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Single-cell transcriptomics of LepR-positive skeletal
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Abstract

Leptin receptor (LepR)-positive cells are key components of the bone
marrow hematopoietic microenvironment, and highly enrich skeletal
stem and progenitor cells that maintain homeostasis of the adult
skeleton. However, the heterogeneity and lineage hierarchy within
this population has been elusive. Using genetic lineage tracing and
single-cell RNA sequencing, we found that Lepr-Cre labels most bone
marrow stromal cells and osteogenic lineage cells in adult long bones.
Integrated analysis of Lepr-Cre-traced cells under homeostatic and
stress conditions revealed dynamic changes of the adipogenic, osteo-
genic, and periosteal lineages. Importantly, we discovered a Notch3+

bone marrow sub-population that is slow-cycling and closely associ-
ated with the vasculatures, as well as key transcriptional networks
promoting osteo-chondrogenic differentiation. We also identified a
Sca-1+ periosteal sub-population with high clonogenic activity but
limited osteo-chondrogenic potential. Together, wemapped the tran-
scriptomic landscape of adult LepR+ stem and progenitor cells and
uncovered cellular andmolecular mechanisms underlying their main-
tenance and lineage specification.
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Introduction

Multiple waves of stem and progenitor cells contribute to the devel-

opment, maintenance, and remodeling of the skeleton (Takashima

et al, 2007; Nagoshi et al, 2008; Morikawa et al, 2009; Maes et al,

2010; Park et al, 2012; Liu et al, 2013; Isern et al, 2014; Mizoguchi

et al, 2014; Ono et al, 2014; Yang et al, 2014; Zhou et al, 2014a,

2014b). Our previous study showed that LepR marks skeletal stem

and progenitor cells (SSPCs) in the adult bone marrow (Zhou et al,

2014a), which largely overlap with Cxcl12-abundant reticular (CAR)

cells (Omatsu et al, 2010) and Nestin-GFPlow cells (Mendez-Ferrer

et al, 2010; Kunisaki et al, 2013). Genetic lineage tracing by Lepr-

Cre labels bone marrow stromal cells (BMSCs) in early postnatal

mice that generate most osteoblasts (OBs) and adipocytes during

aging or after irradiation (Zhou et al, 2014a). They also generate

chondrocytes after bone fracture or articular injury (Mizoguchi et al,

2014; Zhou et al, 2014a). Conditional deletion of LepR from limb

bones led to increased osteogenesis and decreased adipogenesis,

suggesting that LepR regulates SSPC maintenance and differentia-

tion (Yue et al, 2016). LepR+ cells localize in the perivascular region

of the adult bone marrow, which produces a repertoire of extracellu-

lar matrix proteins and osteogenic factors to promote bone forma-

tion (Yue et al, 2016). LepR+ cells also secrete high levels of

hematopoietic stem cell (HSC) maintenance factors to create the

hematopoietic microenvironment (Ding et al, 2012; Greenbaum

et al, 2013; Zhou et al, 2014a; Crane et al, 2017), highlighting their

pivotal roles in orchestrating hematopoiesis and osteogenesis. In

addition to LepR+/CAR/Nestin-GFPlow cells, Pdgfra+Sca-1+ (PaS)
cells (Morikawa et al, 2009), NG2+ cells (Kunisaki et al, 2013), and
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non-myelinating Schwann cells (Yamazaki et al, 2011) were also

proposed as critical components of the HSC niche. However, the

heterogeneity of LepR+ cells and the extent to which they overlap with

other HSC niche cells need to be addressed at single-cell resolution.

By high-throughput single-cell RNA sequencing (scRNA-seq), we

and others have mapped the mouse bone marrow stroma in an

unbiased way (Han et al, 2018; Baryawno et al, 2019; Baccin et al,

2020). However, transcriptomic profiling of unfractionated cells

resulted in low resolution of SSPCs due to over-representation of

osteoblasts, chondrocytes, vascular endothelial cells, and fibroblasts

(Han et al, 2018; Baryawno et al, 2019). scRNA-seq analysis of

Col2-Cre-traced cells in young and aged mice revealed a marrow

adipogenic lineage precursor (MALP) population (Zhong et al,

2020), which highly resembles LepR+ cells (Zhou et al, 2014a).

However, since Col2-Cre also labels large numbers of chondrocytes

and osteogenic lineage cells, the heterogeneity within MALPs was

not resolved (Zhong et al, 2020). Another scRNA-seq study analyzed

Lepr-Cre-traced cells in steady state and 5-FU-treated mouse bone

marrow (Tikhonova et al, 2019). Unfortunately, bone fragments

containing large amounts of SSPCs in the endosteum and perios-

teum were excluded from this study, therefore, limited heterogene-

ity was observed within Lepr-Cre-traced cells (Tikhonova et al,

2019). Given that LepR+ cells are largely quiescent under steady

state (Zhou et al, 2014a), integrated analysis of stress conditions

that efficiently drive their differentiation along the adipogenic,

osteogenic, or chondrogenic lineages could help reveal the intrinsic

heterogeneity within LepR+ cells in adult mice.

Apart from the bone marrow and endosteum, SSPCs also exist in

the periosteum to promote bone formation and fracture repair

(Duchamp de Lageneste et al, 2018). Periosteal stem cells (PSCs)

were identified in both long bones and calvaria, which mediate

intramembranous ossification under steady state and repair frac-

tures by endochondral ossification (Debnath et al, 2018).

Mx1+aSMA+ periosteal SSCs (p-SSCs) were also shown to regulate

fracture healing in a CCR5-dependent manner (Ortinau et al, 2019).

Interestingly, Lepr-Cre labels a sub-population of periosteal cells,

which are expanded in response to bone fracture (Mizoguchi et al,

2014). However, the cellular heterogeneity and functional diver-

gence within periosteal Lepr-Cre+ cells remain elusive. In this study,

we performed single-cell transcriptomic profiling and functional

analysis of SSPCs in adult long bones by focusing on Lepr-Cre-

traced cells. Integrated analysis under homeostatic and stress condi-

tions (e.g., aging, rosiglitazone feeding, irradiation, and bone frac-

ture) revealed novel cellular and molecular mechanisms underlying

SSPC maintenance and lineage specification.

Results

Mapping Prrx1-Cre- and Lepr-Cre-traced cells under homeostatic
condition

During long bone development, Prrx1 is highly expressed by limb

bud mesenchymal progenitors (Cserjesi et al, 1992). Therefore,

genetic lineage tracing by Prrx1-Cre labels all skeletal lineage

cells in long bones, including SSPCs, osteoblasts, osteocytes, chon-

drocytes, and adipocytes (Logan et al, 2002). To resolve the hetero-

geneity within SSPCs, we crossed Prrx1-Cre or Lepr-Cre mice with a

loxp-STOP-loxp-tdTomato reporter line to perform genetic lineage

tracing (Prrx1-Cre; tdTomato and Lepr-Cre; tdTomato, respectively),

and compared the extent to which Prrx1-Cre+ and Lepr-Cre+ cells

overlap in adult long bones. We also crossed a Col2.3-GFP reporter

line with Prrx1-Cre; tdTomato mice (Prrx1-Cre; tdTomato; Col2.3-

GFP) to exclude most OBs traced by Prrx1-Cre during development.

Lived non-hematopoietic and non-endothelial tdTomato+ GFP� cells

(for Prrx1-Cre), or tdTomato+ cells (for Lepr-Cre) were sorted from

the bone marrows and bone fragments of 8-week-old male mice by

flow cytometry (Figs 1A and EV1A), followed by scRNA-seq on 10X

Genomics platform (Fig 1A). After quality control, we obtained

4,170 and 3,050 single cells from Prrx1-Cre; tdTomato; Col2.3-GFP

and Lepr-Cre; tdTomato mice, respectively.

After correcting batch effects, we performed integrated analysis

of Prrx1-Cre- and Lepr-Cre-traced cells, which revealed nine subsets

using non-linear dimensionality reduction with t-distributed

stochastic neighbor embedding (tSNE) (Figs 1B and EV1B). Specifi-

cally, we identified subsets including BMSCs (clusters 0, 1, 5, and 6,

expressing Lepr and Kitl) (Ding et al, 2012; Zhou et al, 2014a), pro/

pre-OBs (cluster 2, expressing Alpl and Wif1) (Delgado-Calle et al,

2011; Baker et al, 2015), OBs (cluster 7, expressing Col1a1 and

Bglap2) (Kratochwil et al, 1993; Li et al, 2010), chondrocytes (clus-

ter 4, expressing Col2a1 and Acan) (Doege et al, 1991; Chan et al,

1995), and aSMA+ cells (cluster 8, expressing Acta2 and Myh11;

Fig 1C and D). We also identified a subset that highly expressed

Col3a1 (Fig 1D). RNA in situ hybridization showed that Col3a1+

cells are mainly localized in the periosteal regions of femur metaph-

ysis and diaphysis (Fig 1E). Interestingly, periosteal cells (cluster 3),

chondrocytes (cluster 4), and aSMA+ cells (cluster 8) were mainly

derived from Prrx1-Cre (Figs 1F and EV1C). In contrast, BMSCs

(clusters 0, 1, 5, 6) and osteogenic lineage cells (cluster 2, 7) were

traced by both Cre lines, suggesting that Lepr-Cre could reliably

label SSPCs and their descendants in adult mice. Consistent with the

fact that Col2.3-GFP labels most but not all OBs in an age-dependent

manner (Kalajzic et al, 2002), we could still observe an OB subset

(cluster 7) within Prrx1-Cre+ cells even after excluding Col2.3-GFP+

cells (Fig 1B). We confirmed that most cells within this subset

expressed tdTomato but not GFP transcripts (Fig EV1D). Pseudotime

analysis by RNA velocity (Bergen et al, 2020) showed an osteogenic

differentiation trajectory from BMSCs (cluster 0) to pro/pre-OBs

(cluster 2) and OBs (cluster 7; Fig 1G).

