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Identification of human cranio-maxillofacial skeletal
stem cells for mandibular development

Zhuo Wang'?t, Kun Wang?t, Yejia Yu't, Jing Fu**1, Siyuan Zhang', Maojiao Li'?, Jian Yang’,
Xuanhao Zhang'?, Xiaodong Liu'?, Fengqiong Lv>'®, Li Ma>®, Haoyang Cai’*,

Weidong Tian'%*, Li Liao""%*

Compared with long bone that arises from the mesoderm, the major portion of the maxillofacial bones and the
front bone of the skull are derived from cranial neural crest cells and undergo intramembranous ossification. Hu-
man skeletal stem cells have been identified in embryonic and fetal long bones. Here, we describe a single-cell

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

atlas of the human embryonic mandible and identify a population of cranio-maxillofacial skeletal stem cells (CMSSCs).
These CMSSCs are marked by interferon-induced transmembrane protein 5 (IFITM5) and are specifically lo-
cated around the periosteum of the jawbone and frontal bone. Additionally, these CMSSCs exhibit strong
self-renewal and osteogenic differentiation capacities but lower chondrogenic differentiation potency, mediating
intramembranous bone formation without cartilage formation. IFITM5™ cells are also observed in the adult jaw-
bone and exhibit functions similar to those of embryonic CMSSCs. Thus, this study identifies CMSSCs that orches-
trate the intramembranous ossification of cranio-maxillofacial bones, providing a deeper understanding of
cranio-maxillofacial skeletal development and promising seed cells for bone repair.

INTRODUCTION

The reconstruction of cranio-maxillofacial bone defect is more chal-
lenging than that of the limb bone defect, owing to the need for both
functional and esthetic recovery. Now, stem cell-guided regenerative
medicine is the most promising therapeutic strategy for the recon-
struction of cranio-maxillofacial bone defect. Thus, the identification
of specific cranio-maxillofacial skeletal stem cells (CMSSCs) will en-
able the development of stem cell therapies for cranio-maxillofacial
bone regeneration (1, 2).

The skeletal tissue of vertebrates has different embryological ori-
gins. Axial bone (such as vertebrae) and appendicular bone (such as
long bone) originate from the mesoderm (3-5), whereas the cranio-
maxillofacial skeleton bones, including the maxilla, mandible, and
frontal bone, are derived from cranial neural crest cells (CNCCs),
which originate from a region of ectoderm at the border of the neu-
ral plate and nonneural ectoderm, and migrate from the neural tube
into the pharyngeal arches (6-8). Moreover, the development pro-
cess of the cranio-maxillofacial skeleton is distinct from that of the
vertebrae and long bones. The vertebrae and long bones are ossified
mainly through endochondral ossification, during which the con-
densed mesenchyme first develops into cartilaginous templates, and
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the surrounding mesenchyme subsequently invades the hypertro-
phic zone to become osteoblasts (9, 10). In contrast, the craniofacial
skeleton is formed mostly through intramembranous osteogenesis,
during which skeletal stem cells (SSCs) directly differentiate into os-
teoblasts and synthesize bone matrix without chondrogenic differ-
entiation (11-13). In skeleton development, it is unclear whether
different SSCs are responsible for the development of the two dis-
tinct types of bones.

Previous studies based on genetic lineage-tracing model and flowcy-
tometry sorting had identified Lin"CD51"Thy 6C3~CD105CD200"
SSCs in the growth plate of mouse long bone (14). These SSCs gave rise
to bone, cartilage, and stroma, but not fat, providing deeper insight into
mouse SSCs’ developmental hierarchy. Similarly, Lin PDPN*CD146 C
D73*CD164" SSCs of human long bone were isolated from the growth
plate of a 17-week human fetal femur. These SSCs were capable of self-
renewal and multilineage differentiation to bone, cartilage, and stroma
(15). He et al. (16) mapped the single-cell atlas of human limb buds and
embryonic long bone and identified embryonic perichondrial SSCs
with the phenotype Lin PDGFRA"'~PDPN*CADMI1". Perichondri-
al SSCs could generate the osteochondral lineage but not adipocytes or
stroma. These findings highlight that the long bone is formed and main-
tained by unique SSCs (17).

However, the SSCs involved in the development of cranio-
macxillofacial bone have not been identified. Upon grafting the man-
dibular periosteum into a tibial bony defect, the bony matrix directly
bridged the defect. Meanwhile, the transplantation of tibial perioste-
um cells into mandibular injury sites resulted in the detection of car-
tilage instead of bone (18). These findings suggested that distinct SSCs
with different potency existed in different embryonic origin. A previ-
ous single-cell RNA sequencing (scRNA-seq) study on calvaria dem-
onstrated that CNCCs were directly converted into osteoprogenitors.
Additionally, none of the calvarial subsets highly resembled perichon-
drial SSCs (16), suggesting the divergence of stem cell types between
intramembranous and endochondral development.

Until now, several populations of SSCs in the mouse cranio-
maxillofacial bone have been dissected (19). Krt14*Ctsk™ progenitors,
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which were detected in the regenerated tissue after maxillary sinus
floor lifting, served as osteoprogenitors in maxillofacial bone regen-
eration (20). Comparative analysis of mesenchymal cells from the
jawbone periosteum and bone marrow revealed Ctsk*Ly6a™ perios-
teal osteogenic progenitors that contributed to the repair of the bone
defect (21). Comparative analysis of cell compositions between the
alveolar bone and long bone revealed a Fat4" cell population in the
constantly remodeled alveolar bone (22). This cell population exhib-
ited a strong osteogenic differentiation ability in vivo and in vitro.
These findings indicated that adult SSCs of different origins were
characterized by distinct biomarkers. Recently, Yuan et al. (23) used
single-cell analysis to reveal a sequential series of cell fate decision-
making processes of postmigratory CNCCs within the embryonic
mouse mandibles and identified a population of Gbx2-labeled cells
in the proximal domain that differentiated into multiple lineages.
However, SSCs involved in human mandibular morphogenesis have
not been identified. Elucidation of the lineage hierarchy of CNCCs
and identification of SSCs of the human cranio-maxillofacial skele-
ton will improve our understanding of cranio-maxillofacial bone
development and enable the development of SSC-based therapies
for skeletal regeneration.

In this study, the human embryonic mandible was subjected
to scRNA-seq to capture various developing stages of cell types
and determine their differentiation trajectories, which consequently
provided a comprehensive view of human mandible development.
By applying a standardized method of projecting laser capture mi-
crodissection sequencing (LCM-seq) data into scRNA-seq data, we
identified an interferon-induced transmembrane protein 5 (IFITM5)*
CMSSCs, with strong capacity of self-renewal and osteogenic dif-
ferentiation but poor chondrogenic differentiation capacity. Unlike
other IFITM proteins that were broadly expressed, IFITM5 was
previously identified as an osteogenesis-specific membrane pro-
tein and involved in bone mineralization (24). Mutations in the
IFITM5 gene have been linked to osteogenesis imperfecta type V
and disrupt early skeletal homeostasis, in part, by activating extra-
cellular signal-regulated kinase signaling and downstream SOX9
protein (25). Different sites and cross-species comparisons re-
vealed that CMSSCs were involved in the early intramembranous
osteogenesis of cranio-maxillofacial bone, offering a cellular basis for
the differential bone formation modes between cranio-maxillofacial
bone and long bone. Additionally, IFITM5* bone marrow stromal
cells (BMSCs) were detected in the adult human jawbone and
exhibited strong bone regeneration and repair abilities. Thus, IF-
ITM5* BMSCs represent a potential cellular source for regenerative
applications in bone defect. These findings indicate that IFITM5"
CMSSCs are involved in the development of human cranio-
maxillofacial skeleton.

