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Significance

The periosteum is a major source 
of stem cells that contribute to 
cortical expansion during growth, 
cortical homeostasis in the adult 
skeleton, bone repair, and to the 
response to anabolic drugs. Local 
factors influencing the periosteal 
stem cell niche are still poorly 
understood. Here, we focus on a 
recently identified population of 
periosteal Ctsk-lineage stem cells 
and report the role of Sfrp4 in 
their function and response to 
anabolic drugs. The identification 
of signaling molecules regulating 
periosteal stem cell populations 
provides an outstanding 
opportunity to advance our 
understanding of the mechanisms 
governing periosteal stem cells 
and may help identifying specific 
therapeutic options for human 
diseases associated with bone 
fragility and impaired bone 
healing and bone regeneration.
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We have previously reported that the cortical bone thinning seen in mice lacking the 
Wnt signaling antagonist Sfrp4 is due in part to impaired periosteal apposition. The 
periosteum contains cells which function as a reservoir of stem cells and contribute to 
cortical bone expansion, homeostasis, and repair. However, the local or paracrine factors 
that govern stem cells within the periosteal niche remain elusive. Cathepsin K (Ctsk), 
together with additional stem cell surface markers, marks a subset of periosteal stem cells 
(PSCs) which possess self-renewal ability and inducible multipotency. Sfrp4 is expressed 
in periosteal Ctsk-lineage cells, and Sfrp4 global deletion decreases the pool of PSCs, 
impairs their clonal multipotency for differentiation into osteoblasts and chondrocytes 
and formation of bone organoids. Bulk RNA sequencing analysis of Ctsk-lineage PSCs 
demonstrated that Sfrp4 deletion down-regulates signaling pathways associated with 
skeletal development, positive regulation of bone mineralization, and wound healing. 
Supporting these findings, Sfrp4 deletion hampers the periosteal response to bone injury 
and impairs Ctsk-lineage periosteal cell recruitment. Ctsk-lineage PSCs express the 
PTH receptor and PTH treatment increases the % of PSCs, a response not seen in 
the absence of Sfrp4. Importantly, in the absence of Sfrp4, PTH-dependent increase 
in cortical thickness and periosteal bone formation is markedly impaired. Thus, this 
study provides insights into the regulation of a specific population of periosteal cells by a 
secreted local factor, and shows a central role for Sfrp4 in the regulation of Ctsk-lineage 
periosteal stem cell differentiation and function.

Cathepsin K-lineage periosteal stem cells | periosteum | Sfrp4 | PTH | bone repair

Secreted Frizzled Receptor Protein (Sfrp) 1 to 5 (in mammals) are secreted Wnt inhibitors 
essential for the development and homeostasis of several tissues and organs, including 
bone (1–6). Sfrps have an N-terminal cysteine-rich domain (CRD), which share 30 to 
50% homology with the CRD domain of the frizzled receptors, and a C-terminal netrin 
(NTR)-like domain (1, 2, 5, 6). Sfrps function as Wnt decoy receptors that can either 
bind Wnt ligands and prevent binding to their receptor/coreceptor complexes or form a 
nonfunctional complex with the CRD motif of the Frizzled receptors (2, 7). We were the 
first to report that loss of function mutations of the Wnt inhibitor Secreted Frizzled 
Receptor Protein 4 (SFRP4) lead to Pyle disease (OMIM-265900), a rare skeletal disorder 
with limb deformity characterized by wide metaphysis and cortical thinning and increased 
fragility fractures (8). Additionally, individuals with Pyle disease present with skull anom­
alies, characterized by increased diploe and thinner calvarial bone (8). The association 
between mutations in SFRP4 and Pyle diseases has been sequentially confirmed (9–11). 
Sfrp4 deletion in mice causes limb and calvarial deformities closely mimicking those seen 
in individuals with Pyle disease (8, 12, 13). Using Sfrp4−/− mice, we uncovered that in the 
long bones, Sfrp4 contributes to cortical bone homeostasis by regulating periosteal bone 
formation and endosteal remodeling (8, 14). We have shown that Sfrp4 regulation of the 
endosteal remodeling occurs mainly via local repression of noncanonical Wnt signaling 
(14); however, the exact mechanism(s) by which Sfrp4 deletion decreased periosteal bone 
formation is unknown.

The periosteum, which lines the external surface of cortical bone, contains a niche 
housing a distinct set of stem cells, osteoprogenitors, and osteoblasts that contribute to 
cortical expansion during growth, to cortical homeostasis in the adult skeleton, to the 
response to anabolic drugs, such as parathyroid hormone (PTH), and to injury repair 
(13, 15–24). Using lineage tracing methods, to trace Prx1+, aSma+, Gli1+, Sox9+, Col2+, 
and Lepr+ cells among others, recent studies have identified lineage-restricted periosteal 
embryonic and adult periosteal cells with multipotent differentiation ability and with an 
important role during cortical bone growth and repair, (15, 17–19, 25–30). While studies 
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to identify and characterize the periosteal stem cell niche are on 
the rise, our understanding of the paracrine and local factors 
involved in establishing and maintaining them as well as in influ­
encing their behavior is still evolving. Investigations into these 
regulatory factors might be of considerable help to identify specific 
drug targets that can increase periosteal bone formation. This 
would be important for the treatment of skeletal diseases, such as 

Pyle disease where cortical thickness is markedly impaired or severe 
osteoporosis where cortical fragility is present. To further under­
stand the cortical phenotype seen in Pyle disease, we asked the 
question of whether Sfrp4 might regulate cortical bone homeo­
stasis by influencing periosteal stem cells. Here, we focused on a 
subset of recently identified periosteal cells labeled by Cathepsin 
K (Ctsk). Although Ctsk is known as a pivotal lysosomal cysteine 

Fig. 1. Sfrp4 deletion impairs periosteal 
cell clonal potential and differentiation. (A) 
Representative images of Sfrp4 and Type I 
Collagen expression in the long bone peri-
osteum of wt mice detected by RNAscope 
(n = 3). (Scale bar, 20 µm.) (B) Representa-
tive images of CFU-F and CFU-OB assay and 
quantification of periosteal cells isolated 
from 4-wk-old wt and Sfrp4−/− mice. (C) Rep-
resentative images of ALP and Alizarin Red 
staining of periosteal cells isolated from wt 
and Sfrp4−/− mice. (n = 3, each point = 1 
mouse). All data are expressed as mean ± 
SEM. *P < 0.05 and ****P < 0.0001 by an 
unpaired Student t test.

