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a b s t r a c t

Introduction: Activation of skeletal progenitors upon tissue injury and the subsequent cell fate specifi-
cation are tightly coordinated in the bone repair process. Although known osteoimmunological signaling
networks play important roles in the microenvironment of the bone defect sites, the molecular mech-
anism underlying the bone repair process has not been fully understood.
Methods: To better understand the behavior of the skeletal progenitors and the heterogeneity of the cells
during bone repair at the microenvironmental level, we performed a combinatorial analysis consisting of
lineage tracing for skeletal progenitors using the Sox9-CreERT2;R26RtdTomato mouse line followed by
single-cell RNA sequencing (scRNA-seq) analysis using a mouse model of calvarial bone repair. To identify
a therapeutic target for bone regeneration, further computational analysis was performed focusing on
the identification of the cellecell interactions, followed by pharmacological assessments with a critical-
size calvarial bone defect mouse model.
Results: Lineage tracing analysis showed that skeletal progenitors marked by Sox9 were activated upon
bone injury and contributed to bone repair by differentiating into osteoblasts. The scRNA-seq analysis
characterized heterogeneous cell populations at the bone defect sites; the computational analysis pre-
dicted a bifurcated lineage from skeletal progenitors toward osteogenic and adipogenic lineages. Che-
mokine CeC motif ligand 9 (Ccl9) was identified as a signaling molecule that regulates bone regeneration
in the mouse model, possibly through the regulation of adipogenic differentiation at the bone defect site.
Conclusion: Multipotential skeletal progenitors and the direction of the cell differentiation were char-
acterized at single cell resolution in a mouse bone repair model. The Ccl9 signaling pathway may be a key
factor directing osteogenesis from the progenitors in the model and may be a therapeutic target for bone
regeneration.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction
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Bone functions as a framework for the mammalian body and is
required for the storage of minerals via a process that tightly co-
ordinates bone-forming osteoblasts and bone-resorbing osteo-
clasts. Given the dynamics of bone metabolism, bone has relatively
high potential for tissue repair, although its potency in this capacity
depends onmultiple parameters. Meta analyses have clearly shown
that age and health conditions, including smoking and diabetes, are
related to osteoporosis and bone fracture [1,2]. Diabetes and low
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bone mineral density have both been shown to contribute to poor
bone quality [3]. These issues should be addressed, as osteoporotic
fracture is increasing in our super-aging society and is becoming a
social burden [4].

Non-union is a problematic complication of fracture, causing
functional disabilities including load and movement limitations.
For instance, 20% of cases of femoral neck fracture fixation lead to
secondary operation due to non-union or avascular necrosis [5].
Surgery for non-union is a particularly challenging problem in or-
thopaedic traumatology [6].

Treatment for non-union is difficult particularly in critical-sized
bone defects such that postoperative bone healing takes a long
time. Traditional methods of treatment for critical-sized bone de-
fects are vascularized bone grafts [7], osteoinductive bone length-
ening [8], chipping [9], and the Masquelet technique [10]. Even
with these methods, non-union sometimes requires reoperation.
Vascularized bone grafts and the Masquelet technique require
donor sites, and sometimes cause comorbidity including surgical
site infection and chronic pain [11]. To avoid such complications,
tissue engineering featuring signaling molecules as osteoinductive
factors is a promising approach to enhancement of bone healing.

To establish bone regenerative strategies, better understanding
of the mechanisms underlying the bone repair process is essential.
The bone repair process consists of hematoma formation, inflam-
mation, bone formation and bone remodeling [12]. Both the he-
matopoietic lineage and mesenchymal lineage are activated upon
bone injury. Multiple immune cell types regulate distinct stages of
the differentiation of skeletal cell types through the secretion of
signaling molecules [12e14]. Although osteoimmunological pro-
cesses are key to the process of bone healing [15], osteoimmuno-
logical targets to promote bone healing remain unknown, because
the signaling networks underlying cellecell interactions in the
bone repair process have not been fully understood.

Lineage tracing analysis can be used to characterize the skeletal
progenitors in both bone development and bone repair. Multiple
progenitors have been defined by distinct markers; these pro-
genitors have distinct properties and potencies for differentiating
into skeletal cell types [16]. Among them, Sox9 is expressed in
skeletal progenitors that give rise to chondrocytes, osteoblasts and
osteocytes during bone development [17]. In adult mice, Sox9-
positive cells reside in the periosteum, where the cells are acti-
vated upon injury and contribute to bone repair [17e19]. However,
the behavior of the skeletal progenitors upon injury has not been
well elucidated. In particular, the mechanism by which the multi-
cellular interactions direct the cell fate of the progenitors toward
bone-forming osteoblasts is the key to understanding the bone
repair process.

