothesis.

<C

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

As discussed above, canonical Wnt signaling plays an important functional role in directing

dormant pre-adipocyte-like BMSCs to the regenerative process, through converting these cells to a
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transient stem cell-like state. Indeed, canonical Wnt signaling has been widely recognized as an
important pathway that critically regulates bone development and regeneration.””**'Transcriptional
activation i cano’c' al Wnt signaling pathways in cells of the skeletal lineage highly depends on the
differentiatiQasstage, indicating the context-dependent role of canonical Wnt signaling in vivo.!** ¢!

We found t

giivation of canonical Wnt signaling in either Cxcl12-creER " pre-adipocyte-like

BMSCs or DIx5-creER " osteoblast precursors led to insufficiencies in cortical bone regeneration;
I

therefore, d@nonical Wnt signaling has a unanimous role in promoting bone regeneration across

different cellylar subsets of the skeletal lineage. Transcription factors Sox9 and Runx2 cooperatively

to the osteoblast lineage in a manner regulated bycanonical Wnt signaling during
skeletal development.””** Interestingly, this canonical Wnt-mediated cellular plasticity of quiescent

Cxcll12-cr Cs does not seem to be mediated by Sox9 or Runx?2 function, underscoring the

fundament ce between canonical Wnt-regulated bone development and regeneration. In

other major slow over organs such as in the liver, canonical Wnt signaling plays important roles in

regulating the plasticity of mature cells both in homeostasis and regeneration.'*” Therefore, activation
of canonic! Whnt signaling may be a common mechanism in inducing lineage plasticity across many

slow turnover organs.

Conclusiomospects(299/300)
for bone regene
marro

stem and progenitor cells, and collectively participate in regeneration. The recent in vivo lineage-

ve argued that skeletal cell lineage plasticity serves as an important mechanism

n, during which mature skeletal cells, including dormant pre-adipocyte-like

s and osteoblast precursor cells are mobilized to the injury site together with other

tracing studies call for a revision on the prevailing skeletal stem cell-centric model of bone

a more diversified model in which multiple classes of mature cells are involved for

ess. It is currently unclear what is the relative contribution of cellular plasticity
recruitment; however, it appears that cellular plasticity may provide more than 50% of

cells particSating in regeneration under some settings.Cellular plasticity plays major roles in tissue

regener other organs, not only in relatively fast turnover organs such as the skin and the
intestinew in slow turnover organs such as the liver and the pancreas.!"®The common
scheme is t@e-restricted cells such as unipotent progenitors or differentiated cells revert to a
stem cell-li during injury responses to ensure proper tissue regeneration. Bones also appear to
employ thi nism to ensure that tissue regeneration occurs at a proper time and place. Current
evidenc e regeneration is only limited to BMSCs to repair a relatively small cortical bone
defect; the remaining question is whether this process of skeletal lineage plasticity also occurs to
periosteal cells to repair a much larger bone defect associated with complete bone fractures. This
would require additional cell type-specific inducible genetic tools that allow interrogating the

behaviors and functions of various mature cellular subsets of skeletal cells. Exploiting mature skeletal
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cells as a cellular source for “autotherapies” of bone defects represents an opportunity for regenerative

medicine.
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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 cells is a mechanism

underp 's regenerative capacity (right). Note that these two proposed madels are
not mutuade.
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which remgges 88§TOP" Sequences in the Rosa 26 reporter locus. As a result, the reporter gene
becomes pgrmanghtly 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
populatio
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FIGURE 3 A Wnt-mediated transformation of bone marrow stromal cell identity coordinates
cortical bone reg@neration. The quiescent fat precursor-like subset of CXCL12+*LepR* BMSCs can
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of osteocytes i e regenerated bone .Other cell types. including Osteo-CAR cells, SSCs and
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An emerging concept is that quiescent mature skeletal cells provide important cellular sources for
bone regeneration though lineage plasticity, by which these cells transform their identities into
skeletal stem cell-like cells in response to injury. These long-living mature skeletal cells available
through“ might be exploited for regenerative medicine.
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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 cells
is a mechanism underpinning bone’s regenerative capacity (right).
Note that these two proposed models are not mutually exclusive.
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Figure 2. CreER"-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 Rosa26 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.
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Plasticity: injury responses
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Figure 3. A Wnt-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 response to injury, and re-differentiate into osteoblasts to
facilitate bone regeneration, in a manner mediated by canonical Wnt signaling.
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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.
Cxcll2-creER" Adipo-CAR cells 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 cells with unknown identities, may
contribute to the remaining osteocytes of the regenerated bone.
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