Fig.  2. Sfrp4 deletion affects the % of Ctsk-lineage periosteal cell population. (A) Bulk RNAseq. Expression levels of Wnt signaling pathway components 
(GSE106235). (B) Gating details of flow cytometry. (C and D) Percentage of PSCs, PP1, and PP2 cells in 4-wk-old GFP+ and GFP+Sfrp4−/− male (C) and female (D) 
mice. (E) Gating details of flow cytometry. (F) Percentage of Thy1.2+ osteo-chondro progenitors in 4-wk-old GFP+ and Ctsk GFP+Sfrp4−/− male and female. (n = 5 
each point = 2 mice). All data: mean ± SEM, *P < 0.05 and **P < 0.01 by the Student t test.
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protease involved in bone resorption (31–33), Debnath et al., 
using Ctsk-Cre (CtskCre) mice with the mTmG reporter mouse, 
have found that in addition to the expected ability to label osteo­
clasts, CtskCre labels also a pool of periosteal mesenchymal cells 
(Ctsk+GFP+) but not endosteal mesenchyme (17). Using skeletal 
stem cell/progenitor surface markers (34–36), they demonstrated 
that Ctsk-lineage periosteal cells comprise three distinct periosteal 
mesenchymal subpopulations, all Lin−Thy1.2−6C3− GFP+:1) bona 
fide periosteal stem cells (PSCs) (CD105−CD200+), 2) non-stem 
periosteal progenitors 1 (PP1) (CD105-CD200-), and 3) non-stem 
periosteal progenitors 2 (PP2) (CD105+CD200variable) (17). 
Ctsk-lineage PSCs form bone via intramembranous ossification 
and contribute to fracture repair via endochondral bone formation. 
Hence, the exact nature of local factors and signaling cues regu­
lating these periosteal cells remains to be determined.

We searched the bulk RNA-Seq database generated by Debnath 
et al. (GSE106235) (17) for the expression of members of the Wnt 
signaling cascade in the distinct pools of periosteal stem cells/
progenitors. Not surprisingly, Ctsk-lineage PSCs, PP1, and PP2 
cells all express several components of the Wnt signaling machinery, 
although at different levels. Interestingly, we noted that Wnt com­
ponents classically associated with noncanonical Wnt cascades were 
generally strongly expressed in these cells. Most importantly, we 
found that Sfrp4 is expressed in periosteal Ctsk-lineage cells, prev­
alently in PP1 and PP2 cells suggesting, together with our findings 
of impaired periosteal formation in the absence of Sfrp4 (8), a poten­
tial role for Sfrp4 within these periosteal cell population.

To gain insight into the function of Sfrp4 in the regulation 
of the Ctsk-lineage periosteal stem/progenitor cell differentiation 
and function, we generated CtskCre;mTmG;wt (GFP+) and 
CtskCre;mTmG;Sfrp4−/− (GFP+;Sfrp4−/−) mice and investigated 
Ctsk+ (GFP+) labeled and GFP+;Sfrp4−/− periosteal cells. Our 
studies show a secreted factor, Sfrp4, with a function in a specific 
lineage of periosteal stem cells. Collectively, our data highlight the 
previously unknown role of Sfrp4 in the regulation of periosteal 
stem/progenitor cell lineage commitment, physiological func­
tion, and response to anabolic drugs, providing an opportunity  

to advance our understanding of the periosteum and potentially 
to specific therapeutic options for human diseases associated 
with cortical bone fragility.

Results

Sfrp4 Is Expressed in the Periosteum, and Its Deletion Impairs 
Periosteal Cell Osteogenic Differentiation. We first examined 
Sfrp4 expression in the long bone periosteum. As shown in Fig. 1A, 
Sfrp4 was detected in the inner periosteal cell layer adjacent to 
bone, which also expresses Type I Collagen, and it is known to host 
stem cells. To evaluate the role of Sfrp4 in the periosteum, periosteal 
cells were isolated from the whole periosteum of wt and Sfrp4−/− 
mice and their ability to form CFU-F and CFU-OB assessed. As 
shown in Fig. 1B, Sfrp4-deficient cells display a significant decrease 
in the number of CFU-F and CFU-OB colonies. Additionally, 
Sfrp4-deficient periosteal cells displayed a decrease in osteogenic 
differentiation as shown by a decrease in ALP and Alizarin Red 
staining (Fig. 1C). Confirming our previous findings of impaired 
periosteal formation in Sfrp4−/− mice (8), bone histomorphometry 
analysis shows that at 4 wk of age, Sfrp4 deletion leads to a significant 
decrease in periosteal mineralized surface (Ps. MS/BS), mineral 
apposition rate (Ps.MAR), bone formation rate (Ps.BFR/BS),  
and cortical thickness (SI Appendix, Fig. S1).

Sfrp4 Deletion Affects the Distribution of Ctsk-Lineage Perio­
steal Cells. Cells expressing Ctsk in the periosteum identify a popu­
lation of stem cells and non-stem progenitors (17). Because of our 
focus on Sfrp4 and Wnt signaling, we searched the bulk RNA-Seq 
database previously generated (17) for the expression of members 
of the Wnt signaling cascade in the distinct pools of Ctsk-lineage 
periosteal cells. Ctsk-lineage PSCs, PP1, and PP2 cells express several 
components of the Wnt signaling machinery, although at different 
levels (Fig. 2A) (17). Interestingly, we noted that Wnt components 
classically associated with noncanonical Wnt cascades, such as Wnt4, 
Wnt5a, Wnt5b, Wnt11, c-jun, and Ryk, were generally strongly 
expressed in these cells, while canonical ligands such as Wnt1 and 

Fig. 3. Sfrp4 deletion impairs Ctsk-lineage 
cell stemness and cell lineage restriction. 
(A) Schematic diagram of Ctsk-lineage PSC, 
PP1, and PP2 cells in-vitro expansion and 
resorting method. (B) Percentage of PSC, 
PP1, and PP2 cells and Thy1.2+ osteo/
chondro-lineage cells in single PSC, PP1, and  
PP2 cell colony after 7-d expansion from 
GFP and GFP+Sfrp4−/− mice. (n = 7 to 9)  
All data: mean ± SEM, *P < 0.05 and **P < 0.01  
***P < 0.005 by the Student t test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2312677120#supplementary-materials
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Wnt3a or downstream target genes such as Axin2, Dkk1, and Lef1 
were not (Fig. 2A). Most importantly, Sfrp4 is expressed in all Ctsk-
lineage periosteal cell populations and predominantly expressed in 
PP1 and PP2 cells (Fig.  2A). These findings support a potential 
crosstalk between Sfrp4 and noncanonical Wnt signaling which 
we have shown to be involved in the cortical phenotype seen in 
Sfrp4 null mice (8, 14). We therefore generated Ctskcre;mTmG;WT 
(GFP+) and Ctskcre;mTmG;Sfrp4−/− (GFP+Sfrp4−/−) mice and isolated 
PSCs, PP1, and PP2 cells from the long bones of GFP+ (Ctsk+) and 
GFP+Sfrp4−/−mice using multicolor flow cytometry and a panel of 
cell surface markers previously used (17). Flow cytometry analysis 
showed that Sfrp4 global deletion leads to a significant decrease in the 
relative % of PSCs, while markedly increasing the relative % of PP2 
cells in both male and female mice (Fig. 2 B–D). A similar phenotype 
was also seen in Ctsk-lineage PSCs, PP1, and PP2 cells isolated 
from calvaria of GFP+ (Ctsk+) and GFP+Sfrp4−/−mice (SI Appendix, 
Fig.  S2). Importantly, we found that the % of Lin-Thy1.2+C63-

GFP+ defined as Thy1.2+osteo-chondro progenitor cells (34) was 
significantly decreased in the periosteum isolated from GFP+Sfrp4−/− 
mice (Fig. 2 E and F). Thus, altogether, these studies suggested that 
Sfrp4 global deletion decreased the pool of Ctsk-lineage PSCs and 
favored their transition into PP2 progenitors, while blocking their 
progression into Thy1.2+osteo-chondro progenitors.