RESULTS

Integrated analyses of single-cell transcriptomes during
human mandible development

To investigate the fate decisions of postmigratory CNCCs during
human mandibular morphogenesis, human embryos mandibles
were isolated at gestational week 8 (GW8), GW9, GW9.5, GW10,
and GW11. During this period, the morphology of the mandibular
skeleton was basically formed. The mandible samples were digested
into single-cell suspension using a modified protocol. The transcrip-
tomes of individual cells were analyzed with scRNA-seq (Fig. 1A).
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Cells from all samples were integrated and divided into 13 cell pop-
ulations using unsupervised clustering and marker analysis (Fig. 1B
and fig. S1, A and B): CNC-derived mesenchymal cells (POSTN"*
and SFRP2%) for 11.3%, common progenitors (OGN™ and FOXP2*)
for 20.1%, stromal cells (CXCL14" and TWIST2") for 21.2%, neuro-
nal cells (SPARCLIT and NR2F2") for 9.5%, chondrogenic cells
(COL9AI" and ACAN™) for 13.9%, osteogenic cells (RUNX2" and
SP7") for 2.0%, odontogenic cells (LHX6" and PAX9") for 6.1%, cy-
cling cells (HISTIHIA" and HIST1HI1B") for 1.9%, endothelial cells
(CLDN5* and CDH5") for 2.4%, epithelial cells (KRT17" and
KRT13") for 0.4%, immune cells (PTPRC* and S100A9") for 2.0%,
myogenic cells (MYLPF" and ACTCI™) for 7.6%, and glial cells
(PTPRZ1" and SOX10™) for 1.5%. The dot plot of signature genes in
all subpopulations indicated the reliability of the clustering result
(Fig. 1C). Pearson correlation analysis revealed that mesenchymal and
non-mesenchymal cells clustered together respectively (fig. S1C).

To examine the dynamic multi-differentiation trajectory of CNCCs,
mesenchymal cell clusters were circled and subjected to pseudotime
analysis using Monocle 3 (Fig. 1D). The predicted trajectory sug-
gested that the serial fate decision of CNC-derived mesenchymal
cells differentiated into initial three directions, with one diverging
toward neuronal lineage, one flowing toward stromal lineage, and
one becoming common progenitors. Then, common progenitors
further branched into three different lineages: the RUNX2" osteo-
genic lineage, SOX9" chondrogenic lineage, and LHX6" odonto-
genic lineage. Consistent with the pseudotime analysis results, the
characteristic genes in CNC-derived mesenchymal cells (POSTN
and SFRP2) were gradually down-regulated upon terminal differen-
tiation, whereas those in neuronal lineage (NRG1 and NRCAM),
stromal lineage (TWIST2 and CXCL14), chondrogenic lineage (SOX9
and COL2A1), and osteogenic lineage (RUNX2 and MSX1I) were
gradually up-regulated with differentiation toward different lineages
(Fig. 1E). Gene ontology (GO) analysis also showed that common
progenitors and osteogenic cells were enriched with genes involved
in regulating ossification processes, while chondrogenic cells were
enriched with genes involved in cartilage condensation, which sup-
ported the clustering results above (Fig. 1F).

Identification of cranio-maxillofacial SSCs through
combination of scRNA-seq with LCM-seq

Unlike long-bone developmental process in which the cartilaginous
templates are gradually replaced by the ossified bone tissue, the in-
termediate part of Meckel’s cartilage (MC) in the mandible is dis-
pensable for osteogenic process and undergoes apoptosis to become
fibrous tissue. The primary ossification center composed of con-
densed CMSSCs is on the mesiobuccal side of MC and differentiates
into osteoblasts to generate osteoid tissue (11, 12). While scRNA-
seq has already identified a subpopulation of osteogenic cells during
mandible development, we tried to identify the CMSSCs in the ossi-
fication center within the single-cell atlas. To provide original spatial
location information of the subpopulations identified by scRNA-seq,
we performed LCM-seq (Fig. 2A). The condensed CMSSCs adhered
closely to periosteum and the Meckel’s chondrocytes (MCCs) at
GW9 to GW12 human mandibles were isolated (Fig. 2B and fig.
S2A), and a high-quality full-length transcriptome was generat-
ed from the LCM-dissected areas. Pearson correlation analysis
show that CMSSCs1 to CMSSCs5 and MCCsl to MCCs3 clus-
tered separately (fig. S2B). Differentially expressed genes (DEGs)
of CMSSCs and MCCs were analyzed and visualized using the
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Fig. 1. Integrated cell atlas of human embryonic mandible. (A) Schematicillustration of the scRNA-seq workflow. Five human embryonic mandibles from GW8 to GW11
were processed for scRNA-seq. DNase, deoxyribonuclease. (B) Visualization of 13 subsets by integrated Uniform Manifold Approximation and Projection (UMAP) plots.
(€) Dot plots showing the expression of individual feature genes in 13 subsets. (D) Developmental trajectory of CNC-derived mesenchymal cells inferred by Monocle 3.
Top left: Pseudotime trajectory colored by clusters. Top right: Pseudotime trajectory colored by timeline. Bottom: Schematic diagram of the predictable differentiation
trajectory. (E) Expression of selected differentially expressed marker genes for each cell lineage in green. (F) GO functional analysis of differentially expressed genes (DEGs)
in the mesenchymal subsets.
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Fig. 2. Characterization of the CMSSCs in human embryonic mandible and identification of IFITM5 as a phenotypic marker of CMSSCs. (A) Schematic drawing of the
combined scRNA-seq and LCM-seq. (B) Representative images showing the areas of CMSSCs1 and MCCs1 collected by LCM from GW9 mandible sections. Scale bars, 100 pm.
(€) Volcano plot exhibiting DEGs distribution between CMSSCs and MCCs, and the top two DEGs in CMSSCs (ASPN and OGN) and MCCs (COL2AT and COL9A1) labeled, respec-
tively. (D) GO analysis of DEGs in MCCs showing the top 10 terms ranked by enrichment score. (E) GO analysis of DEGs in CMSSCs showing the top 10 terms ranked by enrich-
ment score. (F) Violin plots showing the expression level of COL2A1, COL9AT, ASPN, and OGN in the clusters of scRNA-seq data. (G) Projection of pseudo-single-cell data
processed by LCM-seq data of CMSSCs and MCCs into the scRNA-seq data. (H) Venn diagram illustrating the numbers of DEGs in CMSSCs and osteogenic cells and the num-
bers of intersections. (I) UMAP distribution of top five membrane markers among intersection genes. (J) Hematoxylin and eosin (H&E) staining of GW9, GW12, GW14, and
GW20 mandible sections. Immunofluorescence staining for IFITM5 performed on the areas marked with black dashed lines. Scale bars, 100 pm. (K) H&E staining of GW9,
GW12, GW14, and GW20 maxilla sections. Immunofluorescence staining for IFITM5 performed on the areas marked with black dashed lines. Scale bars, 100 pm.
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volcano plot (Fig. 2C). GO analysis revealed that DEGs in MCCs
and CMSSCs were involved in cartilage development and ossifica-
tion, respectively (Fig. 2, D and E). Of these, the top two genes of
DEGs in MCCs, COL2A1 and COL9A1, were notably expressed in
chondrogenic cells, and the top two genes of DEGs in CMSSCs,
ASPN and OGN, were highly expressed in osteogenic cells and com-
mon progenitors (Fig. 2F). The results of LCM-seq were consistent
with those of scRNA-seq, suggesting the reliability of LCM-seq re-
sults. To clarify the distribution of CMSSCs in the scRNA-seq atlas,
the LCM-seq data were transformed into a sparse matrix as pseudo-
single-cell data and then projected into scRNA-seq using the R
package project LSI according to the Granja’s method (26). The
merged dataset showed that CMSSCs1 to CMSSCs5 highly coin-
cided with osteogenic cells, and that MCCsl to MCCs3 were com-
pletely projected into chondrogenic cells (Fig. 2G and fig. S2C),
indicating that the projection approach was reliable. To verify the
above projection results, the method of Roels et al. (27) was used to
directly mapped LCM-seq data onto the single-cell atlas. This ap-
proach demonstrated that CMSSCs1 to CMSSCs5 were entirely in-
tegrated with the osteogenic lineage (fig. S2D), indicating that
CMSSCs were osteogenic lineage cells.