In this study, we investigated the mechanism of bone repair by
combinatorial analyses of lineage tracing and single-cell RNA-
sequencing (scRNA-seq) in a mouse calvaria defect model. We
genetically labelled the Sox9-positive skeletal progenitors and
observed the behavior of the cells at bone defect sites. We further
investigated the heterogeneity of the cells and signaling networks
at the microenvironmental level. Cellecell interaction analysis,
followed by pharmacological assessment in a critical-sized bone
defect model, revealed a potential therapeutic target for bone
regeneration.

2. Methods

2.1. Animal preparation for lineage tracing

Animal experiments were conducted in compliance with the
Animal Care and Use Committee of the University of Tokyo
(approval number P17-038). The Sox9-CreERT2 knock-in mice were
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obtained from Riken BioResource Research Center (stock no.
RBRC05522, [20]). The R26RtdTomato reporter mice were obtained
from the Jackson Laboratory (stock no. 007905, [21]). To generate
the bone defect models, mice were anesthetized with 20% keta-
mine and 8% xylazine in sterilized water. For the bone repair model,
1-mm diameter bone defects were made on the right and left pa-
rietal bone with a biopsy punch (BPe10F, Kai Medical) in 8 to 10
-week-old Sox9-CreERT2;R26RtdTomato male mice as previously re-
ported [22]. For Cre recombination, 100 mL of a 20 mg/ml stock of
tamoxifen (T5648-1G, SigmaeAldrich) was used per injection. Two
injection schedules were used: 1) tamoxifen injections for 3
consecutive days starting 14 days before surgery (‘Pre’ regimen), 2)
tamoxifen injections for 4 consecutive injections starting 1 day
prior to surgery (‘Post’ regimen).

2.2. Histological analyses

The Sox9-CreERT2;R26RtdTomato mice were euthanized at either
Day 3 or Day 10 after surgery and then the 1-mm calvaria defect
bones were exposed. The mice without surgery (Sham) were also
euthanized and the calvaria defect bones were exposed at the same
timing as Day 10 sample. The tissues were fixed with 4% para-
formaldehyde (PFA)/phosphate buffered saline (PBS) for 1 h (h) on
ice, washed with PBS, and then decalcified by 20% Ethyl-
enediaminetetraacetic acid (EDTA) (Sigma Aldrich)/PBS at pH
7.5e8.0 for 5 days. Tissues were flash-frozen in O.C.T. compound
(4583, SAKURA) and cut into 12-mm sections. For immunohisto-
chemistry, sections were blocked with 3% bovine serum albumin
(A7960; SigmaeAldrich) and 1% heat-inactivated sheep serum
(S2263, SigmaeAldrich) in 0.1% TritonX-100/PBS. Sections were
incubated with primary antibodies overnight at 4 �C, followed by
incubation with secondary antibodies for 1 h at room temperature.
The following antibodies were used: anti-RUNX2 (1:1000, ab76956,
Abcam), anti-SP7 (1:1000, ab22552, Abcam) and Alexa Fluor 488
(1:500, secondary anti-rabbit, Life Technologies). Slides were
mounted with VECTASHIELD (H-1000, Vector Laboratories). The
immunohistochemical (IHC) images were obtained with a Zeiss
LSM880 confocal microscope.

2.3. Single-cell RNA sequencing preparation

Three Sox9-CreERT2;R26RtdTomato male mice were used in this
analysis. As described above, we created 1 mm calvaria bone de-
fects on the parietal bones and injected tamoxifen. On day 10 after
surgery, the defect areas were trimmed, and tissues were digested
in 0.1% collagenase D, 0.2% dispase and 1 ug/mL DNase I in alpha-
Minimum Essential Medium (A10490-01, Life Technologies) at
37 �C under constant agitation at 100 rpm for 10 min. Digestions
were subsequently quenched with 20% fetal bovine serum (FBS).
This cell digestion process was repeated 6 times. The extracted cells
were washed in 2% FBS in PBS and filtered through Flowmi tip
strainers (70-mmporosity, SP Bel-Art). For RNA library construction,
10,000 cells were selected. Library construction was performed
using the Chromium GEM Single Cell 30 Reagents kit v3.1 (10x
Genomics) in accordance with the manufacturer's protocol.
Sequencing was performed on a Novaseq 6000 (Illumina) The read
length configuration was 28 � 8 � 91 cycles for Read 1, Index, and
Read 2, respectively. Cell Ranger Single Cell Software Suite 3.1.0 was
used to perform sample de-multiplexing, barcode processing, and
single cell gene counting (Alignment, Barcoding and UMI Count).