Sfrp4 Influences the Pool of Ctsk-Lineage PSCs and Their 
Differentiation. Ctsk-lineage PSCs sit at the apex of a differentiation 
hierarchy and give rise to themselves (self-renewal) and to their 
progeny, PP1 and PP2 cells (17). To test whether Sfrp4 deletion 

influences Ctsk-lineage differentiation hierarchy, we carried out a 
round of sequential cell fractionation based on cell surface markers 
and flow cytometry in which PSCs, PP1, and PP2 cells were sorted 
from GFP+ and GFP+Sfrp4−/− mice, plated and cultured. After 7 d 
in culture, at least 10 single colonies were isolated from PSC, PP1, 
or PP2 cell culture, recultured for another 7 d, and reanalyzed by 
flow cytometry (Fig. 3A). Sfrp4 deletion significantly impaired the 
ability of PSCs to give rise to PSCs and PP1 cells while favoring their 
progression into PP2 non-stem progenitors (Fig. 3B). Confirming 
our previous data (Fig. 2), Sfrp4 deleted PSCs present with impaired 
ability to give rise to Thy1.2+ osteo-chondroprogenitors (Fig. 3B). 
Confirming previous findings and demonstrating that in vitro assays 
can be used to generate differentiation hierarchies that parallel in vivo 
organoid-based assays, PP1 and PP2 cell populations, did not give 
rise to PSC (17) (Fig. 3B). While Sfrp4 deletion did not impair PP1 
and PP2 cell ability to give rise to themselves, it impaired their ability 
to differentiate into Thy1.2+ osteo-chondroprogenitors (Fig. 3B). 
These data suggest that while Sfrp4 deletion depletes the PSC pool 
and favors their transition to non-stem progenitors, it significantly 
impairs their transition to the Thy1.2+ osteo-chondro lineage. In 
addition, given that these studies were carried out with Ctsk-lineage 
sorted cells, our findings suggest cell-autonomous effects of Sfrp4 on 
the composition of the pool of Ctsk-lineage periosteal cells.

Sfrp4 Deletion Alters Ctsk-Lineage PSC, PP1, and PP2 Cell 
Multipotency. We next explored whether Sfrp4 deletion impaired 
in vitro clonal differentiation capacity of Ctsk-lineage periosteal 
cells. While no significant differences were seen in the ability of 

Fig. 4. Sfrp4 deletion impairs Ctsk-lineage periosteal cell function. (A–D) Representative images and quantification of CFU-F (A), CFU-OB (B), CFU-Chondro (C), and 
CFU-Adipo (D) assays from PSC, PP1, and PP2 cells. All data are expressed as mean ± SEM. *P < 0.05 and **P < 0.01 by the Student t test (n = 4 to 8, 1 point = 2 
mice). (E) Representative images and quantification of the Von Kossa staining area for the in vivo kidney transplantation assay. (Scale bar, 100 µm.) All data are 
expressed as mean ± SEM. *P < 0.05 and ***P < 0.001 by the Student t test.
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Sfrp4-deficient cells to form CFU-F, the number of CFU-OB 
colonies formed by GFP+Sfrp4−/− PSCs, PP1, and PP2 cells was 
significantly lower compared to those formed by their GFP+ 
counterparts (Fig. 4 A and B). In vitro chondrogenic differentiation 
of GFP+Sfrp4−/− PSCs, PP1, and PP2 cells was also markedly 
decreased compared to that of GFP+ PSCs, PP1, and PP2 cells 
(Fig. 4C). Conversely in vitro adipogenic colony formation was 
significantly increased in all GFP+Sfrp4−/− periosteal cell populations 
(Fig. 4D). Overall, these data confirmed that Sfrp4 deletion impairs 
the differentiation of Ctsk-lineage periosteal cells into the chondro- 
and osteoblast lineages and suggest that Sfrp4 might regulate the 
lineage allocation of Ctsk-lineage PSC and progenitor cells.

Previous studies have shown that Ctsk-lineage periosteal cells in 
bone organoids mediate intramembranous ossification (17). We 
therefore assessed the ability of Ctsk-lineage PSCs and non-stem 
progenitors to form bone organoids in vivo. As shown in Fig. 4E, 
Von Kossa staining showed a significant decrease of mineralized 
bone after transplantation of GFP+Sfrp4−/− PSCs compared to the 
GFP+PSCs transplanted group under the kidney capsule of wt mice. 
Similar results were observed when GFP+Sfrp4−/− PP1 and PP2 cells 

were transplanted into the renal capsule of wt mice. Overall, these 
data support a cell-autonomous role for Sfrp4 in the overall differ­
entiation of Ctsk-lineage periosteal cells.

Sfrp4 Deletion Impairs Signaling Pathways Associated with 
Bone Regeneration, Wound Healing, and Mineralization in 
Ctsk-Lineage PSCs. To better understand the changes occurring 
in the Ctsk-lineage PSC population in the absence of Sfrp4, 
we performed bulk RNA-seq analysis (GSE236686) (37). Two 
biological samples were collected per GFP+ PSC and GFP+Sfrp4−/− 
PSCs, each composed of the pooled cells yield from n = 3 mice. 
We identified 429 differentially expressed genes, of which 272 were 
up-regulated and 157 were down-regulated in GFP+Sfrp4−/− PSCs 
(Fig. 5A and SI Appendix, Fig. S3). Among the genes significantly 
down-regulated in GFP+Sfrp4−/− PSCs, we found several collagens 
(Col2a1, Col11a1, Col11a2, and Col5a2), ECM proteins with a 
known role in collagen cross-linking and supporting osteoblast 
differentiation, including Loxl2, SPARC-related modular calcium-
binding protein1 (SMOC1), thrombospondin1, and decorin, and 
components of Wnt signaling such as Wnt4, Lrp1, and Nkd2 
(Fig.  5B). The orphan nuclear receptors coding gene NR4A2 
(Nurr1), known to be induced by PTH and to have a role in bone 
metabolism by regulating the expression of several osteoblastic 
marker genes including Bglap and Col1a among others (38–40), 
was also found to be decreased by Sfrp4 deletion. Gene ontology 
(GO) and reactome analysis reveal that pathways related to skeletal 
system development, extracellular matrix organization, wound 
healing, and positive regulation of bone mineralization were down-
regulated in GFP+Sfrp4−/− PSCs (Tables 1 and 2). Because several 
collagen genes were altered, we performed Sirius red staining to 
explore collagen fibrils organization and as shown in Fig. 5C, lack of 
Sfrp4 leads to a disorganization of collagen fibrils in cortical bone.

Among the up-regulated genes, we found several cell-cycle reg­
ulators, including Ccna2, Ccnb1, Ccnb2, Cdca8, and Cdc20 
(Fig. 5B). Accordingly, GO and reactome analysis reveals that 
pathways related to regulation of cell cycle machinery were 
up-regulated, suggesting a potential switch from stem cell main­
tenance to lineage determination (Tables 1 and 2). However, the 
proliferation of PSC, PP1, or PP2 populations, measured after 
EdU injection and FACS analysis, showed only a trend toward an 
increase in the percentage of Edu+ PSCs and PP1 cells from 
GFP+Sfrp4−/− mice (SI Appendix, Fig. S3).