To search the specific surface markers of CMSSCs, the DEGs in
CMSSCs (249 genes, from LCM-seq) and DEGs in osteogenic cells
(465 genes, from scRNA-seq) were intersected to obtain 83 overlap-
ping genes that comprised 17 genes encoding membrane protein
(Fig. 2H). These 17 genes were ranked according to the order of
DEGs in osteogenic cells. The top five genes were selected and de-
picted in the Uniform Manifold Approximation and Projection
(UMAP) plot (Fig. 2I). Of these, IFITM5 was specifically and dif-
ferentially expressed in CMSSCs. Moreover, UMAP plots showed
that the IFITM5" cells were not detectable at GW8 but appeared at
GW09 and persisted until GW11, indicating that these cells were in-
volved in early mandible bone formation (fig. S2E). Subsequently,
the spatial distribution of IFITM5* CMSSCs was explored. Immu-
nofluorescence staining of GW9 mandible showed that IFITM5"
cells adhered tightly to the membrane of the bone matrix and were
not detected on the MC (Fig. 2] and fig. S2F). In the GW12 mandi-
ble, hematoxylin and eosin (H&E) staining revealed that MC still
existed and surrounded by the mineralized bone. Immunofluores-
cence staining showed that IFITM5 was specifically expressed in the
endosteum but not in the mineralized bone tissue and MC (Fig. 2J
and fig. S2F). In the GW14 mandible, H&E staining displayed that
the intermediate portion of the MC underwent hypertrophy and
degradation. Likewise, the IFITM5" cells were localized in the end-
osteum but not in the MC (Fig. 2] and fig. S2F). In the GW20 man-
dible, the MC was completely degraded and IFITM5* cells still
resided in the endosteum (Fig. 2]). Analysis of the percentage of
IFITM5" cells in periosteal cells showed no difference between
GW12 and GW14 but decreased markedly at GW20 (fig. S2G).
Meanwhile, IFITM5 was also detected in the maxillary periosteal
surface in the GW9, GW12, GW14, and GW20 (Fig. 2K).

The spatial relationship between IFITM5 and known markers
in human mandible

To determine the spatial relationship of IFITM5 with other known
markers, IFITM5 with proliferation marker (Ki67), SSC markers
(Ctsk, Glil, and Gremlinl) (28-30), mesenchymal cell makers (Prrx1
and DIx5) (23), and osteogenic marker (RUNX2) were co-stained in
GW9 and GW10 mandibles (Fig. 3, A and B). Immunofluorescent
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staining revealed that numerous TFITM5" cells were co-expressed
with Ki67, indicating their active proliferative state. IFITM5" popula-
tion was specifically expressed around the periosteum and strongly
co-expressed typical SSC markers (Ctsk, Glil, and Gremlinl) and
mesenchymal cell makers (Prrx1 and DIx5). In addition, RUNX2"
cells in the bone matrix were not labeled by the IFITM5.

Compared with the Ctsk* cells, IFITM5" cells were more spe-
cifically localized to the endosteum (Fig. 3C). Analysis of the colocal-
ization demonstrated that 95.87 + 2.23% of IFITM5™ cells expressed
Ctsk in GW12 mandible, and 94.26 + 2.2% of IFITM5" cells ex-
pressed Ctsk in GW14 mandible (Fig. 3D), showing that nearly all
IFITM5* cells were also Ctsk-positive. In addition, the IFITM5
hardly co-stained with osteoblast marker osteopontin (OPN), sug-
gesting that IFITM5 marked a group of SSCs rather than mature
osteoblasts (Fig. 3E). Collectively, these fluorescence results implied
that IFITM5 could be a specific surface marker for labeling CMSSCs
in human embryonic mandible.

IFITM5 CMSSCs were tissue specific during early
intramembranous ossification

The cellular lineages (common progenitors, osteogenic cells, and
chondrogenic cells) of human embryonic mandibles were integrated
with mesenchymal cells of other bone tissues using data from pre-
vious studies (fig. S3, A to D) (16, 23, 31). The IFITM5" subset was
identified in the 8-week-postconception (WPC) human calvaria and
exhibited gene expression profiles (DLX5, RUNX2, and IFITM5)
similar to those of CMSSCs (Fig. 4A). However, the IFITM5" sub-
set was barely detected in the 8-WPC human long bone (Fig. 4B
and fig. S4A) and GW9 human vertebra (Fig. 4C). In addition, the
CMSSCs were found in the mouse mandibles at embryonic day
12.5 (E12.5) and E14.5 but scarcely at E10.5 (Fig. 4D and fig. S4B).
Likewise, IFITM5 expression emerged later during human mandi-
ble development, as it was not detected at GW8 (fig. S4C). This sug-
gested that IFITM5% CMSSCs were involved in mandible bone
formation, and the development pattern was conservative across
species. The distribution of chondrogenic-associated genes (SOX9
and COL2A1) in the integrated dataset (fig. S4, D to G) indicated
that the integrated data could effectively distinguish different lin-
eages. Consistently, immunofluorescence analysis showed that the
IFITM5" cells could be observed in the periosteum of the GW9
human frontal bone (Fig. 4E), which were distinct from Gli1™ cells
distributed throughout the periosteum, dura, and sutures of calvaria
during the early stage of postnatal development (29). IFITM5™" cells
were not detectable in the perichondrium of the GW9 human long
bone and vertebra (Fig. 4, F and G), indicating that the CMSSCs
were distinct from the Ctsk™ cells identified in the long bone (28).
The TFITM5" cells became detectable in the periosteum of the
E16.5 mouse mandible at protein level, but not in the E14.5 (Fig.
4H), suggesting that gene expression at the protein level was later
than that of transcript level. Together, these results indicated that
IFITM5" cells contributed to the intramembranous ossification of
cranio-maxillofacial bone.

CMSSCs exhibited greater proliferation and mineralization
capacity but lower chondrogenic differentiation

Next, IFITM5" cells were isolated from embryonic mandibles for
stem cell characterization. IFITM5" cells accounted for 4.26% of the
embryonic mandibles. IFITM5™ cells were isolated using flow cy-
tometry with a gating strategy for Zombie™ (used to exclude dead
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cells) CD317CD45 CD235ab™ (used to exclude endothelial and he-
matopoietic cells) and IFITM5* (Fig. 5, A and B). The IFITM5" and
IFITM5™ cells were of typical shape of mesenchymal stroma cells
when cultured in vitro and showed the high expression of CD90,
CD105, and CD44 but lack of expression of CD34, CD45, and
CD11b (fig. S5, A and B). Additionally, under identical exposure
conditions, IFITM5" cells exhibited more fluorescence labeling of
Glil or Prrx1 than IFITM5™ cells, suggesting that IFITM5" cells
also highly expressed other hallmarkers of SSCs compared to
IFITM5™ population (fig. S5, C and D). To test the self-renewal ability
of IFITM5" cells, IFITM5™ single cells were sorted to perform the
serial colony formation assay. A single IFITM5" cell could clonally
expand and be serially passaged, generating secondary and tertiary
colonies (Fig. 5C). Compared with those of IFITM5™ cells, the
colony-formation efficiency and size were higher in IFITM5" cells
(Fig. 5, D and E). Next, trilineage differentiation assay was per-
formed in vitro on clonal cultures, and the IFITM5™ cells showed
stronger osteogenic but lower chondrogenic capacity than IFITM5™
cells (Fig. 5, F to I). However, there was not obvious lipid droplet
formation in both groups (Fig. 5, ] and K). These data indicated that
IFITM5" cells were oligopotent SSCs with self-renewal and osteo-
genic differentiation capacity.

CMSSCs processed strong regenerative capacity in

mandible defect

To further test the in vivo differentiation potential of cells, IFITM5*
and IFITM5" cells were transplanted into the renal subcapsular re-
gion of immunodeficient mice and rat mandibles defect region (Fig.
5L). The renal subcapsular grafts were harvested 8 weeks after trans-
plantation. H&E staining showed that the size of IFITM5" cells
grafts was obviously larger than that of IFITM5 cells grafts (Fig.
5M). Immunofluorescent staining of collagen I and II indicated that
IFITM5" cells displayed stronger osteogenic differentiation poten-
tial than IFITM5" cells, and neither underwent chondrogenic dif-
ferentiation (Fig. 5N). The higher expression level of OPN also
indicated the better osteogenic differentiation capacity of IFITM5"
cells (Fig. 5P). The grafted cells were detected against human nuclei
marker Stem101, indicating that the tissue was generated by the trans-
planted cells (Fig. 5Q). To further evaluate their bone regenerative
therapeutic potential, a critical-sized defect with a diameter of 5 mm in
rat mandibles was generated. The gelatin methacrylate (GelMA)
scaffolds loaded with IFITM5" or IFITM5™ cells were implanted
into the defective mandibles. Eight weeks after transplantation, the
three-dimensional (3D) reconstruction and sagittal images of micro-
computed tomography (CT) showed the IFITM5™ cell group gener-
ated more bone (Fig. 50), and the quantitative analysis confirmed
the observation of reconstructed images (Fig. 5R). Furthermore,
histological images of H&E staining and Masson staining also cor-
roborated the findings of micro-CT analysis (Fig. 5S). The GelMA
group showed lack of mineralized tissue within the defect, while the
groups of IFITM5™ cells displayed a small amount of regenerated
bone located at the edges of the defect. Meanwhile, the IFITM5* cell
group generated more mineralized bone tissue. Immunohistochem-
ical results of Human nucleoli indicated that the implanted cells
were still present in the bone defect and that the expression lev-
el of RUNX2 and OPN on consecutive sections was higher in the
IFITM5" group, suggesting that IFITM5™ cells generated more osteo-
blasts (Fig. 5T).