2.4. Bioinformatics analysis of scRNA-seq data

R [23] and Seurat 3.2.2 [24] were used for downstream analysis.
Cells with total expressed genes in the range of [200, 5000] and
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with a fraction of mitochondrial gene unique molecular identifiers
(UMIs) more than 0.05 were discarded. Seurat's FindVaria-
bleFeatures function was used with default parameters to deter-
mine highly variable genes, considering 2000 genes. Counts were
normalized, and variable genes were calculated using variance
stabilizing transformation (VST). The first 30 dimensions were
considered for the data object. The data object was then scaled,
regressing out the fraction of the mitochondrial gene UMIs. Unsu-
pervised clustering was performed using the Louvain algorithm
withmultilevel refinement [25]. Resolution in the clustree software
[26] was set to 1.1, leading to 20 clusters. Markers for each cluster
were calculated with the function “FindAllMarkers” with the ar-
guments logfc.threshold 0.25 and min.pct 0.10. Clusters were an-
notated according to differentially expressed genes, referring to
scCATCH [27]. scRNA-seq data in this study is available at DDBJ
BioProject database (https://www.ddbj.nig.ac.jp/index-e.html)
with the accession number PRJDB12846.

2.5. Cell trajectories

Cell trajectories were calculated with Monocle 3 0.2.3.0 [28],
based on the top 2000 overall variable genes, ranked by scaled
dispersion, obtained from Seurat. Velocyto analysis was also per-
formed considering spliced and unspliced reads using velocyto.R by
velocyto team [29]. Clusters, cell features, and embedding infor-
mation were extracted from the Seurat object in R and integrated
with the count matrix. RNA velocity was estimated using a gene-
relative model with k-nearest neighbor cell pooling (k ¼ 10).

2.6. Inference of regulons and activities, and ligand-receptor
analyses

Gene regulatory analysis was performed with SCENIC (v 1.2.0.)
implemented in R [30]. Individual regulons were constructed from
the data extracted from the Seurat object. Mouse TF ranking data-
base version 9 (motifs-v9-nr.mgi-m0.001-o0.0.tbl) and mouse
motif to TF annotation downloaded from (v9) as outlined in the
package manual [31] were used as the bases. To run GENIE3, genes
were filtered with at least 6 UMI counts across all samples; those
that were detected in at least 1% of the cells were filtered. Cellecell
interactions (CCIs) and ligand-receptor (LR) pairs were extracted
with scTensor [32]. A variance-stabilizing transformation was per-
formed upon the data matrix converted from the Seurat object. The
cell type level average matrix and the LR database were combined,
and the calculation of a matrix for each LR pair with the CCI tensor
was performed manually [33].

2.7. Bone regeneration in mouse critical sized defects

For the critical-sized bone defect model, a 3-mm diameter bone
defect was created with a biopsy punch (BPe30F; Kai Medical) in
the parietal bone from 8-week-old wild-type C57BL/6J male mice
(Charles River Laboratories Japan) as previously reported [34].
Defects were loaded with an absorbable collagen sponge (3 mm
diameter; INFUSE™ Bone Graft, Medtronic) impregnated with 1 ng
or 10 ng of a CCL9 antibody (R&D, MAB463-100). Micro-computed
tomography (CT) scanning of the bone defect area was performed
(Rigaku, Tokyo) using mice at 1-, 7- and 10-weeks post-surgery
(n ¼ 3/group). The X-ray source was set at 90 kV and 100 mA, a
1 mm filter, and a tomographic rotation of 360� (rotation step of
0.6�). To assess bone volume (BV, mm3) and bone density (g/cm2),
micro-CT scanning of the harvested tissue was performed using
SMX-90CT-SV (Shimadzu). The three-dimensional construction
software package TRI/3D-BON (Ratoc System Engineering) was
used for the quantitative analysis.
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2.8. Statistical analysis

Differences between groups were analyzed using Dunnett's test.
Values of p < 0.05 were considered significant.