We also systematically analyzed the expression of well-known

SSPC markers in our dataset (Fig EV1E). Cxcl12 (Sugiyama et al,

2006), Pdgfra (Morikawa et al, 2009), Pdgfrb (Koide et al, 2007),

and Grem1 (Worthley et al, 2015) were highly expressed in BMSCs

(Fig EV1E). CD105 (Chan et al, 2009) is also expressed in BMSCs,

although at a lower level (Fig EV1E). Itgav (CD51) (Pinho et al,

2013) was highly expressed in pro/pre-OBs and OBs, while CD24a

(Rodeheffer et al, 2008; Ambrosi et al, 2017), NG2 (Cspg4) (Kunisaki

et al, 2013), and CD73 (Nt5e) (Breitbach et al, 2018) were highly

expressed in chondrocytes (Fig EV1E). Interestingly, Ly6a (Sca-1)

(Morikawa et al, 2009) was highly expressed in periosteal cells,

while the human BMSC marker Mcam (CD146) (Sacchetti et al,

2007) was highly expressed in aSMA+ cells (Fig EV1E). CD200

(Chan et al, 2015) showed a broad distribution among BMSCs, OBs,

chondrocytes, and aSMA+ cells (Fig EV1E). In contrast, Nes (Nestin)

(Mendez-Ferrer et al, 2010) was expressed in very few cells among

all subsets (Fig EV1E).

2 of 21 The EMBO Journal 41: e108415 | 2022 ª 2021 The Authors

The EMBO Journal Chunyang Mo et al



Integrated analysis of Lepr-Cre-traced cells under homeostatic
and stress conditions

We then focused on Lepr-Cre; tdTomato mice to analyze the lineage

specification of SSPCs under adipogenic or osteo-chondrogenic

stress conditions (Fig 2A). Rosiglitazone is a potent agonist of

Pparc, which has been shown to promote marrow fat accumulation

after prolonged feeding (Ackert-Bicknell et al, 2009; Horowitz et al,

2017; Farrell et al, 2021). Aging also promotes marrow fat accumu-

lation, while irradiation leads to accelerated adipogenic and

A
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B

Figure 1. Comparison of Prrx1-Cre- and Lepr-Cre-traced cells in adult long bones.

A Schematic overview of the scRNA-seq workflow.
B t-SNE plots showing integrated analysis of Prrx1-Cre- (8-week-old mice, n = 3 males) and Lepr-Cre-traced (8-week-old mice, n = 4 males) cells. Cells were colored by

clusters (left) or samples (right). Top 20 PCs were chosen for the clustering.
C Heatmap showing the relative expression levels (row-wide Z score) of the 20 most significant markers for each cluster (rows) across cells in the 9 clusters (columns).

Bars on the top were colored as in (B).
D Violin plots showing the expression of feature genes for each cluster.
E In situ hybridization of Col3a1 on femur sections. Col3a1 was expressed in the perichondral (a) and periosteal (b) regions, but not in the bone marrow. B: Bone; BM:

Bone marrow; Peri: Periosteum; Endo: Endosteum. Scale bars are 100 µm. Arrowheads indicated the periosteum.
F Relative contribution to each cluster by Prrx1-Cre- and Lepr-Cre-traced cells after normalization to total cells (4,170 cells in Prrx1-Cre, 3,050 cells in Lepr-Cre).
G UMAP plot showing the inferred trajectories by RNA velocity analysis.

ª 2021 The Authors The EMBO Journal 41: e108415 | 2022 3 of 21

Chunyang Mo et al The EMBO Journal



A

D

F G

E

B C

Figure 2.

4 of 21 The EMBO Journal 41: e108415 | 2022 ª 2021 The Authors

The EMBO Journal Chunyang Mo et al



osteogenic differentiation by LepR+ BMSCs (Zhou et al, 2014a). In

contrast, bone fracture drives SSPC differentiation along the osteo-

chondral lineage to promote endochondral ossification and bone

remodeling (Worthley et al, 2015). After quality control and filter-

ing, we obtained 5,022 cells from 8-week-old mice (young adult,

males and females), 2,619 cells from 12-month-old mice (aging,

females), 2,545 cells from 10-week-old mice on rosiglitazone diet for

5 weeks (fed at 5 weeks old, females), 4,514 cells from sub-lethally

irradiated 8-week-old mice (irradiated at 7 weeks old, males and

females), and 2,524 cells from the fractured femurs of 8-week-old

mice (unilaterally fractured at 7 weeks old, males and females;

Fig 2A).

After correcting batch effects, integrated analysis revealed eight

subsets based on marker expressions (Figs 2B and C and EV2C),

which could be grouped into three lineages: (i) Adipogenic lineage

cells (clusters 0, 1, 2, and 7) that expressed Lepr, Adipoq, and Lpl

(Kindblom et al, 2005); (ii) Osteogenic lineage cells (OLCs) that

expressed Alpl and Col1a1 (clusters 4 and 5); (iii) Periosteal lineage

cells that expressed Col3a1 and Postn (Duchamp de Lageneste et al,

2018) (cluster 3), as well as Acan (Fig 2 D and E); and (iv) Cycling

cells that expressed Mki67 (Tikhonova et al, 2019) (cluster 6),

which were mainly induced by irradiation (Fig EV2C and D). Simi-

lar cell clustering was observed after segregating females (express-

ing Xist, Esr1, or Esr2) and males (expressing Ddx3y, Eif2s3y,

Kdm5d, or Uty) cells (Skelly et al, 2018; Fig EV2A and B).

Although only a few Lepr-Cre+ periosteal cells could be detected

in young adults (Figs 2F and EV2C and D), they were expanded

after bone fracture (Figs 2G and EV2C–E) and irradiation

(Fig EV2C and D). As compared to young adults, the frequency of

OLCs (clusters 4 and 5) was higher after bone fracture and irradia-

tion, and lower under adipogenic stresses (Fig EV2C and D). The

number of bone marrow adipocytes was dramatically increased in

aged mice, as well as after rosiglitazone diet feeding and sub-lethal

irradiation (Fig EV2F). Notably, the adipogenic subsets (clusters 0,

1, 2, and 7) highly expressed Adipoq and Lpl (Fig 2E), but not the

mature adipocyte marker Perilipin (Plin1) (Fig 2E). This indicated

that they represent Lepr-Cre+ BMSCs with adipogenic potential,

but not terminally differentiated bone marrow adipocytes contain-

ing large lipid droplets, which could not be sorted by flow cyto-

metrically for scRNA-seq analysis. As far as we are concerned,

these adipogenic lineage cells are similar to previously reported

Adipo-CAR cells (Baccin et al, 2020) and MALPs (Zhong et al,

2020).

Next, we dissected the heterogeneity and lineage hierarchy

within each lineage by integrated analysis of the homeostatic and

stress conditions.

Heterogeneity analysis within the adipogenic lineage cells

The adipogenic lineage cells were sub-divided into six subsets

(Figs 3 A and EV3A). Cluster 1 expressed the highest level of Lepr,

Kitl, and Cxcl12, as well as angiogenesis-related genes such as

Vegfa, Notch3, and Col4a1 (Domenga et al, 2004; Van Agtmael et al,

2010; Chen et al, 2019; Fig 3B). Cell cycle analysis revealed that

cluster 1 contains more cells in the G1 phase and less cells in the S

phase (Fig 3C). Consistent with this, bromodeoxyuridine (BrdU)

incorporation analysis in 8-week-old Lepr-Cre; tdTomato mice

showed fewer Lepr-Cre+Notch3+ cells in the S phase as compared to

Lepr-Cre+Notch3� cells (Fig 3D). Immunostaining on femur sections

showed that Lepr-Cre+Notch3+ BMSCs represented adventitial cells

closely associated with the vasculatures (Fig 3E and F), including

sinusoids (Fig 3Ea), arterioles (Fig 3Eb), and arteries (Fig 3Ec),

while Lepr-Cre+Notch3� BMSCs represented reticular cells located

in between vasculatures (Fig 3Ed).