Wang et al., Sci. Adv. 11, eado7852 (2025) 1 January 2025

To test the potential of craniofacial IFITM5" cells in cortical
bone regeneration of long bone, a monocortical defect (1.0 mm di-
ameter) was made at the base of the mouse femoral neck according
to Leucht’s methods (fig. S6A) (18). IFITM5™ cells and IFITM5™ cells
were transplanted into the defect. After 2 weeks, the 3D reconstruc-
tion and sagittal images of micro-CT indicated that the IFITM5"
CMSCC group notably promoted the defect healing compared to the
GelMA and IFITM5™ groups (fig. S6B). The structural parameters
including bone volume/total volume (BV/TV), trabecular thickness
(Tb.Th), and trabecular separation (Tb.Sp) at defect region also
showed a corresponding tendency (fig. S6C). Additionally, H&E
staining histological images supported the micro-CT findings (fig.
S6D). These results showed that CMSSCs had strong bone regenera-
tion ability in both jawbone and long-bone repair, indicating a
broader therapeutic potential.

To access whether the IFITM5~ population had a detrimental
effect, coculture experiments of IFITM5" and TFITM5™ cells were
performed. IFITM5™ cells were cultured in 24-well plates, and either
no cells or IFITM5™ cells were placed in the top chamber of the
transwell polystyrene plates (top: monoculture group; bottom: co-
culture group) (fig. S6E). After osteogenic induction, IFITM5™ cells
cocultured with IFITM5™ cells exhibited stronger osteogenic prop-
erties in vitro compared to monoculture, hinting that IFITM5™ pop-
ulation did not play a negative role in osteogenesis (fig. S6, F and G).
Together, these data showed that IFITTM5™ cells had strong capacity
in mandibular bone regeneration, indicating that these cells were
CMSSCs responsible for cranio-maxillofacial bone development.

CMSSCs processed a stronger regenerative capacity in
mandible defect compared to SSCs from long bone

Now, the iliac crest is the most popular source for autogenous bone
transplant surgeries. It would be interesting to compare the self-
renewal and osteogenic capacities of IFITM5" CMSCCs with
those of SSCs from long bone. PDGFRA"~PDPN*CADM1*
SSCs (hereafter referred to as CADM1* SSCs) from long bone
were sorted (Fig. 6A) and exhibited greater cloning formation abil-
ity than IFITM5* CMSCCs (Fig. 6, B and C). However, the osteo-
genic differentiation capacity of CADMI1™ cells was weaker than
that of IFITM5* cells in vitro (Fig. 6, D to F). To further explore
their regenerative performance in jawbone defect, we created a
1-mm-diameter defect model on the mouse mandibles and trans-
planted IFITM5* CMSCCs and CADMI1* SSCs. Two weeks after
transplantation, 3D reconstruction and sagittal images of micro-
CT showed that the IFITM5" CMSCC group generated more tra-
becular bone (Fig. 6G). Quantitative analysis of BV/TV, Tb.Th,
and Tb.Sp confirmed the observations of reconstruction images
(Fig. 6H). Furthermore, H&E staining histological images cor-
roborated the findings from the micro-CT (Fig. 6I). The results
showed that TFITM5" population presented a better regenerative
potential than long-bone SSCs.

IFITM5™ cells still exist in adult mandible and exhibit
powerful bone regeneration ability

As CMSSCs have been present at different GW during embry-
onic mandibular development, the presence of cells labeled with
IFITMS5 in the jawbone and their corresponding functions in adult
bone remodeling were evaluated. To explore the temporal and spa-
tial distribution of IFITM5" cells in the adult jawbone, jawbone
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Tukey'’s post hoc test.

fragments from patients with maxillofacial fractures or orthogna-
thic surgery aged 19 to 49 years were collected (Fig. 7A). Immuno-
fluorescence analysis showed that IFITM5" cells persisted in the
jawbone among patients aged 19, 32, and 49 years and were co-
localized with RUNX2. The mature osteocytes embedded within
the calcified matrix were unmarked by IFITM5 (Fig. 7B). The spa-
tial distribution of IFITM5* cells overlapped with that of NG2™*
cells, which were considered as the marker of pericyte and often
used to indicate mesenchymal stem cells in the bone marrow (fig.
S7A). Next, the BMSCs were cultured from bone fragments. The
primary BMSCs exhibited a typical spindle shape of a single-cell
and the whirlpool arrangement type of colonies with high expres-
sion of CD90, CD105, and CD44 but lack of expression of CD34,
CD45, and CD11b. The IFITM5" cells accounted for 6.52% of the
primary BMSCs (Fig. 7C). Then, Zombie IFITM5" cells and
Zombie IFITM5™ cells were sorted from BMSCs for functional
analysis (Fig. 7D). The IFITM5* and IFITM5~ BMSCs both showed
the high expression of CD90, CD105, and CD44 but lack of expres-
sion of CD34, CD45, and CD11b (fig. S7, B and C). IFITM5™ cells
generated a greater number of colonies and much larger colonies

Wang et al., Sci. Adv. 11, eado7852 (2025) 1 January 2025

than IFITM5™ cells (Fig. 7, E and F). Similarly, the IFITTM5* BMSCs
showed a stronger osteogenic but weaker chondrogenic differentia-
tion capability (Fig. 7, G to K). Unlike IFITM5™ cells isolated from
embryonic mandible tissues, IFITM5" BMSCs exhibited a greater
adipogenic potential (Fig. 7, L to N), which was accordance with
the fact that adult jawbone marrow contained the adipogenic pro-
genitor cell subset, while embryonic bone mandible tissues did not
contain adipogenic cells (32).

Following the method mentioned above, IFITM5* BMSCs and
IFITM5~ BMSCs were transplanted into the renal subcapsular area
and mandible defect area. After 8 weeks, the kidneys and mandibles
were harvested and sectioned. A mineralization-like structure was
observed in the subcapsular grafts of the IFITM5" BMSC groups,
whereas only a fiber-like structure was formed in the IFITM5~
BMSC groups (Fig. 70). Immunofluorescent staining of collagen I
and 1T revealed that IFITM5" BMSCs had strong potency toward
osteogenic differentiation but not chondrogenic differentiation (Fig.
7P). The higher expression level of OPN also indicated the better
osteogenic differentiation capacity of IFITM5" BMSCs (Fig. 7Q).
The grafted cells were determined by Stem101 (Fig. 7R). In addition,
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Fig. 7. Detection and functional validation of IFITM5™* cells in the adult mandible. (A) Schematic diagram of characterization IFITM5* cells in vivo and in vitro. (B) H&E and
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staining in coronal sections of GelMA, IFITM5~, and IFITM5* BMSC groups. (V) Immunohistochemical staining for Human nucleoli, RUNX2, and OPN in areas marked by white
dashed lines in Masson staining images. Scale bars, 100 um in all figures. [(F), (H), (1), (K), (M), and (N)] **P < 0.01 and ***P < 0.001 determined by an unpaired two-tailed
Student’s t test. (T) **P < 0.01 and ***P < 0.001 versus GelMA; ##P < 0.01 and ###P < 0.001 versus IFITM5™ cells determined by one-way ANOVA with Tukey’s post hoc test.
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in the mandible defect model, a new bone in the middle area of the
defect was evidently observed in the IFITM5™ cell group (Fig. 7S).
Quantitative analysis revealed that the amount of mineralized tissue
in the IFITM5" cell group was higher than that in IFITM5~ BMSCs
and control group (Fig. 7T). The results of micro-CT were also veri-
fied using H&E, Masson, Human nucleoli, RUNX2, and OPN im-
munohistochemical staining (Fig. 7, U and V). Overall, IFITM5"
cells still existed in the adult jawbone, which had robust potency of
osteogenesis for bone repair and regeneration.