3. Results

3.1. Sox9-positive cells contribute to bone repair through
differentiation into osteoblasts

To investigate the behavior of skeletal progenitors upon injury,
we performed lineage-tracing analysis. Because Sox9 is a marker of
skeletal progenitors during endochondral ossification in mouse
embryos and also the periosteum in mouse adults, we hypothe-
sized that Sox9 is a marker of skeletal progenitors in bone repair
processes regardless of the mode of ossification. To test this, we
used an optimized mouse model of bone repair: we generated
Sox9-CreERT2; R26RtdTomato mice and made a 1-mm bone defect
in the calvaria [22]. To genetically mark post-existing Sox9-positive
cells and their descendants with tdTomato, we injected tamoxifen
for 4 consecutive days, starting on the day before surgery and
including the day of surgery and the first two post-surgical days.
Histological analysis reveled that tdTomato-positive cells were
present at the sagittal suture site and in the cranial bone marrow
with little expression on the periosteal and dura sides in the sham
sample (Fig. 1). At day 3 after the surgery, tdTomato-positive cells
were located not only at the sagittal suture but also at the bone
defect site. At day 10 after the surgery, tdTomato-positive cells were
strongly enriched at the bone defect sites; the tdTomato-positive
cells were also widely distributed on the periosteal side throughout
the suture (Fig. 1). These results suggest that post-existing Sox9-
positive skeletal progenitors were activated upon bone injury;
these cells may have either emerged de novo from the bone defect
sites and/or migrated into bone defect sites from the suture.
Immunohistochemistry revealed that cells in the bone defect sites
expressed Runx2 and Sp7, markers of osteoblast precursors; most
of the post-existing tdTomato-positive cells expressed with Runx2
or Sp7 (Fig. 1). These results suggest that post-existing Sox9-posi-
tive cells contribute to bone repair through differentiation into
osteoblast precursors.

We next investigated the contribution of pre-existing Sox9-
positive cells to bone repair. To do this, we injected tamoxifen 3
consecutive days starting from 14 days before surgery and per-
formed the histological analysis at 10 days after surgery. The
analysis revealed that, although certain number of tdTomato-pos-
itive cells were observed at day 10, few number of tdTomato-pos-
itive cells expressed either Runx2 or Sp7 (Supplementary Fig. 1).
This result suggests that the contribution of the pre-existing Sox9-
positive cells to bone repair is limited; the injury-induced de novo
Sox9-positive cells mostly contributes to the bone repair process.

3.2. Singe-cell profiling of cell population heterogeneity during
bone repair

To study the transcriptomic diversity of cell populations during
the bone repair process, scRNA-seq was performed with the cells
isolated from the area of the 1 mm bone defect at day 10 after
bone surgery. We profiled 2977 cells after preprocessing of
3874 cells with the following threshold: the median depth of
unique molecular identifiers (UMIs) per cell was 4027; the median
number of genes per cell was 1156 (16,274 genes in total). UMAP
analysis revealed 20 distinct clusters which were characterized by
the expression of marker genes (Fig. 2a and b, Supplemental
Table); the clusters included neutrophils (13%, clusters 3 and 11),
macrophages (12%, clusters 2 and 16), dendritic cells (10%, clusters

https://www.ddbj.nig.ac.jp/index-e.html


Fig. 1. Lineage tracing analysis of tdTomato-positive Sox9-lineage with Post regimen and immunohistochemistry of osteoblast markers at the 1-mm defect site in mouse
calvaria bone defect model. Confocal microscopy images of coronal section in uninjured calvaria (left; sham), 3 days after 1-mm injured (middle; Day 3) and 10 days after 1-mm
injured (right; Day 10) with tile scan and zoom images (n ¼ 2 mice). The region betweenwhite arrow shows 1-mm defect. Sections were immunostained with antibodies for RUNX2
(middle) or SP7 (bottom). Scale bar, 1000 mm (white), 200 mm (yellow) and 100 mm (blue).
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7 and 8), monocytes (8%, cluster 4), osteoclasts (5%, cluster 10),
skeletal progenitor cells (32%, clusters 0, 1, 5, 14 and 15) and os-
teoblasts (3%, cluster 17). Importantly, the skeletal cell-related
populations including clusters 0, 1,5, 14, 15 and 17 were clustered
together, and possibly represented distinct stages of cell fate
specification and differentiation of skeletal cell-types during bone
repair. Among them, cells in the clusters 0, 5, 14 and 15 highly
expressed Prrx1, Pdgfra, Thy1, Cd44 and Cd34, which are known as
mesenchymal stem/progenitor cell markers [35,36], suggesting
that the skeletal progenitors were a heterogeneous population
(Fig. 2c).