To functionally test whether vasculature association regulates

cell cycle and Notch signaling in BMSCs, we performed 3D

culture of primary BMSCs with or without bone marrow endothe-

lial cells (ECs) in 4% gelatin methacryloyl (GelMA) hydrogels

(Fig 3G). RNA-seq and qPCR analyses revealed that co-culture

with bone marrow ECs significantly increased Notch3 and Hes1

expression, and significantly decreased Cdk6 expression in BMSCs

(Figs 3H and I, and Fig EV3E). Flow cytometry analysis showed

significantly increased frequency of Notch3+ cells in Lepr-Cre+

BMSCs co-cultured with ECs (Fig EV3C and D). BrdU incorpora-

tion analysis showed fewer Lepr-Cre+Notch3+ cells in S phase as

compared to Lepr-Cre+Notch3� cells during ex vivo culture

(Fig 3J). Gene ontology (GO) and KEGG pathway analyses

showed significant up-regulation of genes related to Notch signal-

ing pathway (Fig 3K and L), while genes related to ossification,

MAPK signaling, cell cycle, and TGF-b signaling pathways were

significantly down-regulated (Fig EV3F and G). Consistent with

the in vivo data (Fig 3E), immunostaining in the 3D co-culture

system showed Lepr-Cre+Notch3+ BMSCs closely associated with

ECs (Fig 3M and N). Thus, we identified a Notch3+ BMSC sub-

population that corresponds to adventitial cells, which are main-

tained in a slow cycling state by ECs.

◀ Figure 2. Integrated analysis of Lepr-Cre-traced cells under homeostatic and stress conditions.

A Schematic overview of scRNA-seq strategies in Lepr-Cre; tdTomato mice. Young adult: 8-week-old mice (4 males and 2 females); Aging: 12-month-old mice (4
females); Rosiglitazone diet: 10-week-old mice (feeding started at 5 weeks old, 2 females); Irradiation: 8-week-old mice (sub-lethally irradiated at 7 weeks old, 2
males and 2 females); Fracture: 8-week-old mice (femur fractured at 7 weeks old, 2 males and 2 females).

B, C t-SNE plots showing 17,224 CD45� Ter119� Tie2� tdTomato+ single cells from all 5 conditions. Cells are colored by conditions (B) or clustering (C). The adipogenic,
osteogenic, periosteal, and cycling cells were highlighted by dotted lines in (C). Top 20 PCs were chosen for the clustering.

D Heatmap showing the relative expression levels (row-wide Z score) of the 20 most significant markers for each cluster (rows) across cells in the 8 clusters
(columns). Bars on the top were colored as in (C).

E Violin plots showing the expression of feature genes for each cluster.
F Immunofluorescent images of the distal femur in 8-week-old Lepr-Cre; tdTomato mice. Arrowheads indicated tdTomato+ periosteal cells. Two

representative periosteal regions were magnified (a and b). GP: Growth plate. B: Bone. BM: Bone marrow. Peri: Periosteum. Scale bars are
100 µm.

G Immunofluorescent images of the distal femur in 8-week-old Lepr-Cre; tdTomato mice 7 days after fracture. Aggrecan (green), tdTomato (red), DAPI (blue).
Arrowheads indicated tdTomato+ periosteal cells. Two representative regions were magnified (a and b). Scale bars are 100 µm.
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As compared to cluster 1, cluster 0 contains more cells in S phase

(Fig 3C), which is sensitive to irradiation (Fig EV3A and B). Cluster

2 enriched ossification genes such as Bglap (Fig 3B), which was

expanded after irradiation and fracture (Fig EV3A and B). In

contrast, cluster 3 enriched adipocyte marker genes (Dataset EV2),

which was expanded by irradiation (Fig EV3A and B). Clusters 4

and 5 enriched immediate early response genes and interferon-

stimulated genes (ISGs; Dataset EV2), respectively, the frequency of

which remain largely constant under homeostatic and stress condi-

tions (Fig EV3A and B). We also analyzed the secretory profiles in

the adipogenic lineage cells (Fig 3O). As compared to young mice,

the HSC niche factors Kitl and Cxcl12 were down-regulated in aged,

rosiglitazone-fed, and fractured mice (Fig 3O), suggesting a compro-

mised HSC niche. In contrast to Cxcl12, Kitl expression was

increased after irradiation (Fig 3O), consistent with a previous study

that bone marrow adipogenesis after irradiation could promote

hematopoietic regeneration via Kitl secretion (Zhou et al, 2017). Inter-

estingly, the secretory profiles of aged and rosiglitazone-fed mice

clustered together, implicating Pparc activation as a potential mecha-

nism underlying bone marrow aging (Sadie-Van Gijsen et al, 2013).

Heterogeneity analysis within the osteogenic lineage cells

The osteogenic lineage cells were sub-divided into three subsets

(Figs 4A and EV4A), including Pro-OBs (cluster 0), Pre-OB (cluster

1), and mature OB (cluster 2). Pseudotime analysis revealed an

osteogenic differentiation continuum (Fig 4B). BMSC markers Lepr,

Kitl, and Ebf3 (Seike et al, 2018) were dramatically down-regulated

following lineage commitment, while the osteogenic factors, such as

Spp1, Postn and Aspn, were gradually up-regulated (Figs 4C and

EV4B). As cells underwent terminal differentiation into mature OBs,

they expressed the highest level of mineralization factors such as

Col1a1, Bglap, and Bglap2 (Figs 4C and EV4B). As compared to

young adult mice, the frequency of mature OBs was lower in aged

and rosiglitazone-fed mice, but much higher after bone fracture and

irradiation (Fig 4D). Consistent with this, secreted bone matrix

factors such as Col1a1, Col1a2, Sparc, and Bglap were down-

regulated in aged and rosiglitazone-fed mice (Fig EV4C), and up-

regulated after bone fracture and irradiation (Fig EV4C).

To explore gene regulatory networks (regulons) underlying

lineage specification, we applied a single-cell regulatory network

◀ Figure 3. Identification of a Notch3+ sub-population within the adipogenic lineage cells.

A t-SNE plots showing the original (left) and re-clustered (right) adipogenic lineage cells by integrated analysis of homeostatic and stress conditions. Top 15 PCs were
chosen for the clustering.

B Dot plots showing the gene expression patterns of selected genes in each cluster.
C Stacked bar charts showing the cell cycle status in all clusters.
D Flow cytometry analysis of BrdU incorporation in uncultured Lepr-Cre+Notch3+/� BMSCs (n = 4 independent experiments). Eight-week-old Lepr-Cre; tdTomato mice

were given a single intraperitoneal injection of BrdU (100 mg/kg body mass) and maintained on 0.5 mg/ml of BrdU in the drinking water for 14 days.
E Immunofluorescent images of the distal femur in 8-week-old Lepr-Cre; tdTomato mice. Notch3 (green), tdTomato (red), CD31 (gray), DAPI (blue). Sinusoid (a),

arteriole (b), artery (c), and avascular bone marrow (BM, d) regions are shown. Arrowheads indicated Notch3+ tdTomato+ adventitial cells closely associated with
ECs. Arrows indicated Notch3� tdTomato+ reticular cells in the bone marrow that were not associated with ECs. Scale bars are 10 µm.

F Localization quantification of Lepr-Cre+Notch3+ cells relative to bone marrow ECs (n = 5 biological replicates from three independent experiments). Cells within
5 µm diameter of ECs were considered adjacent.

G Graphical illustration of the 3D co-culture system.
H Volcano plot showing DEGs in the bulk RNA-seq analysis (n = 3 biological replicates). Green dots represent down-regulated genes. Red dots represent up-regulated

genes.
I qPCR analysis of Notch3 and Cdk6 expression (n = 3 independent experiments).
J Flow cytometry analysis of BrdU incorporation in Lepr-Cre+Notch3+/� BMSCs after 3D co-cultured with bone marrow ECs (n = 3 independent experiments). BrdU

was administered at a final concentration of 10 µM from culture day 1 to day 5.
K, L GO terms (K) and KEGG pathways (L) enriched in up-regulated genes.
M Representative confocal images of BMSCs 3D co-cultured with bone marrow ECs. Z-stack projection is shown. Notch3 (green), tdTomato (red), CD31 (gray), DAPI

(blue). Arrowheads indicated Notch3+tdTomato+ adventitial cells. Arrows indicated bone marrow ECs. Scale bar is 50 µm.
N Localization quantification of Lepr-Cre+Notch3+ cells relative to bone marrow ECs after 3D co-culture (n = 3 biological replicates from three independent

experiments). Cells within 25 µm diameter of ECs were considered adjacent.
O Heatmap showing the average expression levels (column-wide Z score) of secreted factors with clustering.

Data information: All data represented Mean � SD. The statistical significance of differences was analyzed by two-tailed unpaired Student’s t-test. *P < 0.05,
***P < 0.001.

▸Figure 4. Identification of candidate osteo-chondrogenic regulators promoting fracture repair.