DISCUSSION

Recent scRNA-seq and flow sorting studies have elucidated the
cellular lineage hierarchy during different bone development stag-
es and identified multiple skeletal stem/progenitor cell popula-
tions, including CX43*EGFR2" cells in deer antler blastema (33),
CD517Thyl1 6C3~CD105"CD200" cells in mouse long bone (14),
PDPN*CD146 CD73"CD164" cells in human fetal growth plate
(15),and PDGFRA"Y"PDPNTCADMI1" cells in the human embry-
onic long bone and calvarial bone (16). These findings demonstrat-
ed that spatiotemporal-specific subpopulations resided in different
skeletal tissues in various species. The heterogeneity of postmigra-
tory CNCCs has been well established in the mouse mandible (8).
The spatial localization and environmental interaction of postmi-
gratory CNCCs regulated their fate determination (23). However,
the role of CNC-derived mesenchymal cells in human early cranio-
maxillofacial development has not been previously elucidated. This
study generated a transcriptional landscape of human embryonic
mandibles from GW8 to GW11 and identified CMSSCs, exhibiting
potent osteogenic differentiation potential during intramembra-
nous ossification, providing a cellular basis for understanding jaw-
bone osteogenesis.

A crucial point in resolving mandibular osteogenesis is tracing
the cell differentiation trajectories and spatially locating functional
subpopulations. Similar to the E12.5 mouse mandible, the pseudo-
time analysis of scRNA-seq data revealed that common progenitors
flowed toward three lineage commitments: chondrogenic lineages,
osteogenic lineages, and odontogenic lineages. Combined with
LCM-seq, the CMSSCs were accurately projected into osteogenic
cells, and IFITM5 was highly expressed in the osteogenic lineage of
scRNA-seq. Similar to human embryonic perichondrial SSCs, the
IFITM5" population could serially generate colony-forming units
from single cells and undergo osteogenic differentiation but not ad-
ipogenic differentiation in vitro, suggesting that adipogenic signals
had not yet been activated in the early mandible. Upon subrenal
transplantation in mice, the IFITM5" population produced vast
amount of collagen type I but not collagen type II, highlighting its
role in mediating intramembranous ossification. These characteris-
tics were consistent with those of Ctsk* cells from mouse long bone
mediating intramembranous bone formation without cartilage for-
mation (28). Thus, IFITM5" CMSSCs are oligopotent stem cells that
mainly differentiate into osteogenic progenitors for intramembra-
nous ossification.

A previous mouse study revealed that the Ifitm5 transcripts were
detectable in the mandible and the perichondrium of long bone at
E14.5 when perichondrial osteoprogenitors started to differentiate
into osteoblasts and form mineralized tissues (34). Our results
showed that IFITM5 protein was detected in the periosteum of fron-
tal bone, maxilla, and mandible at GW9, but was not expressed in
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the perichondrium of human long bone, vertebra, and ribs at the
same stage, suggesting that the location of IFITM5 expression var-
ied between humans and rodents. This is supported by the fact that
the identified human SSCs and mouse SSCs in long bone have dis-
tinct surface markers. Clinically, patients with osteogenesis imper-
fecta V, caused by the c.-14C>T variant in the IFITM5 gene, exhibit
long-bone defect, suggesting that IFITM5 is expressed at some point
in human long bone (35). IFITM5" CMSSCs exhibited stronger
bone regenerative potential in both the jawbone and long bone.
Compared to long-bone CADM17 SSCs, they also had a better os-
teogenic effect in the jawbone. These results expanded the applica-
tion field of IFITM5* CMSSCs for bone healing therapies and
highlighted their powerful regeneration efficiency.

Ifitm5 was highly expressed at the early stage of mineralization
in the mouse skeleton (36). The overexpression of Ifitm5 promoted
the mineralization of mouse osteoblasts, whereas the knockdown of
Ifitm5 inhibited the mineralization. This suggests that Ifitm5 func-
tions as a positive regulator of bone formation in vitro (24). The het-
erozygous Ifitm5 c.-14C>T mutant mice exhibited perinatal lethality
and strong skeletal aberrations in the craniofacial bones and long
bones. This phenomenon indicated that Ifitm5 is necessary for os-
teogenesis (37). However, in vivo studies on mice with wild-type
Ifitm5 overexpression and knockout reported that the physiological
bone parameters were not altered in both neonate and adult mouse
bones. Thus, Ifitm5 is dispensable for bone development and ho-
meostasis in mice (38). This study hypothesized that Ifitm5 is an
indicator of osteogenesis-related subpopulation, rather than a regu-
lator, that plays a direct role in bone development and remodeling.
Further validation using human samples is necessary to confirm the
biological role of IFITM5 in bone formation.

Cranial suture SSCs, including Glil" cells, Axin2* cells, and
Prrx1™ cells, were characterized by self-renewal capacity and gave
rise to surrounding bone tissues (29, 39, 40). These SSCs were main-
ly located in the sutures of the parietal bone of the skull. In contrast
to the frontal bone that originated from CNCCs derived from ecto-
dermal mesenchyme, the parietal bone originated from mesoblast
cells. Although the previous studies did not identify the origin of the
suture SSCs, we speculated that these cells originating from meso-
blast were distinct from the IFITM5%" CMSSCs reported in this
study. It is interesting to compare the molecular signatures and
functions the two types of SSCs in the cranial bone.

CMSSCs from embryos exhibited a robust bone regeneration ca-
pacity. However, embryonic CMSSCs were not considered seed cells
for tissue regeneration because of limited resources and ethical de-
bates. This study demonstrated the presence of IFITM5" cells in the
jawbone of adults. Adult IFITM5" BMSCs exhibited strong osteo-
genic and adipogenic differentiation abilities in vitro, which was
consistent with the histological characteristics of the adult mandible
that contained fat tissue. It is interesting to analyze the differences at
transcriptome and proteome of IFITM5™ cells derived from embry-
onic and adult tissues.

Compared with those from long bone or iliac crest, BMSCs from
the jawbone showed stronger osteogenic differentiation potential in
humans, rats, mice, and pigs (41-44), hinting that BMSCs from cra-
niofacial bones were more potent for this purpose. In this study, the
adult jawbone TFITM5" BMSCs had excellent bone repair ability,
which could be an ideal cell type for cell-based cranio-maxillofacial
bone therapy. Furthermore, BMSC-mediated bone regeneration is
accompanied by the local release of several paracrine substances to
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mediate inflammatory responses and stimulate endogenous stem
cells (45). The paracrine effect of IFITM5* BMSCs will be examined
in future studies to understand their regenerative mechanism and
optimize their application in bone regeneration.

There are several limitations in this study that warrant further
investigation. First, seven lineages of mandibular mesenchymal cells
were identified using scRNA-seq. However, only MCCs and CMSSCs
were defined by LCM-seq analysis. In the following experiments,
we will combine spatial transcriptomics to analyze the spatiotempo-
ral evolution and communication of each lineage, providing a more
comprehensive insight into human mandibular development. Sec-
ond, we could not transplant uncultured TFTTM5* cells because of
the limited number of cells obtained from the embryonic mandible.
Optimized transplantation protocol is needed to further dissect the
functions of primary IFITM5" cells in vivo. Third, we only obtained
distribution of CMSSCs at early stage of human embryonic mandi-
ble development and could not track the distribution of CMSSCs
and their progeny over the entire development process until adult-
hood. Further studies using Cre-based lineage tracing in animal
models can provide more information on the fate decision of
IFITMS5" cells in bone tissues.