3.3. The bone repair process was bifurcated into osteogenesis and
adipogenesis

To better understand the dynamics of the skeletal cell fates
during the bone repair process, we next performed an analysis of
RNA velocity, which is a high-dimensional vector predicting the
future state of individual cells, and trajectory analysis withmonocle
3 using the aforementioned clusters 0, 1, 5, 14, 15, and 17, which
represented skeletal cell-types. The velocity analysis predicted the
direction of cell differentiation: it started from cluster 5 and ended
in either clusters 0, 14, or 17 (Fig. 3a). For the trajectory analysis, we
set cluster 5 as a starting point of the cell lineage based on the
marker gene expressions and the results of the velocity analysis.
The pseudotime analysis predicted 2 directions from skeletal pro-
genitors of cluster 5 and 15. One was toward cluster 17; the other
was toward cluster 14 through cluster 0 (Fig. 3b).

We then characterized the 2 lineages by focusing on marker
gene expressions in osteogenesis and adipogenesis. The expression
profile in one lineage to cluster 17 showed gradual upregulation of
osteoblast marker genes including Ibsp, Spp1 and Bglap, suggesting
12
an osteoblast lineage (Fig. 3c). The expression profile in another
lineage to clusters 0 and 14 showed that preadipocyte markers Ebf2
and Cebpd [37e40] were enriched in cluster 0; Dlk1, also known as
preadipocyte markers [41,42], was enriched in cluster 14 (Fig. 3d),
which suggest that this lineage has an adipogenic signature.
Because the mature adipocyte marker Pparg was mostly unde-
tected and Adiponectionwas not expressed in any clusters (data not
shown), the observed lineage may represent skeletal progenitors
directing an adipogenic progenitor or an intermediate stage of
adipocyte differentiation [41].

Next, to investigate gene regulatory networks, we used the
SCENIC package, in which potent transcription factors and co-fac-
tors were predicted by considering their own gene expressions,
their downstream target genes and motif enrichment in genomic
regions flanking the gene based on public datasets [30]. The puta-
tive activities of adipogenesis-related transcription factors Cebpb
and Cebpd [43] were upregulated in cluster 0, whereas the activity
of osteogenesis-related transcription factor Sp7 was upregulated in
cluster 17 (Fig. 3e). Taken together, the pseudo-time analyses, ve-
locity analysis and SCENIC results suggest a bifurcation of lineages
from skeletal progenitors toward either an osteogenic lineage or an
adipogenic lineage during bone repair. This trendwas also observed
when we used only tdTomato-positive cells in the analysis. tdTo-
mato-positive cells were widely distributed in the subclusters 0, 1,
5, 14, 15, and 17, although cells highly expressing tdTomato gene
were enriched in cluster 5. In contrast, Sox9-positive cells were
mostly undetected (Supplementary Fig. 2a). These results suggest
that Sox9 expression was transient during the repair process and
very low at Day 10, whereas the descendants of the Sox9-positive
cells contribute both to maintaining the skeletal progenitor states
and to the differentiation into osteoblasts and adipogenic cells. The
bifurcation of differentiationwas also observed in the analysis with



Fig. 2. scRNA-seq analysis showing the heterogeneity of cells during bone repair at Day 10 of 1-mm calvaria defect. a. UniformManifold approximation and Projection (UMAP)
plot of cell-type clusters detected by unsupervised graph clustering of 2977 cells after preprocessing, and cell-type definition, color coded with cell clusters. b. Average expression of
selected gene markers for definition of clusters with Dot plots. The cluster number and assigned cell-types were shown. c. Violin plots showing expressions of marker genes for
skeletal progenitors in all clusters.
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only tdTomato-positive cells (Supplementary Figs. 2bed), sug-
gesting that the Sox9-lineage contributes to both the osteogenic
lineage and the adipogenic lineage in the calvaria bone repairing
processes.
13
3.4. Ccl9 was a novel signaling molecule for bone healing in vivo

To identify key signaling networks during the bone repair pro-
cess, we performed ligand-receptor interaction analysis using