Sfrp4 Deletion Impairs the Early Periosteal Response during 
Fracture Healing. It is well known that periosteal stem cells are 
the major contributors to bone healing and that their ability to 
give rise to osteoblasts is critical for bone repair (17, 19–21, 24). 
Ctsk-lineage PSCs contribute to fracture repair (17); thus, our 
findings that Ctsk-lineage PSCs isolated from GFP+Sfrp4−/− mice 
show impaired osteo-chondro differentiation are of importance. 
Additionally, GO analysis of down-regulated genes identified 
biological functions related to skeletal development, wound 
healing, and regulation of mineralization (Tables 1 and 2). We 
therefore asked whether Sfrp4 affects the periosteal response to 
bone fracture. Here, we focused on the early periosteal response 
and collected mice 5 d after fracture (Fig.6A). We found that 
Sfrp4 deletion results in impaired periosteal response to fracture 
as indicated by a decrease in periosteal thickening and impaired 
cartilaginous callus formation in both males and females (Fig. 6B 
and SI Appendix, Fig. S5). We then asked whether this reduced 
periosteum response conceded with impaired Ctsk-lineage cell 
response. First, we confirmed that 5 d after femur fracture, GFP+ 
periosteal cells make a significant contribution to the periosteal 
response in control animals (Fig.  6C) and were present in the 

Fig. 5. Differentially expressed genes in the PSC cell population. (A) Volcan 
plot. (B) Heatmap showing the first 25 down-regulated and up-regulated 
genes. (C) Representative images of cortical bone stained with Picro Sirius 
red i = fluorescence and ii = brightfield. (Scale bar, 1,000 µm.) (n = 3).

http://www.pnas.org/lookup/doi/10.1073/pnas.2312677120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2312677120#supplementary-materials
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periosteum around the fracture site and in the cartilaginous 
callus (Fig. 6C). However, this response was markedly impaired 
in GFP+Sfrp4−/− mice as indicated by lack of expansion of GFP+ 
(Ctsk+) cells (Fig. 6C). These findings therefore suggest that Sfrp4 
global deletion impairs the early periosteal response and affects the 
Ctsk-lineage periosteal cell response to wound healing.

PTH-Induced Periosteal Response Requires Sfrp4. Sfrp4 is known 
to be regulated by PTH in OBs and cortical bone (41, 42). Given the 
known anabolic effect of PTH, the finding that Ctsk-lineage PSCs 
express the PTH receptor (Pth1r) is significant (Fig. 7A). To assess 
the possibility that Sfrp4 contributes to the cortical bone response 
to PTH(1–34), we treated GFP+;Sfrp4−/− and GFP+female mice 
with 100 µg/kg/d of human recombinant PTH(1–34) or sterile 

saline (vehicle) 5d/wk for a 4-wk period starting at 6-wk of age 
(Fig. 7B). Ctsk-lineage PSCs, PP1, and PP2 cells were isolated by 
flow cytometry 24 h after the last injection. As shown in Fig. 7C, 
PTH(1–34) did not significantly affect the % of total GFP+ periosteal 
cells in either GFP+ or GFP+;Sfrp4−/− mice. However, we found that 
while PTH(1–34) significantly increased the % of Ctsk-lineage 
PSCs in GFP+ mice, no changes were observed in PTH(1–34)-
treated GFP+;Sfrp4−/− mice (Fig. 7C). While, the % of PP1 and PP2 
population was significantly increased in the GFP+;Sfrp4−/− mice 
compared to GFP+ mice, PTH(1–34) treatment did not affect the 
pool of these cells. Similarly, PTH(1–34) treatment did not affect the 
% of Thy1.2+ osteo-chondro lineage cells in either GFP+;Sfrp4−/− nor 
GFP+ mice (Fig. 7C). µCt analysis confirmed that Sfrp4 deletion leads 
to decreased Ct.BV/TV and Ct.Th and increased Ma.Ar. compared 

Table 1. GO BP significantly regulated in GFP+Sfrp4−/− PSCs vs. GFP+ PSCs
GO:ID Description P value P adj
GO BP significantly up-regulated in GFP+Sfrp4−/− PSCs

GO:0140014 Mitotic nuclear division 3.40E−08 9.36E−05

GO:0000280 Nuclear division 1.21E−07 0.00016634

GO:0048285 Organelle fission 8.53E−07 0.00078241

GO:0007059 Chromosome segregation 7.04E−06 0.00223586

GO:0000226 Microtubule cytoskeleton organization 1.36E−05 0.00340303

GO:0051783 Regulation of nuclear division 4.58E−05 0.00663457

GO:0022409 Positive regulation of cell-cell adhesion 0.0001135 0.01437572

GO:0007051 Spindle organization 0.0001743 0.02086645

GO:0090068 Positive regulation of cell cycle process 0.0002424 0.02779786

GO:0009612 Response to mechanical stimulus 0.0002980 0.0287589
GO BP significantly down-regulated in GFP+Sfrp4−/− PSCs

GO:0030198 Extracellular matrix organization 3.29E−08 7.41E−05

GO:0030199 Collagen fibril organization 1.58E−07 0.00011844

GO:0002062 Chondrocyte differentiation 2.14E−06 0.00060265

GO:0051216 Cartilage development 1.90E−05 0.00240902

GO:0090287 Regulation of cellular response to growth factor 
stimulus

3.63E−05 0.00340416

GO:0001501 Regulation of nuclear division 4.58E−05 0.00663457

GO:0022409 Skeletal system development 4.59E−05 0.00412837

GO:0042060 Wound healing 0.00025638 0.0151805

GO:0051604 Skeletal system morphogenesis 0.00077323 0.02856003

GO:0030501 Positive regulation of bone mineralization 0.00397904 0.07651997

Table 2. Reactome pathways significantly regulated in GFP+Sfrp4−/− PSCs vs. GFP+ PSCs
Reactome:ID Description P value P adj
Reactome pathways significantly upregulated in GFP+Sfrp4−/− PSCs

R-MMU-68886 M phase 3.33E−07 3.92E−05

R-MMU-69620 Cell cycle checkpoints 5.47E−07 4.82E−05

R-MMU-2559586 DNA damage/telomere stress induced senescence 6.25E−06 0.00020135

R-MMU-2559583 Cellular senescence 1.96E−05 0.00049528

R-MMU-453276 Regulation of mitotic cell cycle 0.00173184 0.01852539
Reactome pathways significantly downregulated in GFP+Sfrp4−/− PSCs

R-MMU-1474244 Extracellular matrix organization 3.03E−08 3.56E−06

R-MMU-1474290 Collagen formation 2.37E−07 9.29E−06

R-MMU-1650814 Collagen formation 4.41E−06 9.43E−05

R-MMU-3000171 Non-integrin membrane-ECM interactions 4.27E−05 9.43E−05

R-MMU-1566948 Elastic fiber formation 0.00102815 0.013423
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to GFP+ mice (8). While the treatment significantly increased Ct.BV/
TV, Ct.Th in GFP+mice, this response was impaired inGFP+;Sfrp4−/− 
mice (Fig. 7D). Bone histomorphometry analysis on tibia cross-
sections confirmed a significant PTH(1–34)-dependent increase in 
Ps.MS/BS and Ps.BFR/BS in GFP+ but not GFP+;Sfrp4−/− mice 
(Fig. 7 D–F and Table 3).