A t-SNE plots showing the original (left) and re-clustered (right) osteogenic lineage cells by integrated analysis of homeostatic and stress conditions. Top 10 PCs were
chosen for the clustering.

B Pseudotime analysis by Monocle 2. Arrow indicated inferred direction of the differentiation trajectory.
C Heatmap showing pseudotime-dependent gene expression. Bars on the top were colored as in (A). Representative genes are highlighted on both sides.
D Frequencies of different osteogenic clusters under homeostatic and stress conditions.
E Heatmap showing the AUC score of regulons enriched in each stress. Z-score (row scaling) was calculated. Representative regulons were highlighted on the right.
F Representative images of adipogenic, osteogenic and chondrogenic differentiation following shRNA knockdown in Lepr-Cre+ BMSCs. Scale bars are 100 µm.
G qPCR analysis of the expression levels of Pparg, Bglap, and Acan in control or knockdown group (n = 3 independent experiments). The statistical significance of

differences was analyzed by one-way ANOVAs with Tukey’s multiple comparison tests. Data represented Mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.
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inference and clustering (SCENIC) method to score the activity

of regulons by an AUCell algorithm (AUC score), which reflects the

co-expression of transcription factors (TFs) and their downstream

target genes in each individual cell (Aibar et al, 2017). In addition to

previously reported osteogenic regulons, such as Twist1, Atf4, Klf4,

and Mef2c (Yang et al, 2004; Arnold et al, 2007; Miraoui et al, 2010;

Kim et al, 2014), SCENIC analysis revealed that Hoxb2 and Npdc1

regulons were up-regulated after bone fracture (Fig 4E). To func-

tionally test their roles in BMSC regulation, we knocked down

Hoxb2 and Npdc1 in BMSCs by shRNA (Fig EV4D and E) and

performed in vitro trilineage differentiation. Interestingly, knockdown

of Hoxb2 or Npdc1 significantly increased adipogenic differentiation

and decreased osteo-chondrogenic differentiation (Fig 4F), which was

confirmed by qPCR analysis of the adipogenic (Pparg), osteogenic

(Bglap), and chondrogenic (Acan) markers (Fig 4G). Renal sub-

capsular transplantation experiments showed that knockdown of Hoxb2

or Npdc1 impaired the osteo-chondrogenic differentiation of BMSCs

in vivo (Fig EV4F and G). Thus, these data implicated Hoxb2 and

Npdc1 as potential regulators of osteo-chondrogenic differentiation

during fracture repair.

Heterogeneity analysis within the periosteal lineage cells

The periosteal lineage cells were expanded after irradiation and frac-

ture (Fig EV5A), which were sub-divided into four subsets (Fig 5A).

Importantly, all subsets expressed high levels of periosteal marker

Ctsk (Debnath et al, 2018) but not Lepr (Fig 5B), suggesting that

they correspond to CTSK+ periosteal cells (Debnath et al, 2018).

Cluster 0 highly expressed tenocyte marker Tnmd (Docheva et al,

2005), tissue remodeling factor Ptx3 (Grcevic et al, 2018), as well as

low levels of chondrocyte markers (Fig 5B). Cluster 1 highly

expressed Ly6a (Sca-1) and CD34 (Fig 5B). Cluster 2 highly

expressed myofibroblast marker Acta2 (aSMA; Roy et al, 2007;

Fig 5B), reminiscent of the aSMA+ p-SSCs (Ortinau et al, 2019).

Cluster 3 highly expressed chondrocyte markers Col2a1, Sox9, and

Acan (Fig 5B), as well as PSC markers (CD200+CD105�Thy1�6C3�;
Debnath et al, 2018; Fig EV5B).

Pseudotime analysis showed that clusters 0 and 3 are closely

related, while cluster 2 is intermediate between clusters 0 and 1

(Fig 5C). GO analysis revealed that clusters 0 and 3 enriched genes

regulating skeletal development, and that clusters 1 and 2 enriched

genes regulating angiogenesis (Fig 5D). Interestingly, SCENIC analy-

sis showed enrichment of both chondrogenic (Sox4 and Sox9) and

osteogenic (Twist and Sp7) regulons in cluster 3, while early-stage

adipogenic regulon Cebpb was enriched in cluster 1 (Fig 5E), impli-

cating their distinct differentiation potentials.

Although a similar Sca-1+ subset (cluster 1 in this study) has been

previously identified within CTSK+ periosteal cells (Debnath et al,

2018), its localization, clonogenic and differentiation potentials

remain elusive. To test this, we first analyzed the femur sections of 8-

week-old Lepr-Cre; tdTomato mice (Fig 5F) and found Lepr-Cre+ Sca-

1+ cells in the periosteum and cortical bones (Fig 5F). We then sorted

Lepr-Cre+ Sca-1+ cells from the periosteum of unfractured femurs by

flow cytometry (Fig 5G) and compared them with Lepr-Cre+ and

Lepr-Cre+ Sca-1� cells by colony-forming unit-fibroblast (CFU-F)

culture ex vivo. Lepr-Cre+ Sca-1+ cells formed significantly more colo-

nies as compared to Lepr-Cre+ and Lepr-Cre+ Sca-1� cells (Fig 5H and

I), while the colonies formed by Lepr-Cre+ Sca-1� cells were signifi-

cantly smaller than Lepr-Cre+ and Lepr-Cre+ Sca-1+ cells (Fig 5J). We

also sorted Lepr-Cre�, Lepr-Cre� Sca-1+, and Lepr-Cre� Sca-1� cells

from the periosteum of unfractured femurs. Lepr-Cre� Sca-1� cells

formed significantly fewer colonies with significantly smaller colony

size as compared to Lepr-Cre� and Lepr-Cre� Sca-1+ cells (Fig EV5C

and D). Therefore, these data suggested that Sca-1 enriched CFU-F

activity in both Lepr-Cre+ and Lepr-Cre� fractions of the periosteum.

Next, we tested the tri-lineage differentiation potential of the

periosteal subsets after ex vivo expansion. To our surprise, Lepr-

Cre+ Sca-1+ cells underwent efficient adipogenic differentiation

(Fig 6A and B), but limited osteo-chondrogenic differentiation

(Fig 6C–F). In contrast, Lepr-Cre+ Sca-1� cells showed significantly

lower adipogenic differentiation (Fig 6A and B), and significantly

higher osteo-chondrogenic differentiation as compared to Lepr-Cre+

Sca-1+ cells (Fig 6C–F). Similar results were also obtained in Lepr-

Cre� fraction of the periosteum (Fig EV5E–J). Taken together, we

found that Sca-1+ periosteal cells enrich CFU-F activity but undergo

limited osteo-chondrogenic differentiation.

Discussion

By comparing Prrx1-Cre- and Lepr-Cre-traced cells under homeo-

static condition, we found that SSPC and osteogenic subsets were

▸Figure 5. Delineating the periosteal lineage cells.

A t-SNE plots showing the original (left) and re-clustered (right) periosteal lineage cells by integrated analysis of homeostatic and stress conditions. Top 10 PCs were
chosen for the clustering.

B Violin plots showing the expression of feature genes for each cluster.
C Pseudotime trajectories of four clusters. Cells are colored as in (A).
D Dot plots showing the top5 GO terms enriched for each cluster.
E Heatmap showing the AUC score of regulons enriched in each cluster. Z-score (column scaling) was calculated. Representative regulons are highlighted on the top.
F Immunostaining of Sca-1 on femur sections of 8-week-old Lepr-Cre; tdTomato mice. Arrows indicate Sca-1+ tdTomato+ cells inside cortical bones of the femur

diaphysis. Arrowheads indicate Sca-1+ tdTomato+ cells in the femur periosteum. B: Bone. BM: Bone marrow. Peri: Periosteum. Scale bar is 100 µm.
G Representative flow cytometry plots of long bone periosteum in 8-week-old Lepr-Cre; tdTomato mice. The percentage of DAPI� CD45� Ter119� Tie2� tdTomato+ Sca-

1+/� cells are shown.
H Representative CFU-F colony images. Two hundred DAPI� CD45� Ter119� Tie2� tdTomato+ (Lepr-Cre+), DAPI� CD45� Ter119� Tie2� tdTomato+ Sca-1+ (Lepr-

Cre+Sca-1+), or DAPI� CD45� Ter119� Tie2� tdTomato+ Sca-1� (Lepr-Cre+ Sca-1�) cells were sorted from the limb bone periosteum of Lepr-Cre; tdTomato mice and
cultured for 8 days, followed by crystal violet staining.

I, J The average number of CFU-F colonies formed (I) and the average cell number per colony (J) are shown (n = 4 independent experiments). The statistical significance
of differences was assessed using one-way ANOVAs with Tukey’s multiple comparison tests. All data represented Mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001.

Source data are available online for this figure.

ª 2021 The Authors The EMBO Journal 41: e108415 | 2022 9 of 21

Chunyang Mo et al The EMBO Journal



A

C

E

F G I

H J

D

B

Figure 5.