Fig. 3. Trajectory analysis of skeletal cells at bone defect sites at Day 10 of 1-mm calvaria using subclusters 0, 1, 5, 14, 15 and 17 in scRNA-seq analysis. a. Velocyto analysis in
the subclusters. The velocity was shown as arrows which represent RNA velocity kinetics visualizing the direction and acceleration between mature and nascent mRNA. b. Monocle
3 trajectory pseudo-time analysis and pseudotime UMAP latent time plot starting from cluster 5. The line corresponds to the principal graph learned by Monocle 3. c. Pseudo-
temporal kinetics for osteogenic genes of Bglap, Ibsp and Spp1. The pseudotime was shown as the osteogenic lineage starting from cluster 5. d. Pseudotemporal kinetics for adi-
pogenic genes of Cebpd, Dlk1 and Ebf2. The pseudotime was shown as the adipogenic lineage starting from cluster 5. e. Binary active distribution of regulons of Sp7, an osteogenesis-
related transcription factor and Cebpb and Cebpd, adipogenesis-related transcription factors. The intensity of red color in the plot represents the activity of regulons.
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scTensor. This package is a tensor-based tool that uses tensors to
explicitly model ligandereceptor interactions, which is available to
extract representative triadic relationships including ligand
expression, receptor expression and LR pairs [44]. A total of 20
14
cellecell interactions (CCI) and 14,575 LR pairs were identified. To
narrow the set of candidate CCIs, we set out the following criteria:
(1) LR pair factor value > 0.15%, and (2) P-value < 0.05; this resulted
in a total of 458 LR pairs. Given the crucial cell types for both
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immune responses upon injury and interactions with skeletal cell
types in the microenvironment of bone defect sites, we focused on
LR pairs between macrophages and skeletal cell types (Fig. 4a and
Table 1). Among them, we identified Ccl9 as a candidate signaling
for the bone repair process for the following reasons. First, Ccl9 is
known to play important roles in adipogenic differentiation [45].
Second, the putative receptor lysophosphatidic acid receptor 4
(Lpar4) was reported to play a role in osteogenesis and bone
remodeling in mice [46]. As Lpar4 was expressed in cluster 0, an
adipogenic state (Fig. 4b), we hypothesized that inhibition of the
Ccl9 signaling pathway inhibits adipogenesis and promotes oste-
oblast differentiation, contributing to bone regeneration. To
examine this hypothesis, a neutralizing antibody for Ccl9 was
infused into the collagen sponge [47] implanted in the 3 mm
diameter (“critical-sized”) bone defect site in the mouse calvaria
[34]. Micro CT analysis showed that the Ccl9 antibody induced bone
regeneration in a dose-dependent manner (Fig. 4c and d).
Fig. 4. Identification of CCL9 as a molecule regulating bone repair and investigation of t
in mouse calvaria. a. Cellecell interaction hypergraph. Pink line shows the putative interact
in skeletal progenitors as cluster 1. b. Feature plots of the gene expression pair between liga
with indicated treatments at 1 week (1 W), 7 week (7 W) and 10 week (10 W). d. Quantificat
as means ± standard deviation. ***p < 0.001 between Anti-CCL9 10 ng and PBS, Dunnett's te
bar, 3 mm.
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Regenerated bone mineral density was comparable to that of intact
bone around the defect site (Fig. 4e). These results suggest that
manipulation of the Ccl9 signaling pathway may be a therapeutic
target for bone regeneration.

4. Discussion

Activation of stem cells upon tissue injury followed by the cell
fate specification is tightly coordinated in the tissue repair process,
with multicellular signaling networks playing important roles at
the microenvironmental level. In this study, we investigated the
behavior of skeletal progenitor cells upon bone injury, by per-
forming a lineage tracing analysis and single cell transcriptome
analysis in a mouse bone repair model. We first confirmed that
Sox9-positive skeletal progenitors contributed to the calvaria bone
repair process. The Sox9-positive progenitors were activated upon
bone injury and contributed to bone repair by differentiating into
he effects of CCL9 inhibition on bone regeneration with critical bone defect model
ion that we selected between the ligand from macrophage as cluster 2 and the receptor
nd gene Ccl9 and receptor gene Lpar4. c. mCT analysis in the calvaria 3-mm size defect
ion of bone volume at 10 W determined by mCT analysis (n ¼ 3/sample) Data presented
st. e. Bone density analysis of Anti-CCL9 10 ng sample determined by mCT at 10 W. Scale



Table 1
LR-pairs in the interaction between macrophages (cluster 2) and skeletal pro-
genitors (cluster 0) at Day 10.