In conclusion, this study delineated the cellular atlas of human
embryonic mandibles and identified a specific IFITM5* CMSSCs
during early intramembranous ossification. IFITM5* CMSSCs ex-
hibited strong self-renewal, osteogenic differentiation, and bone de-
fect healing capabilities. Moreover, the IFITM5™" cells were detected
in the adult mandibles, behaving the similar properties of bone-
tissue repair. These findings improved our understanding of the
early human mandibular development and provided new alternative
stem cells to promote bone regeneration and treat skeletal diseases,
including fracture and degenerative skeletal diseases.

MATERIALS AND METHODS

Study design

This study was performed to delineate cellular heterogeneity and
lineage trajectories during human embryonic mandible develop-
ment and further identified the SSCs of human cranio-maxillofacial
skeleton, which broadened our understanding of the development
of cranio-maxillofacial bone and provided SSCs therapies for bone
regeneration. For this, we described a single-cell atlas of the hu-
man embryonic mandible by scRNA-seq and identified IFITM5"
CMSSCs mediating intramembrane osteogenesis by combination
with LCM. Subsequently, we explored the distribution of IFITM5 on
different bone tissue and examined the function of IFITM5* CMSSCs
in vitro and in vivo. In addition, we explored whether IFITM5"
cells existed in adult jawbones and investigated their ability in bone
defect repair.

Functional studies were performed in vivo using mouse models
and in vitro using cell culture models to determine whether IFITM5"
cells were a potential therapeutic candidate for cell-based bone
regeneration. For all cell and animal studies, subjects were assigned
randomly to groups. The parameters and sample sizes (1) for both
in vivo and in vitro experiments were determined according to
related published papers and preliminary experiments. Animal or
sample allocation and data acquisition were performed in a blinded
manner. No data were excluded from analyses. The number of
experimental replicates for each experiment was reported in the
figure legends.
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Human embryonic sample collection

Healthy human embryos and fetuses were obtained with elective
medical termination of pregnancy at the West China Second Uni-
versity Hospital. All human experimental protocols were approved
by the Ethic Committee of the West China Second University Hos-
pital (2022-307), and all studies were performed in accordance with
the approved guidelines. All donors signed written informed con-
sents and were informed about the purpose of the research. The
embryos and fetuses were considered structurally normal under ul-
trasound examination. Detailed sample information was appended
to table S1 with GW calculated from the first day of the woman’s last
menstrual cycle to the sample collecting date.

Animals

All animal experiment protocols and procedures were conducted in ac-
cordance with those approved by the Ethics Committee of West China
Hospital of Stomatology, Sichuan University (WCHSIRB-D-2023-642).
Eight-week-old NCG-immunodeficient mice (NOD/-ShiLt]Gpt-
Prkdc™2C992 1 2g"26C422 Gty were purchased from the Gem-
Pharmatech (Nanjing, China). Eight-week-old Sprague-Dawley rats
and eight-week-old C57/BL6 mice were obtained from DaShuo company
(Chengdu, China). All the animals were housed in specific pathogen—
free conditions at Sichuan University.

BMSC cultures

Bone fragments were obtained from 19- to 49-year-old patients with
macxillofacial fractures or orthognathic surgery, whose fragments
could not be anatomically reducted for clinical reasons. All exper-
iments were conducted in accordance with the ethical protocol
approved by the Committee of Ethics of the West China Hospital of
Stomatology, Sichuan University (WCHSIRB-D-2023-441), and in-
formed written consents were obtained from all patients. Bone
marrow was flushed out using a syringe filled with a-minimum
essential medium (a-MEM). The collected flush was centrifuged at
1000 rpm for 5 min, and the precipitates were resuspended in cul-
ture medium [a-MEM, 10% fetal bovine serum (FBS), and 1%
penicillin-streptomycin] in a 10-cm dish. The cell culture medium
was replaced every 48 to 72 hours. The cells were passaged when cell
confluence reached about 80%, and cells at passages 4 to 6 were used.

Preparation of single-cell suspensions

Human embryonic mandibles were isolated under a microscope
and then washed by Dulbeccos phosphate-buffered saline (DPBS)
(Servicebio, G4200) supplemented with 2% FBS (Gibco, 2364717)
and 1% penicillin-streptomycin (Solarbio, P1400) on ice. The tissues
were mechanically chopped into small pieces at room temperature
(RT) in a digestion buffer consisting of phosphate-buffered saline
(PBS) supplemented with Liberase (250 pg/ml; Roche, 5401119001)
and deoxyribonuclease (200 pg/ml; Solarbio, D8071) and then incu-
bated on a shaker at 37°C for 50 min. Digestion was terminated by
adding a-MEM (Gibco, 12571063) containing 10% FBS. The digest-
ed tissues were filtered through 70-pm cell strainers (Miltenyi, 130-
110-916), spun down, and resuspended in red blood cell lysis buffer
(Miltenyi, 130-095-823) for 7 min. Dead cells were subsequently
removed by the Dead Cell Removal Kit (Miltenyi, 130-090-101).
The cells were washed twice with sorting buffer (DPBS containing
2% FBS) and resuspended at a concentration of 1 x 107 cells/pl
in DPBS, followed by filtration through 30-pm cell strainers
(Miltenyi, 130-110-915). Dissociation quality and cell viability

130f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

were evaluated by trypan blue staining (Thermo Fisher Scientif-
ic, 15250061) and tested with a Countess IT automated cell coun-
ter (Thermo Fisher Scientific, AMQAX1000) with all samples
showing more than 90% viable cells. For each sample, we tar-
geted 10,000 cells. The number of cells actually sequenced was
6148 cells for GW8, 8529 cells for GW9, 8004 cells for GW9.5,
8675 cells for GW10, and 8020 cells for GW11. What is more,
the number of median genes per cell was 3431 genes for GW8, 3827
genes for GW9, 4140 genes for GW9.5, 4025 genes for GW10,
and 3806 genes for GW11.

Single-cell RNA sequencing

Single cells were obtained using a Chromium Controller (10x
Genomics), and scRNA-seq library were constructed using the
Chromium Single cell 3’ Reagent v2 Kits in accordance with the
manufacturer’s instructions (10x Genomics). After quality control,
the libraries were sequenced on an Illumina NovaSeq6000 platform.

Laser capture microdissection sequencing

All experiments procedures were performed according to Chen’s Proto-
col with minor modifications (46). The embryonic mandible (GW9,
GW10, and GW12) was washed in cold DPBS and immediately embed-
ded and frozen in optimal cutting temperature (OCT) compound with-
out paraformaldehyde fixation. Sections (10 pm thick) were sliced; then
mounted on ultraviolet (UV)-irradiated Molecular Machine & Indus-
tries (MMI) membrane slides (MMI, Eching, Germany, 50102); treated
in 100% ethanol (30 s), 75% ethanol (2 min), and ribonuclease (RNase)—
free water (1 min); and stained with cresyl violet (1 min), respectively.
Then, the stained sections were dehydrated with 75 and 100% ethanol
for 30 s each and air-dried for 1 to 2 min before microdissection. All re-
agents, solutions, and buffers were made with RNase-free water. After
placed onto the objective, tissue sections were microdissected using
MMI CellCut Plus system, and target regions were catapulted and col-
lected on 0.2 ml of MMI isolation caps (MMI, Eching, Germany, 50208)
with diffuser caps. As for library preparation, 50 pl of 4 M guanidine
isothiocyanate solution [4 M GuSCN, 50 mM tris-HCI (pH 7.5), and
25 mM EDTA; Invitrogen, 15577-018] was added to the tube bottoms of
the isolation caps, and, then, the tube was inverted and incubated at 42°C
for 20 to 40 min. After being centrifuged for 30 s at 7000g at 4°C, the lysis
buffer was transferred to the 1.5-ml microcentrifuge tube on ice and
added 771 pl of precipitating buffer [150 pl of nuclease-free water, 600 pl
of ethanol, 20 pl of sodium acetate (1.5 M, pH 6.5), and 1 pl of glycogen
(20 mg/ml)]. The lysed samples were frozen immediately at —80°C at
least 30 min. Following Peng’s instructions, RNA was dissolved, dena-
tured, and reversed. cDNA was preamplificated by HotStart PCR poly-
merase (KAPA Biosystems, KK2502) to reduce nonspecific products
and purified by AMPure XP beads (Beckman Coulter, A63881). The
purified cDNA (1 ng) was transferred into sequencing library with the
Mlumina Nextera XT DNA Sample Preparation Kit (Illumina, FC-
131-1096), and the size distribution of cDNA library was checked on an
Agilent Bioanalyzer high-sensitivity chip. Last, the qualified cDNA was
sequenced on an Illumina HiSeq platform at a depth of 20 million reads
per library.