Discussion

The periosteum is the source of a functionally distinct set of stem 
cells and progenitors, which contribute to bone homeostasis, have 
regenerative capacities, and respond to anabolic drugs. Cortical 
expansion, thickness, and porosity are critical determinants of bone 
strength in several species including humans (8, 16, 24, 43–48). 
Given these critical roles, investigations focused on broadening 
and deepening our understanding of how periosteal stem cells are 
supported in their niche, and how their differentiation and func­
tion are regulated are warranted.

We have previously shown that Sfrp4 deletion leads to an increase 
in endosteal resorption and that Sfrp4 regulates endosteal resorption 
via the Ror2-jnk signaling pathway (14). Here, we show that Sfrp4 
is expressed in the periosteum and plays an important role in the 
multilineage potency, differentiation, and function of a specific pop­
ulation of periosteal cells expressing Ctsk. While it has been elegantly 
shown that Ctsk marks a subset of periosteal stem cells (PSCs), 

which fulfill “stemness” criteria, and non-stem cells (PP1 and PP2) 
(17), the local factors and signaling cues regulating these cells have 
not been explored extensively. We show that Sfrp4 deletion leads to 
a significant decrease in the pool of Ctsk-lineage PSCs, while increas­
ing the % of Ctsk-lineage PP2 cells, and to a decrease in the % of 
Ctsk-lineage Thy1.2+ osteo-chondro progenitor cells. This outcome 
results from both suppression of the pool of Ctsk-PSCs and the 
accumulation of periosteal non-stem progenitors with impaired 
capability to differentiate into chondrocytes and osteoblasts in vitro. 
Importantly, by using the renal transplantation assay, we further 
demonstrate the effect of Sfrp4 deletion on the vivo capabilities of 
bone-forming stem cells without prior in vitro expansion.

Several studies using lineage markers such as Prx1, αSMA, Mx1, 
Sox9, Gli1, or LepR have identified periosteal cell populations with 
a role in skeletal growth and homeostasis as well in response to 
fracture healing (15, 17–19, 25, 26, 28, 29, 49–52). Whether these 
lineage markers identify the same population of periosteal cells or 
subpopulations of the same cell population and the relationship of 
these to Ctsk-lineage cells remain to be established. Importantly, 
given that the periosteum contains distinct cell subpopulations, 
stem cell–associated surface markers and functional studies are 
essential together with lineage markers to identify the potential 
stem cell nature of cells within the periosteum. Thus, using stem 
cell surface markers, Debnath et al. have identified Ctsk-lineage 
periosteal stem cells, Duchamp de Lageneste et al. showed that the 

Fig. 6. Sfrp4 deletion impairs Ctsk-lineage 
periosteal cell response to fracture. (A) Meth-
od. (B) Representative images of Alcian blue 
staining of the femur 5 d after fracture in 
GFP+ and GFP+Sfrp4−/−male mice. Images 
in b1 and b2 are the magnification of the 
periosteal response and callus formation. 
Black lines highlight the periosteal response 
(n = 3 to 6). (C) Representative images and 
quantification of the % of GFP+ cells/500 µm2. 
White lines highlight the cortical bone, and 
yellow dotted lines highlight the periosteal 
response. Data are expressed as mean ± 
SEM. *P < 0.05 by the Student t test (n = 3). 
(Scale bar, 500 µm.)
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periosteum contains Prx1+ skeletal stem cells, and Guo et al showed 
that subsets of periosteal LepR+ cells possess self-renewal capacity 
and commit to osteogenic lineage cells (17, 18, 52). Here, we 
focused on Ctsk-lineage cells and while our studies show that Sfrp4 

influences the Ctsk-lineage periosteal stem cells, its function in 
non-Ctsk lineage periosteal cells, which might include some of 
these alternative markers, cannot be excluded. Ctsk, an enzyme 
secreted by osteoclasts, digests bone matrix proteins and is critical 

Fig. 7. Response to intermittent PTH is impaired in the absence of Sfrp4. (A) Pth1r expression in Ctsk-lineage PSC, PP1, and PP2 bulk RNA-seq (GSE106237) 
(17). (B) Schematic diagram of PTH(1-34) treatment. (C) Percentage of total Ctsk+ cells, Ctsk+ PSC, PP1, PP2, and Thy1.2+ osteochondro-lineage cells in GFP+ and 
GFP+Sfrp4−/− female mice treated with vehicle or PTH(1-34) (n = 5 to 6). (D and E) µCT (D) and dynamic histomorphometry (E) analysis in GFP+ and GFP+Sfrp4−/− mice 
treated with vehicle or PTH(1-34). (n = 6 to 9). (F) Representative images of Von Kossa staining and double labeling in GFP+ and GFP+Sfrp4−/− mice treated with 
vehicle or PTH(1-34). All data: mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001 by two-way ANOVA followed by the Fisher test.
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for bone resorption (31–33, 53, 54). Ctsk mutations in humans 
lead to pycnodysostosis a disease characterized by osteosclerosis, 
skeletal deformities, short stature, and brittle bones (53, 55). 
Pycnodysostosis patients present with high trabecular bone and 
tick cortical bone. While high trabecular bone is mainly due to a 
decrease in bone resorption, high cortical thickness is due to 
increased periosteal formation (53). Ctsk deletion in mice or treat­
ment with the Ctsk inhibitor odanacatib leads to a similar pheno­
type (31, 32, 56–60). Thus, although it might be surprising to find 
Ctsk-lineage cells in the periosteum, these observations support a 
role for Ctsk in the periosteum and may account for the effect seen 
upon treatment with the Ctsk inhibitor odanacatib at the periosteal 
surface (59). Ctsk-lineage periosteal cells play an important role in 
cortical bone homeostasis as deletion of osterix, a transcription fac­
tor required for osteoblast differentiation (61), in Ctsk-lineage cells 
leads to cortical bone thinning, increased porosity, and fracture risk 
(17). Additionally, recent studies have shown a role for Ctsk-lineage 
periosteal cells in the Ihh-signaling pathway in the growth plate 
(62). The finding that Ctsk controls cortical bone formation by 
degrading periostin, a matricellular protein critical for Wnt- and 
PTH- mediated periosteal bone formation (63) might explain the 
cortical and periosteal phenotype. However, the mechanisms by 
which periosteal bone formation, which occurs through modeling 
(24, 46, 64) is increased in the absence of Ctsk, remain unclear.

Osteocytes can also express Ctsk under certain circumstances 
(65, 66), however, deletion of Ctsk in mature osteoblasts and 
osteocytes does not alter cortical or cancellous bone under 
steady-state conditions although it prevented the loss of cancellous 
bone induced by lactation (65), suggesting an osteocyte-independent 
role of Ctsk on the regulation of periosteal homeostasis.