Ligand Gene Receptor Gene LR-pair factor value (%) P-value

1 Pf4 Mchr1 0.499 (0.392%) 0.036
2 Ccl12 Ackr1 0.481 (0.378%) 0.009
3 Fgf17 Egfr 0.479 (0.377%) 0.005
4 Amh Bmpr1a 0.452 (0.355%) 0.013
5 Fgf9 Pdgfra 0.445 (0.349%) 0.013
6 Il10 Pdgfrb 0.424 (0.333%) 0.019
7 Gas6 Axl 0.369 (0.29%) 0.029
8 Fgf17 Fgfr1 0.368 (0.289%) 0.001
9 Amh Acvr1 0.367 (0.288%) 0.003
10 Cxcl2 Mchr1 0.367 (0.288%) 0.005
11 Cp Mxra8 0.358 (0.281%) 0.043
12 Pf4 Ackr3 0.342 (0.269%) 0.034
13 Ccl6 Gnrhr 0.316 (0.249%) 0.039
14 Ccl6 Mchr1 0.316 (0.249%) 0.025
15 Ccl6 Oxtr 0.316 (0.249%) 0.028
16 Fgf9 Flt4 0.316 (0.248%) 0.006
17 Fcgr2b Ly6c1 0.292 (0.23%) 0.045
18 Tcn2 Cnr1 0.291 (0.229%) 0.04
19 Npff Oxtr 0.289 (0.227%) 0.048
20 Npff Ptgfr 0.289 (0.227%) 0.046
21 Hbegf Egfr 0.288 (0.226%) 0.027
22 Cxcl2 Agtr2 0.286 (0.225%) 0.026
23 Trf Gpc3 0.286 (0.224%) 0.014
24 Ccl4 Cnr1 0.283 (0.222%) 0.017
25 Ccl9 Cnr1 0.28 (0.22%) 0.016
26 Ccl9 Gnrhr 0.28 (0.22%) 0.018
27 Ccl9 Oxtr 0.28 (0.22%) 0.045
28 Ccl9 Ptgfr 0.28 (0.22%) 0.024
29 Ccl9 Mchr1 0.28 (0.22%) 0.022
30 Pf4 Lpar1 0.274 (0.215%) 0.006
31 Fgf17 Flt4 0.273 (0.214%) 0.017
32 Fgf17 Fgfrl1 0.255 (0.2%) 0.032
33 Igf1 Pdgfrb 0.254 (0.2%) 0.03
34 Cxcl2 Ackr3 0.252 (0.198%) 0.029
35 Lama3 Enpp3 0.25 (0.196%) 0.015
36 Lifr Cntfr 0.247 (0.194%) 0.019
37 Ccl6 Agtr2 0.247 (0.194%) 0.028
38 Cxcl2 Gng7 0.244 (0.192%) 0.017
39 Trf Fzd4 0.242 (0.19%) 0.025
40 Trf Egfr 0.242 (0.19%) 0.018
41 Pf4 Tas1r1 0.242 (0.19%) 0.025
42 Pf4 Ptger3 0.241 (0.19%) 0.004
43 Apoe Lrp1 0.239 (0.188%) 0.034
44 Ccl9 Lpar4 0.234 (0.184%) 0.001
45 Npff Agtr1a 0.233 (0.183%) 0.013
46 Bmp2 Ihh 0.228 (0.179%) 0.033
47 Cxcl2 Gng4 0.223 (0.175%) 0.017
48 Ccl9 Agtr2 0.218 (0.172%) 0.032
49 Pdgfc Pdgfra 0.212 (0.167%) 0.009
50 Tnfsf13 Tnfrsf11b 0.211 (0.165%) 0.011
51 Fcgr2b Cd55 0.21 (0.165%) 0.041
52 Ccl2 Ackr2 0.204 (0.16%) 0.046
53 Cxcl2 Gng13 0.203 (0.16%) 0.025
54 Cxcl2 Lpar1 0.202 (0.158%) 0.017
55 Ccl4 Ackr3 0.194 (0.153%) 0.002
56 Bmp2 Smurf1 0.194 (0.152%) 0.021
57 Vwf Tek 0.194 (0.152%) 0.042
58 Ccl6 Gng4 0.192 (0.151%) 0.006