10 of 21 The EMBO Journal 41: e108415 | 2022 ª 2021 The Authors

The EMBO Journal Chunyang Mo et al



labeled by both Cre lines, thereby justifying the use of Lepr-Cre to

study SSCPs maintenance and lineage specification in adult long

bones. The Prrx1-Cre-biased subsets, including periosteal cells,

chondrocytes, and aSMA+ cells, could be derived from perichondrial

cells during embryonic skeletal development (Logan et al, 2002). In

contrast, Lepr-Cre is not detected in long bones until perinatal stage

(Zhou et al, 2014a), which could explain their distinct recombina-

tion patterns. Cautions must be taken that Lepr-Cre is a germline

Cre that is not organ- or lineage specific. Since we could not tempo-

rally control the expression of Cre recombinase, Lepr-Cre might be

ectopically induced upon certain stress conditions. Thus, careful

analysis of Lepr expression is needed when inferring lineage rela-

tionships among different cell types traced by Lepr-Cre. Notably, a

recent lineage tracing study by LepR-CreER reveals the transition of

postnatal skeletal progenitor cells from chondrocytes to LepR+

BMSCs (Shu et al, 2021). Future studies are needed to test the cellu-

lar heterogeneity within Lepr-CreER-traced cells in the adult long

bones.

Integrated analysis of Prrx1-Cre- and Lepr-Cre-traced cells

allowed us to systemically examine the distribution of known SSPC

markers, as well as the extent to which different HSC niche cells

overlap (Fig EV1E). Lepr-Cre+ BMSCs expressed high levels of

Pdgfra, Pdgfrb, Kitl, Cxcl12, and Grem1, which confirmed that they

overlap with CAR cells (Omatsu et al, 2010) and Grem1+ cells

(Worthley et al, 2015). Previous studies showed that Lepr-Cre+

BMSCs largely overlap with HSC niche-forming Nestin-GFP+ cells,

especially Nestin-GFPlow cells (Mendez-Ferrer et al, 2010; Kunisaki

et al, 2013; Zhou et al, 2014a). Interestingly, Nestin and CD105 were

expressed in a smaller fraction of Lepr-Cre+ BMSCs, which could be

caused by sparse sampling by scRNA-seq, or by the heterogeneity

within Lepr-Cre+ BMSCs. Therefore, cautions must be taken when

interpreting the expressional data reported in this study. We were

not able to determine the relationship between Lepr-Cre+ BMSCs

and non-myelinating Schwann cells that were also implicated as

critical HSC niche (Yamazaki et al, 2011), since these rare glial cells

are derived from neural crest cells that could not be traced by Prrx1-

Cre or Lepr-Cre.

Integrated analysis of Lepr-Cre-traced cells under homeostatic

and stress conditions revealed adipogenic, osteogenic, and perios-

teal lineage cells. The adipogenic lineage cells are mainly composed

of Lepr-Cre+ BMSCs highly expressing HSC niche factors such as Kitl

and Cxcl12, which were significantly down-regulated in aged,

rosiglitazone-fed, and fractured mice, suggesting loss of the ability

to create HSC niche. Importantly, we identified a slow cycling

Notch3+ sub-population within Lepr-Cre+ BMSCs, which correspond

to adventitial cells closely associated with the bone marrow

A B

C D

E F

Figure 6. Functional analysis of the Sca-1+ sub-population in the periosteum.

A, B Representative oil red staining after 7 days of adipogenic differentiation in Lepr-Cre+ subsets (A) and qPCR analysis of Adipoq and Pparg expression (B) (n = 3
independent experiments). Scale bars are 100 µm.

C, D In vitro chondrogenic differentiation of sorted periosteal cells. Representative alcian blue staining after chondrogenic differentiation for 21 days and cryosection (C).
Scale bars are 100 µm. Chondrogenic efficiencies were quantified by qPCR analysis of Acan and Col2a1 expression (D) (n = 3 independent experiments).

E, F In vitro osteogenic differentiation of sorted periosteal cells. Representative alizarin red staining after osteogenic differentiation for 14 days. Scale bars are 200 µm.
Osteogenic efficiencies were quantified by qPCR analysis of Sp7 and Bglap expression (F) (n = 3 independent experiments).

Data information: The statistical significance of differences was analyzed by one-way ANOVAs with Tukey’s multiple comparison tests. All data represented Mean � SD.
*P < 0.05, **P < 0.01.
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vasculatures, reminiscent of the quiescent Cxcl12-CreER+ BMSCs in

the perivascular region (Matsushita et al, 2020). Interestingly, Notch

signaling has been previously shown to promote SSPC maintenance

by suppressing osteogenic differentiation (Engin et al, 2008; Hilton

et al, 2008). Conditional deletion of the Notch ligand Dll4 in bone

marrow ECs leads to myeloid skewing of hematopoietic progenitors

(Tikhonova et al, 2019), significantly shorter long bones, and loss of

trabeculae (Ramasamy et al, 2014). Together with our findings,

these data indicate that bone marrow ECs create a vascular niche

for SSPCs via the Dll-Notch axis, and play critical roles in orchestrat-

ing osteogenesis and hematopoiesis. Notably, the Notch3+ sub-

population expresses a panel of angiogenic factors such as Vegfa

and Col4a1, highlighting the intimate crosstalk between adventitial

cells and bone marrow ECs. Future studies are needed to test

whether different types of bone marrow ECs, including sinusoidal,

arteriolar, and arterial ECs, constitute distinct niches for SSPC to

regulate their self-renewal and lineage commitment.

Lepr-Cre+ cells have been extensively studied in the bone

marrow, while their periosteal functions remain largely unknown.

Although Lepr-Cre labeled a small fraction of periosteal cells under

steady state, they were expanded after bone fracture and irradiation,

suggesting potential roles in skeletal repair in response to physical

insults. Notably, since Lepr-Cre labels cells in the bone marrow,

endosteal, and periosteal compartments, we could not rule out the

possibility that bone marrow and endosteal Lepr-Cre+ cells also give

rise to chondrocytes after bone fracture (Fig 2G). In this study, we

focused on the Sca-1+ sub-population in both Lepr-Cre+ and Lepr-

Cre� fractions of the periosteum, which enriches CFU-F activity and

exhibits adipogenic progenitor characteristics. This contrasts

sharply with bone marrow PaS cells that exhibit trilineage differenti-

ation potential (Morikawa et al, 2009), suggesting functional diver-

gence of Sca-1+ cells isolated from different skeletal compartments.

On the contrary, Sca-1� periosteal cells seem to enrich SSPCs

including PSCs (Debnath et al, 2018; cluster 3 in Fig EV5B,

CD200+CD105�Thy1�6C3�) and aSMA+ p-SSCs (Ortinau et al, 2019;

cluster 2 in Fig 5B, expressing Acta2). Consistent with our findings

(Fig 6), Ambrosi et al found that CD45�CD31�Sca1+ cells enrich

adipogenic progenitors, while CD45�CD31�Sca1� cells enrich osteo-

chondrogenic progenitors (Ambrosi et al, 2017). Given that crushed

bones containing both bone marrow and bone fragments were

analyzed (Ambrosi et al, 2017), and that Ly6a (Sca-1) is expressed

at a much higher level in periosteal/fibroblast populations as

compared to BMSCs (Fig EV1E; Baryawno et al, 2019; Sivaraj et al,

2021), the CD45�CD31�Sca1+ cells studied by Ambrosi et al might

overlap, as least in part, with the Sca-1+ periosteal cells that we

analyzed.

Materials and Methods

Reagents and Tools table

Reagent/Resource Reference or Source Identifier or Catalog Number

Experimental Models

Prrx1-Cre Logan et al (2002) JAX: 005584

Lepr-Cre DeFalco et al (2001) JAX: 008320

Loxp-STOP-loxp-tdTomato Madisen et al (2010) JAX: 007914

Col2.3-GFP Kalajzic et al (2002) JAX: 013134

Recombinant DNA

pLKO.1 - TRC Cloning Vector Addgene Cat# 10878

pLKO.1_Hoxb2_1 This study

pLKO.1_Hoxb2_2 This study

pLKO.1_Npdc1_1 This study

pLKO.1_Npdc1_2 This study

Antibodies

Anti-CD45-APC (Clone 30-F11) eBioscience Cat# 17-0451-83

Anti-Ter119-APC (Clone TER-119) eBioscience Cat# 17-5921-82

Anti-Tie2-APC (Clone TEK4) Biolegend Cat# 124010

Anti-Pdgfra-Biotin Antibody (Clone APA5) eBioscience Cat# 13-1401-82

Anti-Notch 3 Armenian Hamster Monoclonal Antibody (Clone HMN3-133) Biolegend Cat# 130512

Anti-Ly-6A/E (Sca-1)-PerCP/Cy5.5 (Clone E13-161.7) Biolegend Cat# 122524

FITC anti-BrdU Antibody (Clone 3D4) Biolegend Cat# 364104

Anti-CD31-biotin (Clone MEC13.3) Biolegend Cat# 102504

Mouse/Rat CD31/PECAM-1 Antibody R&D system Cat# AF3628-SP

Anti-Ly-6A/E-Alexa Fluor 647 (Clone E13-16.7) Biolegend Cat# 122518
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Reagents and Tools table (continued)