The absence of Sfrp4 leads to a significant decrease in the pool 
of Ctsk-lineage PSCs, enhanced differentiation toward the PP2 
cell population, and impaired ability to give rise to Thy1.2+ 
osteo-chondro progenitors. Interestingly, the ability of PP1 and 
PP2 cells to give rise to Thy1.2+ osteo-chondro progenitors was 
also significantly impaired by Sfrp4 deletion. Additionally, we 
show that Sfrp4 deletion significantly affects in vitro clonal 
multipotency for differentiation into osteoblasts and chondrocytes 
of Ctsk-lineage PSCs, PP1, and PP2 cells. Similar results were also 
seen in a kidney capsule transplantation. Given that Sfrp4 is pre­
dominantly expressed by Ctsk-lineage PP1 and PP2 cells, the 
phenotype seen in PSCs isolated from GFP+Sfrp4−/− mice might 
be, at least in part, due to Sfrp4 deletion in PP1 and/or PP2 cells. 
Indeed, given that PSCs in culture give rise to their PP1 and PP2 
derivatives, we cannot exclude paracrine/autocrine feedback loop 
between Ctsk-lineage PSCs, PP1, and PP2 cells present in these 
cultures. Interestingly, our study suggests that Sfrp4 might have 

a role in Ctsk-lineage periosteal cell fate decision, by favoring their 
commitment and differentiation along the osteo-chondro and 
osteoblast lineage while retaining them from differentiating into 
the adipogenic lineage as shown by our findings that while in vitro 
Ctsk-lineage cells do not form adipocyte colonies but do so in the 
absence of Sfrp4. Although we do not suggest that adipocytes are 
present in the periosteal surface of Sfrp4-deficient mice, these 
findings indicate the complexity of Sfrp4-mediated signaling and 
its role in inhibiting Ctsk-lineage periosteal cells from differenti­
ating into adipocytes and for retaining their ability to properly 
committee to the osteoblast lineage.

Given the known role of Wnt signaling in the regulation of cor­
tical bone appositional growth and homeostasis (2, 8, 45), it is not 
surprising that Ctsk-lineage periosteal stem cells and non-stem pro­
genitors express several components of the Wnt signaling machinery, 
although at different levels (17). Interestingly, we noted that Wnt 
components classically associated with noncanonical Wnt cascades, 
such as Wnt4, Wnt5a, Wnt5b, Wnt11, c-jun, and Ryk, were generally 
strongly expressed in these cells (2, 8, 14, 44), while canonical ligands 
such as Wnt1 and Wnt3a or downstream target genes such as Axin2, 
Dkk1, and Lef1 were not (7). Thus, it is plausible that paracrine and 
autocrine signaling and feedback loop mechanisms among PSCs, 
PP1, and PP2 cell populations regulate their expansion and function 
mostly through noncanonical Wnt signaling, such that specific 
downstream signaling cascades may be activated in the absence of 
Sfrp4, strengthen our previous observations in the cortical bone of 
Sfrp4−/− mice (8, 14). Excluding an overall change in Wnt ligand 
expression in the absence of Sfrp4, our RNA-seq analysis shows that 
among the Wnt ligands, only Wnt4, which has been shown to pos­
itively regulate osteoblast differentiation (67), was significantly down- 
regulated in Ctsk-lineage PSCs isolated from the Sfrp4 null mice, 
while no significant changes in the level of expression of Wnt recep­
tor/coreceptor were observed. The findings that Sfrp4 deletion does 
not result in significant changes in ligand, receptor/coreceptor 
expression, support the notion that given that Sfrp4 functions as a 
Wnt ligand decoy receptor, its function in skeletal homeostasis is 
related to the regulation of distinct Wnt signaling pathways more 
than to the regulation of the expression of Wnt ligands, frizzled 
receptors, and coreceptors it engages with.

We also found that several genes and signaling pathways asso­
ciated with skeletal morphogenesis, extracellular matrix, collagens, 
and repair were significantly down-regulated in PSCs isolated from 
GFP+Sfrp4−/− mice. Sirius red staining indicates that lack of Sfrp4 
leads to a disorganization of collagen fibrils in cortical bone and 
fracture experiments show that lack of Sfrp4 hinders the periosteal 
response to bone fracture and callus formation and this was asso­
ciated with a decrease in the Ctsk-lineage cells. Previous studies 

Table 3. Histomorphometry analyses of midshaft tibiae

Parameters

Vehicle PTH(1–34) Two-way ANOVA
GFP+

n = 6
GFP+; Sfrp4−/−

n = 9
GFP+

n = 7
GFP+; Sfrp4−/−

n = 7 Treatment Genotype Interaction

Ct.T.Ar 1.27 ± 0.06 1.9 ± 0.09A 1.533 ± 0.09a 2.11 ± 0.038B P = 0.007 P < 0.0001 NS

Ma.Ar.(mm2) 0.61 ± 0.03 1.31±0.08A 0.693 ± 0.05 1.41 ± 0.04B P = 0.048 P < 0.0001 NS

Ct.BV/TV (%) 51.5 ± 1.43 31.22±1.26A 54.53 ± 0.95 32.9 ± 0.96B NS P < 0.0001 NS

Ct.Th (mm) 155 ± 6.4 108.2 ± 4.71A 1763 ± 16.34A 120.14 ± 4.76B P = 0.009 P < 0.0001 NS

Ps.MS/BS(%) 38 ± 2.71 35.5 ± 3.54 51.13 ± 4.64A 41.9 ± 2.14 P = 0.006 NS NS

Ps.MAR (μm/day) 0.67 ± 0.14 0.64±0.04 0.83 ± 0.04A 0.72 ± 0.05 P = 0.012 NS NS

Ps.BFR/BS  
(μm3/μm2/day)

90.7 ± 7.68 82.4 ± 9.22 150.43 ± 19A 110.8 ± 9.26b P = 0.011 NS NS

Data are expressed as Mean ± SEM. Two-Way ANOVA followed by Fisher’s LSD test. a = P < 0.05 and A = P < 0.01 compared to GFP+ Vehicle-treated mice b = P < 0.05 and B = P < 0.01 
compared to PTH(1-34)-treated mice.
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have reported that Col2a1+ cells in bone marrow, growth plate 
and perichondrial/periosteal are skeletal stem cells, and genetic 
lineage tracing studies, have recently shown that embryonic 
Col2a1+ cells contribute to cells in the growth plate, trabecular or 
cortical bone, tendons, and ligaments (68–72). Our findings that 
Col2a1 expression is decreased in Sfrp4-deficient Ctsk-lineage 
PSCs, are therefore consistent with our hypothesis that absence 
of Sfrp4 negatively affects the differentiation and functionality of 
these cells.