Processing of scRNA-seq raw sequencing data

The scRNA-seq data were aligned and quantified using the Cell-
Ranger software (version 7.1.0) with the GRCh38 human refer-
ence genome.
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Integration, reduction, and identification of differential
expression genes

Raw read count was subsequently processed using Seurat R package
(version 4.0.5). Cells with <200 unique molecular identifiers (UMIs)
or >15% of mitochondrion-derived UMI counts were considered
low quality and removed. Doublets and multiplets were filtered out
using DoubletFinder (version 2.0.3). The Seurat’s function “Scale-
Data” was used to regress cell cycle effects with cell cycle markers.
Harmony (version 0.1.0) was performed to integrate five samples
across individuals into a shared space by removing the batch effects
while preserving biological variation. Subsequently, main cell clus-
ters were identified with the “FindClusters” function of Seurat.
Clustering was performed with the Louvain clustering algorithm
embedded in Seurat, and results were visualized by the UMAP
method. Differential expression genes across cell clusters were iden-
tified with the “FindAllMarkers” function of Seurat.

Pseudotemporal trajectory analysis

Pseudotime trajectories were analyzed using R package Monocle3
(version 1.0.0). The “preprocess_cds” function was used to process the
data, followed by the standard “reduce_dimension” and “learn_graph”
functions to generate the trajectories. The marker gene expression for
each cluster was visualized with “plot_genes_in_pseudotime” func-
tion of Monocle3.

LCM-seq analysis

Quality control of raw data was performed using Fastqc, and adapt-
ers were processed using Cutadapt (version 4.3) to get clean reads.
The clean reads were then mapped to the human genome (GRCh38/
hg38) using hisat2 (version 2.2.0). The expression level of each gene
was quantified using FeatureCounts (version 1.5.3) with the refer-
ence annotation (Homo Sapiens, GRCh38.108). In addition, gene
differential expression analysis was performed by DESeq2 (version
1.42.0). The differential genes were used for enrichment analysis
with ClusterProfiler (version 4.11.0).

Project LCM-seq data to scRNA-seq

First, the bulk RNA-seq data were downsampled to get pseudo-
single-cell data. The pseudo-single-cell data were processed like
scRNA-seq data using R package projectLSI and merged with
scRNA-seq data.

Method of direct projection

Seurat4 was used to process scRNA-seq and bulk RNA-seq data
separately, including normalization, selection of highly variable
genes, data scaling, and principal components analysis generation.
The Harmony package was then used to perform batch correction
on the scRNA-seq data and bulk RNA-seq data separately. To proj-
ect the bulk RNA-seq to scRNA-seq data, the scRNA-seq and bulk
RNA-seq data were integrated using the FindTransferAnchors and
TransferData functions in Seurat. Using the integrated data, the
MapQuery function was able to project these two sets of data.

Different sites and cross-species comparative analysis

To compare the presence of CMSSCs in different human bone tissues
and in mouse mandibles, we obtained four expression data matrix
data (GSE143753: 8-WPC calvaria and long bone, FaceBase data Re-
cord ID 1-DTK2: E10.5 to E14.5 mouse mandibles and GW9 verte-
bra). We integrated cellular components (common progenitors,
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osteogenic cells, and chondrogenic cells) from human embryonic
mandibles with the mesenchymal population from other data. To ex-
plore the expression of IFITM5" cells across different bone or spe-
cies, we used the CCA function of Seurat to integrate the data.
Clustering results were visualized using UMAP.

Flow cytometry cell sorting and analysis
For the cell sorting, mandible single-cell suspensions were prepared
and incubated in sorting buffer with the following antibodies:
CD31-fluorescein isothiocyanate (FITC) (BD Biosciences, 555445),
CD45-FITC (BD Biosciences, 555482), CD235ab-FITC (BioLegend,
306610), and IFITM5 (Adcepta, AP11058c) for 30 min at 4°C. Cells
were washed once and stained for another 20 to 30 min with Alexa
Fluor 647 (Life Technologies, A32573). Long-bone single-cell sus-
pensions incubated in sorting buffer with the following antibodies:
CD31-FITC (BD Biosciences, 555445), CD45-FITC (BD Biosci-
ences, 555482), CD235ab-FITC (BioLegend, 306610), CADM1
(MBL, CM004-A64), PDPN (BioLegend, 337029), and PDGFRA
(BioLegend, 323505) for 30 min at 4°C. Stained cells were washed
with sorting buffer and resuspended in DPBS with Zombie Aqua
dye-BV510 (BioLegend, 423102) as a live/dead cell indicator. Single
cells were sorted by CytoFLEX SRT (Beckman CytoFlex, USA).
Standard gating strategies were performed to exclude debris, dou-
blets, and dead cells with unstained cells and fluorescence minus
one control as a negative control. For BMSCs, cells were detached
using TrypLE (Gibco, 12604013) and sorted as mentioned above.
For the flow cytometry analysis, cells were detached and incu-
bated with following primary antibodies: CD90 (BD Biosciences,
555595), CD105 (BD Biosciences, 561443), CD44 (Abcam, ab19622),
CD146 (BD Biosciences, 550315), CD34 (BD Biosciences, 555821),
CD45 (BD Biosciences, 555482), and CD11b (BD Biosciences,
557396). After washes with DPBS, flow cytometry was performed
using the Accuri C6 (BD Biosciences Biosciences), and FlowJo soft-
ware V10.4 was used for flow cytometry analyses.

Colony-forming units

The sorted cells were seeded in six-well plate (400 cells per well) with
culture medium (a-MEM containing 10% FBS, and 1% penicillin/
streptomycin solution) and incubated at 37°C with 5% CO,. The
medium was changed every 3 to 4 days until colonies with more
than 50 cells were observed. Cells were fixed and stained with
crystal violet (Solarbio, G1062), and cell colonies with more than
50 cells were calculated. Serial colony formation was conducted by
seeding sorted cells at clonal density and serially passaged to pro-
duce the secondary and tertiary colonies.

Osteogenic, adipogenic, and chondrogenic differentiation

For osteogenic differentiation, the expanded cells from single colony
were seeded in 24-well plate with osteogenic differentiation induc-
tion medium (Cyagen Biosciences, HUXMX-90021), and medium
was changed every 3 days until the calcium nodules were observed
under the microscope. Osteogenic potential was evaluated by aliza-
rin red staining and quantitative polymerase chain reaction (QPCR).
For adipogenic differentiation, cells were cultured with four cycles
of adipogenic differentiation induction medium (Cyagen Biosci-
ences, HUXMX-90031). The adipogenic potential was then assessed
by oil red O staining and qPCR. For chondrogenic differentiation,
3 x 10° cells were pelleted and fed with a chondrogenic differentia-
tion induction medium (Cyagen Biosciences, HUXMX-90041) for
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27 days, with medium changes every 3 days. The chondrogenic po-
tential was measured by paraffin sections of the cell pellets stained
with alcian blue staining and qPCR.

Quantification of alizarin red staining and oil red O staining
Cells were fixed with 4% paraformaldehyde for 15 min and stained
with alizarin red or oil red O for 45 min at RT. For quantification of
alizarin red staining, the stain was solubilized with 10% cetylpyridi-
num chloride (Sangong Biotech, A600106) by shaking for 15 min,
and the absorbance was measured at 562 nm using a microplate
reader (Thermo Fisher Scientific). For quantification of oil red O
staining, the stain was solubilized with isopropyl alcohol, and the
absorbance was measured at 510 nm.

RNA extraction and qPCR

Total RNA was extracted with the Total RNA Isolation Kit (Vazyme,
RC112) according to the manufacturer’s instructions. cDNA was
synthesized using HiScript III RT SuperMix (Vazyme, R323). qPCR
reactions were prepared using Universal SYBR qPCR Master Mix
(Vazyme, Q712) and run on a QuantStudio 6 Flex Real-Time PCR
System (Life Technologies). The primer sequences used was pro-
vided in the Supplementary Materials (table S2). Glyceraldehyde-3-
phosphate dehydrogenase was used as loading control, and the
relative RNA expression was calculated with relative quantification
method (2722€T method).