Reagent/Resource Reference or Source Identifier or Catalog Number

Rabbit anti-Aggrecan Antibody Millipore Cat# AB1031

Rabbit anti-Perilipin Antibody Sigma Cat# P1873

Donkey anti-rabbit-Alexa Fluor 488 Invitrogen Cat# A21206

Donkey anti-goat-Alexa Fluor 488 Invitrogen Cat# A-11055

Donkey anti-rabbit-Alexa Fluor 647 Invitrogen Cat# A-31573

Oligonucleotides and other sequence-based reagents

Acan (NM_007424.2) This study qPCR primers

F: TGA AGC AGA AGG TCT GGA CA

R: CCA GAA GGA ATC CCA CTA ACA

Col2a1 (NM_031163.3) This study qPCR primers

F: GTC CCC CTG GCC TTA GTG

R: CCA CCA GCC TTC TCG TCA

Adipoq (NM_001310597.1) This study qPCR primers

F: TGT TCC TCT TAA TCC TGC CCA

R: CCA ACC TGC ACA AGT TCC CTT

Pparg (NM_011146.3) This study qPCR primers

F: ACC ACT CGC ATT CCT TTG AC

R: TGG GTC AGC TCT TGT GAA TG

Sp7 (NM_001348205.1) This study qPCR primers

F: CAA GAG TGA GCT GGC CTG A

R: TGG AGC CAT AGT GAG CTT CTT

Bglap (NM_007541.3) This study qPCR primers

F: TGA GGA CCA TCT TTC TGC TCA

R: TGG ACA TGA AGG CTT TGT CA

Hoxb2 (NM_134032.2) This study qPCR primers

F: CGA GGT CGG ATC ACC ATC

R: GGT ACT TAT TGA AGT GGA ACT CCT TCT

Npdc1 (NM_008721.4) This study qPCR primers

F: GTG CCA AGG AAA CA CTA TCTT

R: CTC CTT CAG TGC CAG TTC CT

ShRNA_Hoxb2_1 This study shRNA-sequence

CCGGGTCTGGTCCTCCTTGGCTGTTCTCGAGAACAGCCAAGGAGGACCAGACTTTTTG

ShRNA_Hoxb2_2 This study shRNA-sequence

AATTCAAAAAGCCTTCTCCACTCGTGGATACCTCGAGGTATCCACGAGTGGAGAAGGC

ShRNA_Npdc1_1 This study shRNA-sequence

AATTCAAAAAGCTTTCTGCTTAGCAAGCTCACTCGAGTGAGCTTGCTAAGCAGAAAGC

ShRNA_Npdc1_2 This study shRNA-sequence

AATTCAAAAAGGCATAAGGAACCTCCAAAGGCTCGAGCCTTTGGAGGTTCCTTATGCC

Chemicals, Enzymes and other reagents

Anti-Biotin Microbeads Miltenyi Biotec Cat# 130-090-485

LS Columns Miltenyi Biotec Cat# 130-042-401

Type I Collagenase Worthington Cat# LS004197

Dispase II Sigma-Aldrich Cat# 04942078001

DNase I Sigma-Aldrich Cat# D4527-200KU

GelMA Engineering for Life EFL-GM-90
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Reagents and Tools table (continued)

Reagent/Resource Reference or Source Identifier or Catalog Number

Sodium pyruvate solution Gibco Cat# S8636

Bovine serum albumin (BSA) Sigma-Aldrich Cat# A9647

Fetal bovine serum (FBS) HyClone Cat# SH30070.03

MEM alpha medium Thermo Fisher
Scientific

Cat# 12561-056

Penicillin-Streptomycin Solution Thermo Fisher
Scientific

Cat# 15140-122

LM-DMEM Corning Cat# 10-014-CV

DMEM with 4.5 g/l glucose L-glutamine & sodium pyruvate Corning Car# 10-013-CVR

L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate, ≥95% Sigma-Aldrich Cat# A8960-5G

L-proline Sigma-Aldrich Cat# P0380

Recombinant human TGF-b3 PeproTech Cat# 100-36E

Indomethacin Sigma-Aldrich Cat# I7378

Alizarin Red S Sigma-Aldrich Cat# A5533

Oil Red O solution Sigma-Aldrich Cat# O1391

Alcian blue 8GX Sangon Biotech Cat# A600298-0001

Crystal Violet Solarbio Cat# C8470

5X All-In-One MasterMix Kit ABM Cat# G492

APC BrdU Flow Kit BD Bioscience Cat# 552598

5-Bromo-20-deoxyuridine ≥ 99% (HPLC) Sigma-Aldrich Cat# B5002-5G

RQ1 RNase-Free Dnase, Promega, Cat# M6101

Matrigel Corning Cat# 354234

Chromium Single Cell 3’ Library and Gel Bead Kit V2 10× Genomics Cat# PN-120237

Chromium Next GEM Single Cell 3’ GEM, Library & Gel Bead Kit V3.1 10× Genomics Cat# 1000128

iTaq Universal SYBR Green Supermix BioRad Cat# 172-5125

Software

Zen 2.3 software Zeiss

FlowJo V10.1 FlowJo LLC https://www.flowjo.com/ solutions/flowjo

GraphPad Prism 7.0 GraphPad https://www.graphpad.com/

Image J: Fiji Image J https://imagej.nih.gov/ij/

Snapgene V2.3.2 Snapgene https://www.snapgene.com

Cell Ranger v3.0.1 10× Genomics https://support.10xgenomics.com

Python 3 N/A www.python.org

R 3.5.0 R-Project https://cran.r-project.org/ mirrors.html

Seurat v2.3.4 Satija et al (2015) https://satijalab.org/seurat/

Scanpy v1.4 Wolf et al (2018) https://github.com/theislab/scanp

SCENIC Aibar et al (2017) https://github.com/aertslab/SCENIC

jvenn Bardou et al (2014) http://jvenn.toulouse.inra.fr/app/example.html

ClusterProfiler v3.2.14 Yu et al (2012) https://guangchuangyu.github.io/software/
clusterProfiler/

TACS Kernfeld et al (2018) N/A

CellphoneDB v2.0.0 Vieira Braga et al
(2019)

www.cellphonedb.org

Cytoscape v3.6 Otasek et al (2019) www.cytoscape.org

GSEA v2.2.4 Subramanian et al
(2005),
Mootha et al (2003)

www.software.broadinstitute.org/gsea/,
https://www.gsea-msigdb.org/gsea/index.jsp
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Methods and Protocols

Mice
All mice were maintained in C57BL/6 background, including Lepr-Cre

(DeFalco et al, 2001), Prrx1-Cre (Logan et al, 2002), loxp-STOP-loxp-

tdTomato (Madisen et al, 2010), and Col2.3-GFP mice (Kalajzic et al,

2002). For scRNA-seq experiments in Prrx1-Cre; tdTomato; Col2.3-GFP

mice, 8-week-old mice were analyzed (three males). For scRNA-seq

experiments in Lepr-Cre; tdTomato mice, 8-week-old mice (“Young

adult,” four males and two females), 12-month-old mice (“Aging,”

four females), 10-week-old mice on 20 g/kg rosiglitazone-containing

chow for 5 weeks (“Rosiglitazone diet,” feeding started at 5 weeks

old, two females), 8-week-old sub-lethally irradiated (5 Gy) mice

(“Irradiation,” two males and two females), and 8-week-old fractured

mice (“Fracture,” two males and two females) were analyzed. All

mice were kept in an SPF facility operated in a 12-h light/dark cycle.

Animal procedures were approved by the Tongji University Animal

Care and Use Committee. No statistical methods were used to estimate

sample size. Mice were randomly chosen for each sample, and blind-

ing of the investigator was not considered in this study.

Immunofluorescent staining
Freshly dissected bones were fixed in 4% paraformaldehyde over-

night at 4°C, decalcified in 10% EDTA for 3 days, and sectioned at

10 µm using the CryoJane Tape-Transfer system (Leica). Sections

were blocked in PBS with 10% horse serum and 0.1% Triton X-100

at room temperature for 1 h, and stained overnight at 4°C with

rabbit anti-Aggrecan (Millipore, AB1031 1:200), rabbit anti-Perilipin

(Sigma, 1:1,000) rabbit-anti-Col2a1 (Boster, BA0533, 1:200), rabbit-

anti-Sp7 (Abcam, ab209484, 1:200), or goat anti-CD31 (R&D

systems, AF3628-SP, 1:200) primary antibodies. Sections were

washed three times (10 min/each) at room temperature, and stained

with anti-Ly-6A/E-Alexa Fluor 647 (Biolegend, clone: E13-161.7,

1:50), anti-Notch3-Alexa Fluor 647 (Biolegend, clone: HMN3-133,

1:100), donkey anti-rabbit-Alexa Fluor 488, anti-goat-Alexa Fluor

488, or donkey anti-rabbit-Alexa Fluor 647 antibodies (Invitrogen,

1:500) at room temperature for 1 h. Slides were mounted with Anti-

fade Prolong Gold with DAPI (Invitrogen). Images were acquired

with an Olympus IX73 fluorescent microscope. For immunostaining

of the 3D coculture system, the GelMA hydrogels were treated as

described above at 4°C during the whole process. Blocking, primary,

and secondary antibody application were each performed overnight,

and the washing time was extended to 30 min/each. Images were

acquired with Zeiss LSM8800 confocal microscope and z-stack

images were analyzed using Zen 2.3 software.