Although we are aware that our studies do not exclude the possi­
bility that non-Ctsk expressing cells in the periosteum might also be 
affected by Sfrp4 deletion, we clearly show that the GFP+ (Ctsk+) cells 
are significantly decreased in Sfrp4−/− fractured bones compared to 
control mice. It is known that individuals with Pyle disease present 
with increased risk fracture. These fractures tend to be “unusual” 
because of the particular shape of the long bones in these individuals 
(8, 73, 74), and thus, bone repair could be slower. There is one clinical 
case reporting normal fracture repair, but this was only a follow-up 
after 2 y, and no data of early repair process were documented (75). 
On the other hand, old pathological fracture with exuberant callus 
and bone remodeling defect were reported in another case of Pyle 
disorder (76). However, given that 1) fracture healing is often variable 
in healthy individuals and 2) there are not enough cases of Pyle disease 
(less than 50 worldwide) reported as today, we cannot conclude from 
clinical data alone that fracture healing in individuals with Pyle disease 
would be impaired. Nonetheless, our findings in mice suggest that in 
the absence of Sfrp4, the periosteal responses to bone fractures are 
significantly impaired.

Bulk RNA-seq analysis shows that a few cell-cycle associated genes 
and biological pathways related to cell cycle regulation are up-regulated 
in PSCs isolated from Sfrp4−/− mice, although PSC proliferation was 
not significantly affected by Sfrp4 deletion. Interactions between the 
cell cycle machinery and differentiation factors play a critical role in 
stem cell maintenance, proliferation, and differentiation (77–79). 
However, how the crosstalk between cell cycle proteins and growth 
factors affects stemness, proliferation, or lineage-restricted differen­
tiation remains elusive. It is plausible that in the absence of Sfrp4, 
although a few cyclins are up-regulated, the balance between growth 
factors and cell cycle proteins does not reach the threshold to tilt 
toward proliferation but favors differentiation.

Sfrp4 was initially identified as a target gene of PTH signaling 
(42, 80–82). The findings that Ctsk-lineage PSCs express high 
levels of Pth1r (17) raise the possibility that these cells are medi­
ators of the anabolic effect of PTH in the periosteum (22, 23) and 
that Sfrp4 contributes to the cortical bone response to PTH (1–34). 
Supporting this hypothesis, we found that the PTH-dependent 
increase in cortical thickness, periosteal mineral apposition rate and 
bone formation rate were significantly impaired in the absence of 
Sfrp4 and that PTH treatment at the dose of 100 µg/kg for 5 d/wk 
for 4 wk, leads to an increase in the Ctsk-lineage PSC %, a response 
not seen in the absence of Sfrp4.

Limitations of the Study

We are aware that using a mouse model with global deletion of Sfrp4 
might complicate some of our interpretations and conclusions. 
Thus, we recognize that our study does not fully exclude a develop­
mental effect that might “imprint” on the Ctsk-lineage cells and/or 
that cells might maintain a memory of their in vivo milieu. However, 
the fact that our flow cytometry/FACS studies characterize and  
sort the Ctsk-lineage cells using an extensive and known panel of stem 
cell markers should reduce the risk that the differences observed are 
associated with uncharacterized changes in the Ctsk-lineage peri­
osteal cell subpopulations.

We are also aware that deletion of Sfrp4 in other bone cells 
(osteoblasts/osteocytes/osteoclasts) or Ctsk-negative periosteal 
cells might influence periosteal cell expansion, differentiation, and 
function in their native setting. However, our studies, showing 
clear composition and functional differences between cells isolated 
from GFP+ and GFP+Sfrp4−/− mice and cultured in vitro up to 
14 d or transplanted in vivo for 3 wk, were performed using only 
immunophenotypic Ctsk-lineage cells and thereby support an 
intrinsic effect of Sfrp4 on their behavior. Similarly, while our 
fracture studies demonstrate that Sfrp4 global deletion impairs 
fracture healing and decreases the pool of Ctsk-lineage cells in the 
periosteum, our studies do not exclude that this might be also 
associated with the impaired function of Ctsk-negative periosteal 
cells or other “first responder” cells lacking Sfrp4. Finally, based 
on the fact that Pth1r is expressed in osteocytes and that the 
anabolic effects of PTH are largely due to its effects on the oste­
ocytes (83–85), our data do not exclude that the impaired cortical 
response to PTH seen in the absence of Sfrp4 might be due to 
defects in the osteocytes which could also indirectly affect the 
Ctsk-lineage periosteal cells. Nonetheless, our studies support the 
hypothesis that Sfrp4 might be a downstream effector of PTH 
signaling in cortical bone.

While data obtained from the Sfrp4 global knockout model 
are precious, especially when thinking about human skeletal 
disorders such as Pyle disease, studies focused to explore the 
role of Sfrp4 in specific bone cells will be required to further 
the investigations presented here. Specific targeted deletion of 
Sfrp4 in these cells is needed to provide important mechanistic 
insights into the direct effects of Ctsk-lineage periosteal-secreted 
Sfrp4.

Conclusions

In summary, the periosteum is a major source of stem cells and 
progenitors, contributes to bone homeostasis, has regenerative 
capacities, and responds to anabolic drugs. Analysis of signaling 
molecules and pathways regulating periosteal stem cells and pro­
genitors provides an outstanding opportunity to advance our 
understanding of the mechanisms involved in these processes and 
may provide specific therapeutic options for human diseases asso­
ciated with bone fragility and impaired bone healing and bone 
regeneration. Overall, our studies identify Sfrp4, a soluble Wnt 
antagonist, as a critical regulator of the number and distribution 
across the various subpopulations of Ctsk-lineage periosteal stem 
cells/progenitors as well as of their function. We show that PTH 
regulates these specific pools of periosteal cells and that Sfrp4 is a 
potential downstream effector of PTH in the periosteum. 
Highlighting the significance of further investigating bone healing 
mechanisms, our studies support the hypothesis that Sfrp4 is 
required for the periosteal response to fractures and for Ctsk-
lineage periosteal cells to be activated in bone repair.

Materials and Methods

Biological Variables and Reproducibility. To conduct the proposed studies, we 
used strict application of scientific methods that support robust and unbiased design, 
analysis, interpretation, and reporting of results, and sufficient information for all 
studies undertaken. In vivo analyses, with the exception of the PTH(1–34) treatment, 
were performed in males and females. Sfrp4 global knockout, CtskCre;mTmG;wt 
(GFP+) and CtskCre;mTmG;Sfrp4−/− (GFP+;Sfrp4−/−) mice were investigated. To 
avoid bias, data were collected in a blinded fashion, in that the observer was unaware 
of the experimental groups and more than one individual performed key studies. 
In vivo studies were performed with n = 3 to 9 mice per genotype. We based this 
number on a priori calculations as detailed in SI Appendix. Ex vivo and in vitro studies 
involved at least three biological replicates per group/treatment.

http://www.pnas.org/lookup/doi/10.1073/pnas.2312677120#supplementary-materials
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Animals. Sfrp4 null mice were previously described (8, 14). CtskCre mice 
were kindly provided by S. Kato, University of Tokyo, Tokyo, Japan, and 
Rosa26mT/mG mice (Stock 007676) were purchased from Jackson Laboratories. 
CtskCre;mTmG;Sfrp4−/− (GFP+;Sfrp4−/−) and CtskCre;mTmG;wt (GFP+) mice were 
obtained as detailed in SI Appendix. To examine the effect of PTH(1–34) (Tocris 
Bio-Techne Corporation), mice were given subcutaneous injections 5 d/wk of 
vehicle (100 µL 0.9% saline solution) or 100 µg/kg body weight of PTH(1–34) 
for 4 wk. See SI Appendix for more details.