LR-pair factor value > 0.15%, and P-value < 0.05.
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osteoblasts. Second, scRNA-seq analysis revealed a heterogeneous
cell population at the bone defect sites. Computational analysis
predicted a bifurcation of lineages from skeletal progenitors toward
an osteogenic lineage and an adipogenic lineage. Third, Ccl9 was
identified as an important signaling molecule regulating bone
regeneration in the mouse model, possibly through the regulating
adipogenic differentiation at the bone defect site. The Ccl9 ligand
was secreted from macrophages and acted on skeletal cells.
Collectively, these findings suggest that Ccl9 signaling could be a
therapeutic target in bone regeneration.
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This study extends our understanding of the behavior of Sox9-
positive progenitors in bone tissue. In addition to the endochon-
dral bones, Sox9 was present in the skeletal progenitors in the
calvaria bones, which were generated through intramembranous
ossification. Little Sox9 expression was detected in the periosteum
before bone injury, whereas the Sox9-positive cells were activated
upon injury. However, the origin of the Sox9-positive cells
contributing to bone repair at the bone defect sites remains to be
clarified. There are three possibilities for their origin as follows: 1)
Sox9-positive progenitors emerged de novo upon injury; 2) Sox9
cells that existed in the periosteum proliferated at the site; 3) Sox9
cells migrated from the suture to the bone defect sites. We think 1)
is the most probable. This is because tdTomato-positive cells were
specifically enriched at the bone defect sites without changing the
tdTomato expression in other bone areas at day 3 after bone injury.
Over the period of 10 days, Sox9 cells existing in the suture prob-
ably migrated to contribute to bone repair after the activation of
Sox9 at the defect site. To confirm this, further time-course ex-
periments and testing with different timings of tamoxifen injection
will be required. Lineage tracing analysis also showed that not only
tdTomato-positive Sox9 lineage, but also tdTomato-negative cells
expressed Runx2 or Sp7 in the bone defect regions. To clarify the
contribution of the Sox9 lineage to bone repair, further analysis
with a mouse line carrying a Cre-inducible diphtheria toxin A will
be required in the future. This line enables us to selectively lose the
Sox9 lineage when we use the mouse line with Sox9-CreERT2 line.

Our study highlighted the bidirectional differentiation of skel-
etal progenitors into osteoblast and adipogenic lineages during
bone repair. This bidirectional differentiation might be similar to
that in bone homeostasis in bone marrow. In bone marrow, oste-
oblasts and adipocytes are known to be derived from common
mesenchymal stem cells (MSCs), and the differentiation of the two
lineages is under the modulation of several transcription factors
[48]. A previous study also indicated that subcutaneous pre-
adipocytes had the capacity to differentiate into osteoblasts and
that osteo-adipocytic transdifferentiation was involved in lipid
metabolism [49]. Other research indicated that transdifferentiation
of adipogenic-differentiated cells of bone marrow MSCs into oste-
ogenic- or chondrogenic-differentiated cells proceeds via dedif-
ferentiation and correlates with cell cycle arrest genes and deriving
genes [50]. These findings suggested that Sox9-positive skeletal
progenitors in the calvaria may have similar plasticity to MSCs in
the direction of differentiation. However, one limitation in our
studywas that therewas little or no expression of mature adipocyte
markers in the scRNA-seq analysis. It remains to be clarified
whether the adipogenic cells have the potential to fully differen-
tiate intomature adipocytes, and if so, what the biological functions
of adipocytes during bone repair are. Given that recent studies with
scRNA-seq analysis revealed heterogeneous cell populations in
skeletal tissues in both mice and humans [40,51e55], further
integrative analysis will provide better understanding of the
identified cell populations in terms of the similarity and specificity
of the mesenchymal cells in the calvaria and bone marrow.

This study provides insight into microenvironmental factors
that may regulate skeletal cell specification. A signaling interaction
between the Ccl9 that was secreted from macrophages and its re-
ceptor Lpar4 that was expressed in adipogenic cells highlights the
significance of the signaling interaction at the bone defect sites. We
hypothesize that the inhibitory action of Ccl9 signaling on the
adipogenic cells may enhance osteoblast differentiation; however,
the detailed molecular mechanism underlying the bone regenera-
tion has not been revealed yet. Further lineage tracing analysis
focusing on the identified adipogenic cells treated with the Ccl9
antibody will be needed to investigate the mechanism in an in vivo
setting. In addition, given that the Ccl9 signaling is known to
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enhance osteoclastogenesis [56,57], investigation of the effects of
the Ccl9 antibody on bone remodeling will be required in the
future. Further, other chemokines including Ccl2, Ccl4, Ccl7, and
Cxcl12 are expressed in macrophages and monocytes [58], sug-
gesting that other complicated signaling interactions may exist
during localized bone regeneration.

5. Conclusions

This study revealed Ccl9 as a therapeutic target for bone
regeneration. Unraveling the entire networks of the bone repair
process and manipulations that optimize the osteoimmunological
signaling may result in better outcomes in bone regeneration.
Specific cell types and the appropriate timing of the manipulations
may improve clinical outcomes of difficult non-union surgery sites
in the future.
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