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The mechanism of bone repair:
Stem cells in the periosteum
dedicated to bridging a large gap
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Bone repair requires the mobilization of stem cells from outer periosteum and inner bone marrow. A study by
Jeffery et al.1 shows that periosteal stem cells are dedicated to repairing a large defect and regenerating both
bone and marrow stroma.
Bone has an amazing capability for repair

after injury to restore its structure and

function. The process of bone repair is

orchestrated by stem cells in bone, gener-

ally termed skeletal stem/progenitor cells

(SSCs). These stem cells are mobilized

fromboth the outer periosteum and the in-

ner bone marrow in response to injury,

differentiate into bone-making osteo-

blasts, and deposit mineralized matrix at

the injury site. It has been recognized for

many decades that different types of in-

juries are repaired by different mecha-

nisms. Most small and mechanically sta-

ble fractures heal by intramembranous

bone formation, the process by which

the cells directly differentiate into bone-

making osteoblasts. In contrast, large

and unstable fractures heal by endochon-

dral bone formation, the two-step process

in which transient fibrocartilage is formed

at the fracture site (‘‘soft callus’’) that then

turn into bone (‘‘hard callus’’). It remains

largely unclear whether periosteal and

bone marrow stromal cells (BMSCs)

have distinct cell fates during bone repair.

The first insight into this important

question came from a fate mapping study

using a unicortical bone xenograft of

LacZ reportermice that was subsequently

fractured.2 This pioneering study demon-

strated that cells in the periosteum

become both chondrocytes and osteo-

blasts, while cells in the bonemarrow pre-

dominantly become osteoblasts, spark-

ing the interest in ‘‘periosteal stem

cells.’’ In subsequent years, several

studies applied more sophisticated ge-

netic fate-mapping/lineage-tracing ap-

proaches using cell-type-specific cre
This is an open access ar
and inducible creER lines to analyze peri-

osteal cell fates during bone repair.

Among those identified were cells ex-

pressing alpha smooth muscle actin

(aSMA-creER),3 Prrx1 (Prrx1-cre and

Prrx1-creER),4 and cathepsin K (Ctsk-

cre).5 Coupled with transplantation exper-

iments, these studies have collectively

supported the concept that periosteal

stem cells play important roles in

bone repair due to their robust self-

renewal and chondrogenic differentiation

potential.

However, a major limitation of the prior

research on periosteal stem cells is that

these genetic markers often mark BMSCs

as well. BMSCs marked by Lepr-cre rep-

resents a major source of osteoblasts in

adult bone marrow.6 LepR+ cells also ex-

press CXCL12 (LepR+CXCL12+ cells) and

are composed of pre-osteoblast-like and

pre-adipocyte-like cells. A quiescent

pre-adipocyte-like subset of CXCL12+

cells can also participate in bone repair.7

How periosteal and bone marrow SSCs

contribute differentially to bone repair

remains largely undefined due to overlap-

ping expression patterns of genetic

markers.

To address this critical gap in knowl-

edge, Jeffery et al.1 undertook a side-

by-side fate mapping of several cre and

creER lines/alleles that have been re-

ported to mark periosteal and/or bone

marrow SSCs. The authors tested as

many as 11 lines under steady-state con-

ditions and bone repair of adult bones.

Many of the results reported here are

worth close attention. The authors even

acknowledge that Lepr-cre, which the
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bone marrow SSCs, also marked a

sizable fraction of periosteal cells, there-

fore they could not use Lepr-cre to make

a distinction of the two SSCs. The authors

eventually identified Gli1-creER and Adi-

ponectin-cre as reasonable lines to mark

periosteal and bone marrow SSCs,

respectively. The authors found that Adi-

ponectin-cre marked almost the entire

population of Lepr-cre-marked BMSCs,

but not periosteal cells. Of note, BMSCs

marked by Adiponectin-cre/creER have

been previously reported as marrow adi-

pogenic lineage precursors (MALPs).8 In

contrast,Gli1-creERmarked 20% of peri-

osteal cells both in inner cambium and

outer fibrous layers but only 2% of

BMSCs. From this, the authors concluded

that Gli1-creER preferentially labels peri-

osteal SSCs. Under steady-state condi-

tions, adult cortical bone osteocytes

arose primarily from BMSCs marked by

Adiponectin-cre, but not from Gli1-

creER-marked periosteal cells. Therefore,

Gli1+ periosteal cells have distinctive cell

fates from those of Adipoq+ BMSCs in

normal conditions.

Subsequently, the authors applied two

different modes of bone injuries—drill

injury and bicortical fracture—to enlist

periosteal cells and BMSCs. Drill injuries

were primarily repaired by Adiponectin+

BMSCs, while bicortical fractures were

primarily repaired by Gli1+ periosteal cells

(Figure 1). Of note, Gli1+ cells have been

previously shown to produce chondro-

cytes and osteoblasts during fracture

healing.9 When Gli1+ cells were selec-

tively ablated by diphtheria toxin fragment
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Figure 1. Gli1+ periosteal skeletal stem cells for repairing large bone fractures
Under steady-state conditions or small injuries, new bone is made by Adiponectin+ cells in bone marrow.
Gli1+ periosteal cells are reserved for repairing extensive large bicortical fractures involving fibrocartilage
and produce Adipoq+ cells in bone marrow after healing. Created by BioRender.com.
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A (DTA) expression or when canonical

Wnt signaling was inactivated in Gli1+

cells, fracture healing was delayed. Gli1+

periosteal cells also regenerated bone

and bone marrow stroma after healing of

non-stabilized fractures. This is reminis-

cent of cells marked by Hoxa11-creER in

the developing zeugopod, which give

rise to LepR+ cells in adult bonemarrow.10

These findings led the authors to

conclude that different bone injuries are

repaired by different types of SSCs.

The Jeffery study is insightful and

opens a new chapter in skeletal stem

cell biology by challenging the way we

view the function of SSCs. However,

many important questions remain to be

answered by future studies. The first

question is what is the identity of perios-

teal cells that contribute to adult cortical

bone osteocytes under steady-state con-

ditions. It is possible that another popula-

tion of Gli1-negative periosteal SSCs are

destined to become osteoblasts under

steady-state conditions. Gli1+ cells are

likely to be not the sole type of periosteal

SSCs. The second question is why Gl1+

periosteal SSCs are normally quiescent

and reserved for repairing a large and un-

stable defect. It is interesting to speculate
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that Gli1+ SSCs represent reserve stem

cells. The third question is what happens

if the function of one SSC population is

lost. It is possible that these two types of

SSCs are interdependent. To answer

these questions, even more sophisticated

genetic approaches to simultaneously

mark two different cell types (by cre and

dre, for example) will be needed. Under-

standing the specific function of each

subclass of SSC is fundamentally impor-

tant to advance the field to decipher the

mechanism of bone repair.
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