RNAscope. Tibiae isolated from 4- to 5-wk-old wild-type (WT) and Sfrp4−/− mice 
were fixed with 4% paraformaldehyde (PFA). Samples were prepared as detailed 
in SI Appendix. Sfrp4 mRNA localization was performed using RNAScope accord-
ing to the manufacturer’s protocol (RNAscope Probe-Mm-Sfrp4 # 404991 and 
Probe-Mm-Col1a-1#1319371-C4, Advanced Cell Diagnostics). Images in the 
diaphysis of cortical bone were taken using the Leica MZFLIII Microscope.

Periosteum Culture. Microdissection of the mouse long bone periosteum 
from 4-wk-old GFP+;Sfrp4−/− and GFP+ mice was performed under a dissecting 
microscope as previously reported (17) and as detailed in SI Appendix. Cells were 
counted, replated at a 5,000/cm2 density, and cultured as detailed in SI Appendix.

Periosteum Isolation, Fluorescence-Assisted Cell Sorting (FACS), and Flow 
Cytometry. The periosteum was isolated as described above from both long bones 
and calvariae. Samples were centrifuged, resuspended in ice-cold FACS buffer 
(2% FBS + 1 mM EDTA in PBS), and filtered through 70-µm nylon mesh. Cells 
were then centrifuged, resuspended in ice-cold FACS buffer and incubated with 
blocking buffer (1:100 dilution; BD Biosciences 553142 for mouse) for 10 min at 
4 °C. Antibodies for flow cytometry and FACS analysis are reported in SI Appendix. 
FACS and flow cytometry studies were performed as detailed in SI Appendix. 
PSCs (CD45−CD31−Ter119−(Lin−) Thy1.2−6C3−GFP+CD105− CD200+) and their 
derivate progenitor cells, PP1 (Lin− Thy1.2−6C3−GFP+CD105−CD200−) and PP2 
(Lin− Thy1.2−6C3−GFP+CD105+CD200variable), cells were investigated.

Culture of Sorted Ctsk-Lineage PSC, PP1, and PP2 Cells. Sorted PSCs 
(CD45−CD31−Ter119−(Lin−) Thy1.2−6C3−GFP+CD105− CD200+) and their deri-
vate progenitor cells, PP1 (Lin−Thy1.2−6C3−GFP+ CD105− CD200−) and PP2 
(Lin−Thy1.2−6C3−GFP+CD105+CD200variable) cells, were cultured in complete 
culture medium under hypoxic (2% O2, 10% CO2, 88% N2) conditions. Half of 
the medium was replaced every 3 d. Cells were passaged once they were 60 to 
70% confluent with trypsin (Gibco, A11105-01). To assess clonal multipotency of 
Ctsk-lineage cells, sorted PSCs, PP1, and PP2 cells were allowed to form individual 
colonies. At least 10 single colonies were isolated using a cloning cylinder. Single 
colonies were expanded and then reanalyzed by flow cytometry using the same 
panel of antibodies described above or differentiated without or with osteogenic, 
adipogenic, or chondrogenic conditions as detailed in SI Appendix.

Kidney Capsule Transplantation. Eight–ten-week-old WT male mice were 
anesthetized and shaved on the left flank and abdomen before sterilization of 
the surgical site. Recipients for these experiments were syngeneic with donors. A 
5-µL Matrigel plug (Corning, 356231) containing 8,000 to 10,000 sorted Ctsk-
lineage PSCs, PP1, or PP2 cells was implanted underneath the renal capsule. 
Animals were killed by CO2 after 3 wk. Kidneys were fixed with 4% PFA for 5 h and 
subjected to infiltration, embedding, and sectioning. Von Kossa (Sigma-Aldrich) 
staining was performed to detect mineralized nodule formation. Quantification 
of Von Kossa staining was performed using Image J (NIH.gov, version 1.53t).

Cell Proliferation. To evaluate cell proliferation in vivo, 5-ethynyl-2′-deoxyuridine 
(EdU) (Invitrogen, C10634) was dissolved in phosphate-buffered saline (PBS) and 
administered (200 µg) 12 h before killing. Ctsk-lineage periosteal cells were 
isolated as described above, and cell proliferation was detected using the Click-iT 

EdU Alexa Flour 350 Assay kit (Invitrogen, C10634). Edu+ Ctsk-lineage PSCs, PP1, 
and PP2 cells were then detected by using flow cytometry as described above.

Bulk RNA Sequencing. Bulk RNA-seq was performed on sorted Ctsk-lineage 
PSC, isolated from 4-wk-old mouse femurs and tibiae. Three mice/genotype were 
pooled for each RNA sample submitted for bulk RNA-seq. RNA was isolated using 
the microQiagen kit (Qiagen) following the manufacturer’s instructions. Library, 
sequencing, and analysis were performed by Novogene Corporation, Inc., as 
detailed in SI Appendix.

Fracture Experiments. For fracture studies, surgery was performed on 
12-wk-old mice as previously described (86) and as detailed in SI Appendix. For 
histological analysis, paraffin and frozen sections were prepared, stained, and 
imaged as detailed in SI Appendix. Quantification of GFP+ cells was performed 
using Image J (NIH.gov, version 1.53t). The ROI (500 µm × 500 µm square) 
measured was positioned right above the fracture site, and the area covered by 
GFP+ cells within the ROI was calculated for each image.

Picro Sirius Red Staining. Tibiae isolated from 4- to 5-wk-old wt and Sfrp4−/− 
mice were fixed with 4% PFA. Samples were decalcified following the manufac-
turer’s protocol (Advanced Cell Diagnostics, Newark, CA, # 322300), embedded in 
paraffin and 10 to 20 µm in thickness sections cut. Picro Sirius Red staining was 
performed using the Picro Sirius Red Stain Kit (Connective Tissue Stain, Abcam 
ab150681) according to the manufacturer’s protocol. Images in the diaphysis of 
cortical bone were obtained using the Leica MZFLIII Microscope.

Skeletal Phenotype. For bone histomorphometry analysis, mice were injected  
and sessions prepared, stained, and viewed as detailed in SI Appendix. OsteoMeasure 
analyzing software (OsteoMetrics Inc.) was used to generate and calculate the data 
(SI Appendix). All the parameters were obtained blindly and presented according 
to the standardized nomenclature (87).

For microcomputed tomography (μCT) scanning, a high-resolution desktop 
microtomographic imaging system (μCT35, Scanco Medical AG, Brüttisellen, 
Switzerland) was used to assess cortical bone morphology as described in 
SI  Appendix. Image acquisition and analysis protocols adhered to the JBMR 
guidelines (88).

Statistical Analysis. Statistical analyses were performed using GraphPad Prism 9 
software. For flow cytometry analysis and CFU studies, statistical significance was deter-
mined by an unpaired two-tailed Student t test. For µCT studies, statistical significance 
was determined by a two-way ANOVA followed by Tukey’s multiple comparisons test 
to detect differences between groups. A P value of less than 0.05 was considered 
statistically significant. Outcomes were reported as means ± SE otherwise indicated. 
The number of samples per group is indicated in the figure legends.

Data, Materials, and Software Availability. Bulk-RNA sequencing data have 
been deposited in GEO repository (GSE236686) (37).
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