Rat mandible defect model

Fifteen Sprague-Dawley rats (eight-week-old males) were randomly
divided into three groups: the GelMA (Engineering For Life, EFL-
GM-90) group, the IFITM5™ cell group, and the IFITM5™ cell group.
After anesthetization with 3% pentobarbital (40 mg/kg), an incision
was made, and muscles were bluntly dissected to expose the man-
dibular body. Critical-sized defect with 5 mm diameter was made
using a trephine drill before the ramus of the mandible. IFITM5*
and IFITM5™ cells were sorted by the previous method. After that,
50 pl of cell suspension (IFITM5™ cells or IFITM5™ cells were cen-
trifuged and resuspended in 7.5% GelMA for the IFITM5™ group or
the IFITM5™ group, 1 x 107 cells/ml) was added to the defect and
cross-linked by UV light irradiation for 10 s. The mandibles were
harvested 8 weeks after surgery. The cells sorted from embryos, and
BMSCs were performed as described above, respectively.

Mouse mandible and femur defect model

For mandible defect model, 15 C57/BL6 mice (eight-week-old
males) were randomly divided into three groups: the GelMA group,
the IFITM5™ cell group, and the CADM1 cell group. After anesthe-
tization and dissection, a 1.0-mm drill hole was made using a dental
drill in the exposed ramus of the mandible without damaging the
root. Cell suspensions (5 pl; IFITM5" cells or CADM1™ cells were
centrifuged and resuspended in 7.5% GelMA for the IFITM5"
group or the CADM1* group, 1 x 107 cells/ml) were added to the
defect and cross-linked by UV light irradiation for 10 s. For femoral
defect model, 15 C57/BL6 mice (eight-week-old males) were ran-
domly divided into three groups: the GelMA group, the IFITM5*
cell group, and the IFITM5™ cell group. Likewise, a monocortical
defect (1.0 mm diameter) was made at the base of the femoral neck.
Cell suspensions (5 pl; IFITM5" cells or IFITM5™ cells were centri-
fuged and resuspended in 7.5% GelMA for the IFITM5 group or
the IFITM5™ group, 1 x 107 cells/ml) were added to the defect and
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cross-linked by UV light irradiation for 10 s. The mandibles and fe-
murs were harvested 2 weeks after surgery.

Renal capsule transplantation

Ten mice (eight-week-old males) were divided into two groups
(IFITM5" and IFITM5"). Briefly, the mice were anesthetized, and,
then, an incision was performed in the right back of each mouse to
expose the right kidney. A small pocket was made to separate the
capsule from the renal parenchyma. After that, 5 ul of Matrigel
(Corning, 356234) containing 5 X 10° cells for the IFITM5" or
IFITM5™ cells was injected into the kidney pocket. The grafts were
harvested 8 weeks after transplantation. Cells sorted from embryos
and BMSCs were performed as described above, respectively.

Micro-CT analysis

After 8 weeks of treatment, the rat mandibles were harvested and
fixed in 4% paraformaldehyde for 48 hours and then scanned using
Skyscan micro-CT (Bruker, Germany). 3D reconstructions were
conducted by NRecon, and the BV/TV, Tb.Sp and trabecular bone
number (Tb.N) and Tb.Th at the defect site were quantitatively ana-
lyzed by CTAn. Similarly, after 2 weeks of treatment, the mice man-
dibles and femurs were harvested, fixed, and scanned as above.

Histological preparation and staining

For cryosections, tissues including human jawbone (GW9 and
GW10), calvarial bone (GW9), vertebra and rib (GW9), mouse
mandible (E14.5 and E16.5), renal subcapsular grafts, and adult jaw
fragments were fixed in 4% paraformaldehyde for 24 or 48 hours,
followed by decalcification in 10% EDTA (Sangon Biotech, E671001)
for another 1 to 10 weeks. After that, tissues were dehydrated in
30% sucrose at 4°C overnight, embedded in OCT, and sliced into
8-pm sections (Lecia). Sections were stained using a standard H&E
(Solarbio, G1120) protocol. After repaired with the Quick Antigen
Retrieval Solution (KeyGen, KGIHC005) for 5 min at RT, the frozen
sections were treated with blocking buffer containing 10% donkey
serum (Solarbio, SL050) and 0.3% Triton X-100 in PBS for 1 hour
and then incubated overnight at 4°C with following primary anti-
bodies: Ctsk (Santa Cruz Biotechnology, sc-48353; 1:100), Ki67 (Santa
Cruz Biotechnology, sc-23900; 1:100), Glil (Santa Cruz Biotechnology,
sc-515781; 1:100), Gremlin1 (Santa Cruz Biotechnology, sc-515877;
1:100), DIx5 (Santa Cruz Biotechnology, sc-398150; 1:100), Prrx1
(Novus, NBP1-06067; 1:100), RUNX2 (Abcam, ab76956; 1:200),
IFITM5 (Adcepta, AP11058c; 1:200), COL1A2 (Zen, 380760; 1:200),
COL2A1 (Santa Cruz Biotechnology, sc-52658; 1:200), OPN
(Abcam, ab63856; 1:200), OPN (Santa Cruz Biotechnology, sc-21742;
1:200), NG2 (Santa Cruz Biotechnology, sc-80003; 1:200), and
Stem101 (Takara, Y40400; 1:100). After washed with PBS (three
times for 5 min), the sections were stained with Alexa Fluor 488
(Invitrogen, A21202, 1:500), Alexa Fluor 555 (Invitrogen, A21422;
1:500), Alexa Fluor 555 (Invitrogen, A21432; 1:500), or Alexa Fluor
647 (Invitrogen, A31573; 1:500) for 1 hour at RT, and the nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI; Solarbio,
C0060; 1:1000) for 5 min. Images were acquired with FV1000 Olym-
pus confocal microscopes (Olympus).

For the paraffin section, tissues including human jawbone (GW12,
GW14, and GW20) and rat mandibles were fixed, decalcified, de-
hydrated, embedded in paraffin, and sliced into 5-pm sections
(Lecia). After dewaxed and rehydrated, the sections were performed
heat-mediated antigen retrieval (tris-EDTA; Servicebio, G1206) and
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incubated with following primary antibodies: IFITM5 (Adcepta,
AP11058¢; 1:200), RUNX2 (Santa Cruz Biotechnology, sc-390351;
1:300), anti-human nucleoli (Abcam, ab190710; 1:300), and OPN
(Abcam, ab63856; 1:200) at 4°C overnight. Following incubation
with horseradish peroxidase-conjugated secondary antibodies and
visualization in 3,3 diaminobenzidine (Gene Tech, GK600710), the
images were captured with VS§120 Olympus microscope (Olympus).
Immunofluorescent staining was performed as described above.

Cell immunofluorescence assay

IFITM5" and IFITM5™ cells were seeded in 24-well plate and cul-
tured for 24 hours. Then, cells were fixed with 4% paraformaldehyde
for 30 min and incubated in 0.5% Triton X-100 for 10 min. After-
ward, samples were blocked with donkey serum (Solarbio, SL050)
for 1 hour before incubation overnight at 4°C with primary anti-
body: Glil (Santa Cruz Biotechnology, sc-515781; 1:100) or Prrx1
(Novus, NBP1-06067; 1:100). After washed with PBS solution three
times, samples were incubated with Alexa Fluor 488 (Invitrogen,
A21202; 1:500) or Alexa Fluor 555 (Invitrogen, A21432; 1:500) in
a dark chamber for 1 hour and subsequently stained with DAPI
(Solarbio, C0060; 1:1000) for 5 min. Stained samples were observed
and pictured by an inverted fluorescent microscope (Olympus).

Statistical analysis

All the statistical analyses were performed using Prism 8.0 (Graph-
Pad Software), and the data were shown as the means + SD. Data
were assessed with the two-tailed Student’s ¢ test for comparisons of
two groups. One-way analysis of variance (ANOVA) with Tukey’s
post hoc test was used for comparisons among multiple groups. All
experiments were repeated at least three times. P values of less than
0.05 were considered statistically significant.

Supplementary Materials
This PDF file includes:

Figs.S1to S7

Tables S1 and S2
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