Bone fracture
After anesthesia, an incision was made on the skin of the right leg to

expose the femur through the muscles. A stainless-steel wire was

inserted into the intramedullary canal through the knee, and an inci-

sion was made by the cranial drill in the mid-diaphysis to introduce a

fracture. The muscle and skin were then closed by sutures and

wound clips. Mice were closely monitored until they resumed full

activity. Ketoprofen was given for analgesia before and after surgery.

Enzymatic dissociation and flow cytometry
Enzymatic digestion of the bone and bone marrow cells were

performed as previously described (Suire et al, 2012; Yue et al,

2016). Briefly, intact marrow plugs were flushed from the limb

bones and subjected to two rounds of enzymatic digestion at 37°C

for 15 min each. The remaining bone fragments were crushed and

digested in the same ways as the marrow plugs. The digestion buffer

contained 3 mg/ml type I collagenase (Worthington), 4 mg/ml

Dispase (Sigma), and 1 U/ml DNase I (Ambion) in HBSS with

calcium and magnesium. The cells were resuspended in staining

medium (HBSS + 2% fetal bovine serum) with 2 mM EDTA to stop

the digestion. The bone and marrow fractions were combined and

filtered through 70-µm cell strainers before sorting. Fractured

femurs were dissected and crushed for enzymatic digestion without

flushing the marrows. To isolate periosteal cells for flow cytometry

and functional analyses, long bones with periosteum were digested

twice at 37°C for 15 min each. The loosened periosteum was

scraped off with a razor blade and digested twice at 37°C for 15 min

each. For flow cytometry, digested cells were stained with anti-

CD45-APC (eBioscience, clone: 30-F11, 1:200), anti-Ter119-APC

(eBioscience, clone TER-119, 1:200), and anti-Tie2-APC (Biolegend,

clone: TEK4, 1:200) antibodies in staining buffer for 30 min on ice,

washed and resuspended in 1 ml staining buffer with 1 µg/ml DAPI

(Invitrogen). Cell sorting was performed on FACSAriaII flow

cytometer (BD Biosciences) with a 100-µm nozzle, and sorted cells

were collected in PBS supplemented with 0.08% UltraPure BSA in

96-well clear round bottom ultra-low attachment microplates (Corn-

ing 7007). When analyzing Lepr-Cre+Sca-1+/� cells, anti-Ly-6A/E

(Sca-1)-PerCP/Cy5.5 (Biolegend, clone: E13-161.7, 1:100) was used

in combination with the above antibodies.

CFU-F culture and in vitro differentiation
To form CFU-F colonies, flow cytometrically sorted cells were plated

in six-well plates (200 cells/well) with BMSC medium containing a-
MEM (Gibco), 20% fetal bovine serum (FBS, Gibco 10270-106, Lot

#: 42F6480K, selected to support CFU-F growth), 10 µM ROCK inhi-

bitor, 1 mM sodium pyruvate, and 1% penicillin/streptomycin.

Cultures were maintained at 37°C with 5% O2 and 5% CO2 to create

a low oxygen environment that promoted cell survival and prolifera-

tion (Morrison et al, 2000). The culture medium was changed every

4 days. CFU-F colonies were counted 8 days after plating by crystal

violet staining (1% in formalin solution). Adipogenic and osteogenic

differentiation was assessed by replating primary CFU-F colonies into

24-well plates (4–6 × 104 cells/cm2). The adipogenic differentiation

medium contained DMEM (Gibco), 10% fetal bovine serum, 0.5 lM
isobutylmethylxanthine, 60 lM indomethacin, 1% penicillin/ strepto-

mycin, 5 lg/ml insulin, and 1 lM dexamethasone. The medium was

changed every 3–4 days, and the differentiation efficiency was deter-

mined by oil red O staining on day 7. The osteogenic differentiation

medium contained a-MEM (Gibco), 10% fetal bovine serum (Gibco

10270-106, Lot #: 42F6480K, selected to support CFU-F growth),

1 mM sodium pyruvate, 1% penicillin/streptomycin, 50 µg/ml

L-ascorbic acid, 10 mM b-glycerophosphate, and 100 nM dexametha-

sone. The medium was changed every 3–4 days, and the differentia-

tion efficiency was determined by alizarin red staining on day 14. The

chondrogenic medium contained 10 ng/ml recombinant transforming

growth factor-b3 (Peprotech), 100 nM dexamethasone, 50 µg/ml

ascorbic acid 2-phosphate, 1 mM sodium pyruvate, 40 µg/ml proline,

1% penicillin/streptomycin, and 1X ITS cell culture supplement (Cya-

gen) containing 6.25 lg/ml bovine insulin, 6.25 lg/ml transferrin,

6.25 lg/ml selenous acid, 5.33 lg/ml linoleic acid, and 1.25 mg/ml
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BSA in high glucose DMEM. To form cell pellets, 2.5 × 105 cells were

centrifuged in 15-ml polypropylene tubes. The medium was changed

every 2 days in the first week, and then once a week. The differentia-

tion efficiency was determined by cryosection of the cell pellets and

alcian blue staining on day 21.

BrdU incorporation assay
For cell cycle analysis in vivo, 8-week-old Lepr-Cre; tdTomato mice

were given a single intraperitoneal injection of BrdU (100 mg/kg

body mass) and maintained on 0.5 mg/ml of BrdU in the drinking

water for 14 days. For cell cycle analysis during ex vivo 3D co-

culture, BrdU was administered at a final concentration of 10 µM

from day 1 to day 5. The frequency of BrdU+ cells was analyzed by

flow cytometry using the BrdU Flow Kit (BD Biosciences) and FITC

anti-BrdU Antibody (Biolegend, clone: 3D4, 1:100).

Ex vivo 3D co-culture
Primary BMSCs and bone marrow ECs were isolated from 8-week-

old wild-type (for RNA-seq) or Lepr-Cre; tdTomato (for immunos-

taining) mice. Bone marrow plugs were flushed out of the limb

bones and digested as described above. For 2D expansion of BMSCs,

whole bone marrow cells were cultured at a density of 8 × 106 per

10-cm dish with BMSC medium for 8 days. For 2D expansion of

bone marrow ECs, CD31+ cells were immunomagnetically enriched

from digested whole bone marrow cells using anti-CD31-biotin

(Biolegend, clone: MEC13.3, 1:200) antibody, anti-Biotin

MicroBeads (Miltenyi Biotech, 130-090-485), and MACS LS column

(Miltenyi Biotech, 130-042-401). The enriched CD31+ cells were

cultured at a density of 2 × 107 cells per 10 cm fibronectin (Sigma,

F0895) pre-coated dish with EGM2 medium (Lonza, CC-3202) for

8 days. 2D expanded BMSCs and bone marrow ECs were then

purified by flow cytometry using anti-CD45-APC, anti-Ter119-APC,

anti-CD140a-biotin (eBioscience, clone: APA5, 1:200), and anti-

CD31-biotin antibodies. Ten thousand BMSCs and bone marrow ECs

were mixed at 1:1 ratio in 50 ll GelMA (4%, Engineering for Life,

GM-60) in a 24-well culture plate, and cross-linked with a 405-nm

light source for 25 s to form hydrogel. 3D hydrogels were cultured

in 500 ll EGM2 medium (changed once after 2–3 days) and main-

tained at 37°C with 5% O2 and 5% CO2 for 5 days.

Lentiviral transfection
Short hairpin RNAs (shRNA) targeting Hoxb2 and Npdc1 were

cloned into pLKO.1 vector. HEK293T cells (2 × 105) were seeded in

a six-well plate and transfected with pLKO.1-Hoxb2-shRNA,

pLKO.1-Npdc1-shRNA, or pLKO.1 vector (control) together with

packaging vectors (pAX2 and VSV-G) by PEI (Polysciences, 23966-

1) for 8 h. The lentivirus-containing culture medium was harvested

at 48 and 72 h post-transfection and stored at �80°C. For lentiviral

transfection of BMSCs, 2 × 104 Lepr-Cre+ BMSCs were seeded in a

six-well plate and transfected with the lentivirus-containing medium

(1:10 volume ratio). Cells were expanded after 48 h for in vitro dif-

ferentiation and qPCR analyses.

Renal sub-capsular transplantation
Briefly, 2 × 05 cells were resuspended in 5 ll Matrigel (Corning,

354234) on ice and then aspirated into a micropipette (Drummond

Scientific, 5-000-2010). The cell mixture was transplanted under-

neath the renal capsule of 7–8-week-old wild-type mice. Four weeks

after transplantation, the kidneys were surgically removed, fixed in

4% paraformaldehyde for 6 h at 4°C, decalcified in 10% EDTA for

2 days, and then dehydrated in 30% sucrose at room temperature.

Cryosections were cut at 10 µm and subjected to immunofluores-

cent staining, followed by Movat’s Pentachrome staining (ScyTek,

MPS-1). Images were acquired using Olympus IX73 microscope.

RNA extraction and qPCR
Total RNAs were extracted by RNAiso Plus (Takara) and reverse

transcribed into cDNA using 5X All-In-One MasterMix kit (ABM).

qPCR was performed using iTaq Universal SYBR Green Supermix

(BioRad) on a CFX96 real-time system (BioRad).

scRNA-seq library preparation and sequencing
Flow cytometry-sorted cells were examined under a microscope,

counted with a hemocytometer, and then subjected to 3’ scRNA-seq

library construction on a Chromium Controller (10× Genomics). All

libraries were constructed with Single Cell 3’ v2 kit according to the

manufacturer’s instructions except for the irradiation sample of

female mice (Single Cell 3’ v3 kit). Our target output was 4,000 cells

for each sample. Reverse transcription, cDNA amplification, and

library constructions were performed on T100 Touch Thermal cycler

(Bio-Rad). Amplified cDNA and libraries were evaluated on an

Agilent Tape-Station system using D5000 and D1000 screentapes

(Agilent Technologies) and diluted to 10 ng/µl. Pooled samples

were sequenced on a HiSeq X Ten system (Illumina) as paired-end

150-bp reads, to ~90% saturation level for all samples.

Pre-processing of scRNA-seq data
Paired-end sequencing reads were processed using the Cell Ranger

pipelines (version 3.0, 10× Genomics) for sample demultiplexing,

read mapping (mm10/GRCm38), barcode processing, and single-cell

transcript counting. After removing poorly mapped reads and PCR

duplicates, reads with valid cell barcodes and unique molecular

identifiers (UMIs) were used to generate the gene-barcode matrix.

To remove low-quality and contaminating hematopoietic cells, we

excluded the following cells: (i) cells with fewer than 500 detected

genes (each gene must have at least one UMI aligned); (ii) cells with

more than 15% mitochondrial transcripts (UMIs); (iii) cells with

more than 2% hemoglobin transcripts (UMIs) including Hbb-bt,

Hbb-bs, Hbb-bh1, Hbb-bh2, Hbb-y; (iv) contaminating endothelial

cells. After filtering, gene expression in each cell was calculated as

transcripts per 10k transcripts (TP10K), representing the fraction of

each gene’s UMI count with respect to total UMIs in the cell and

multiplied by 10,000. Only genes expressed in at least three cells

were retained. The resulting digital expression matrix was log-

transformed before downstream analyses. Detailed sample and

single-cell information was listed in Dataset EV1.

Dimensionality reduction, clustering, and visualization
We performed dimensionality reduction and clustering using the

Seurat package (v3.0.1) (Macosko et al, 2015). Briefly, we first

selected a subset of highly variable genes based on dispersion of

binned variance to mean expression ratios using the FindVari-

ableFeatures function (with the MeanVarPlot method,

0.1 < mean < 8, dispersion > 1) followed by filtering of dissociation

artifact genes (van den Brink et al, 2017) and mitochondrial genes.

We then performed principal component analysis (PCA) and
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reduced the data to the top PCs (number of top PCs was chosen

based on the “knee” point at the cumulative curve of standard devi-

ations of each PCs). The PCA-reduced data were then used to

compute a shared nearest neighbor graph, and were further

subjected to graph-based clustering with the Louvain Method (Vin-

cent D Blondel, 2008). The clusters were visualized on a two-

dimensional t-distributed stochastic neighbor embedding (t-SNE)

map (van der Maaten & Hinton, 2008), implemented by the Seurat

software with perplexity = 30. Cell clustering is not driven by the

cell cycle state except for cluster 6 in Fig 2C.

Batch effect correction
Batch effect correction was based on the assumption that different

samples share similar subsets. Successfully batch correction was

determined by overlapping of the same subsets from different

samples. To correct batch effects, we used the Seurat alignment

method for data integration. Briefly, we identified highly variable

genes for each dataset as described above, and took the union of

these genes to run a canonical correlation analysis to determine the

common sources of variation among datasets by FindIntegra-

tionAnchors function with the dims = 30. We then used Inte-

grateData function to align the sub-spaces on the basis of the first

30 canonical correlation vectors, which generated a new dimen-

sional reduction that was used for further analysis (Tikhonova

et al, 2019). We integrated Prrx1-Cre- and Lepr-Cre-traced samples

and clustered 7,220 cells into 9 subsets (Fig 1B). The 17,224 cells

from Lepr-Cre-traced samples were clustered into 8 subsets

(Fig 2B).

Marker gene identification
To identify marker genes that define individual clusters, we

performed pairwise differential expression analyses using the

FindAllMarkers function in Seurat with the MAST method (Finak

et al, 2015) for statistical tests. Differentially expressed autosomal

genes that were detected in at least 20% cells within the cluster and

with a log2 fold change > 0.2 compared with all other clusters were

considered to be marker genes. Detailed DEG information for all fig-

ures were listed in Dataset EV2.

Reconstructing cell development trajectories
To infer the developmental progression of cells in different clusters

and to order them in pseudotime, we used the non-linear recon-

struction algorithm DDRTree in the Monocle 2 package (v2.10.0)

(Qiu et al, 2017). The differentially expressed genes of different

clusters were used as the ordering genes for the trajectory

reconstruction.

Single-cell gene regulatory network inference using SCENIC
We performed SCENIC analysis to predict single-cell gene regula-

tory networks by following the standard workflow (Aibar et al,

2017). The raw count expression matrix was loaded onto GENIE3

for building the initial co-expression gene regulatory networks

(GRN). The regulon data were then analyzed based on TF motifs

from mm10-tss-centered-10 kb (for mouse) database by RcisTarget

(Imrichova et al, 2015). The regulon activity scores in single cells

were calculated using AUCell (Holland et al, 2020). Detailed regu-

lon information for all figures was listed in source data for Figs 4

and 5.

RNA velocity
The spliced and unspliced reads were quantified by velocyto (ver-

sion 0.17.11) with mouse genome reference. The velocities of each

gene were calculated following the proposed workflow of scVelo

(version 0.2.2; Bergen et al, 2020) with the default parameter. The

trajectories were visualized on Uniform Manifold Approximation

and Projection (UMAP) (Becht et al, 2018; Fig 1G).

GO and KEGG pathway analysis
The DEGs in each cluster were used to perform GO and KEGG path-

way enrichment analysis by clusterProfiler package (Yu et al, 2012).

The significantly expressed genes of each cluster were used as input

and ontology was set to BP (biological process). The enriched GO

terms and pathways were filtered by setting P-value cutoff to 0.05.

Simplify function was performed to select the most significantly

enriched terms.

Bulk RNA-seq of 3D-cultured BMSCs
Ten thousand lived BMSCs 3D cultured alone or together with bone

marrow ECs in 4% GelMA hydrogels were sorted by flow cytometry

(CD45�Ter119�CD31�CD140a+). Total RNAs were extracted, digested

with DNase I, and purified using RNAclean Kit (TIANGEN, DP412).

RNA-seq libraries were constructed by a modified Smart-seq2 proto-

col (Zhou et al, 2016) and sequenced using Nova-seq (PE150). Adap-

tor sequences were removed using CutAdapt and trimmed reads

shorter than 30 bp were discarded. Trimmed data were aligned to

mouse reference genome mm10 using STAR (Dobin et al, 2013;

unique mapping rate > 80%). HTseq-count (Anders et al, 2015) was

used to count the number of reads mapped to each gene. Counts of

genes were normalized and differentially expressed genes (DEGs,

P < 0.05, fold-change > 1.35) were determined by the DESeq2 pack-

age (Love et al, 2014). GO and KEGG enrichment of DEGs was

performed using clusterProfiler package (Yu et al, 2012). Top 2% GO

terms and top 20 KEGG pathways with P < 0.05 were chosen. DEGs,

GO terms, and KEGG pathways were visualized using ggplot2.

Normalized gene counts for all samples were listed in Dataset EV3.

Statistical analysis
The statistical significance of differences was analyzed by two-tailed

unpaired Student’s t-tests, or one-way ANOVAs with Tukey’s multi-

ple comparison tests. Detailed statistical methods were specified in

the figure legends. All data represented Mean � SD. *P < 0.05,

**P < 0.01, ***P < 0.001.

Data availability

The scRNA-seq and bulk RNA-seq data reported in this study have

been deposited to Gene Expression Omnibus (GEO) with the acces-

sion number GSE138689 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE138689). R scripts for data analysis are

available upon request.

Expanded View for this article is available online.
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