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A B S T R A C T   

The osteogenic microenvironment of bone-repairing materials plays a key role in accelerating bone regeneration 
but remains incompletely defined, which significantly limits the application of such bioactive materials. Here, 
the transcriptional landscapes of different osteogenic microenvironments, including three-dimensional (3D) 
hydroxyapatite (HA) scaffolds and osteogenic medium (OM), for mesenchymal stromal cells (MSCs) in vitro were 
mapped at single-cell resolution. Our findings suggested that an osteogenic process reminiscent of endochondral 
ossification occurred in HA scaffolds through sequential activation of osteogenic-related signaling pathways, 
along with inflammation and angiogenesis, but inhibition of adipogenesis and fibrosis. Moreover, we revealed 
the mechanism during OM-mediated osteogenesis involves the ZBTB16 and WNT signaling pathways. Hetero
geneity of MSCs was also demonstrated. In vitro ossification of LRRC75A+ MSCs was shown to have better uti
lization of WNT-related ossification process, and PCDH10+ MSCs with superiority in hydroxyapatite-related 
osteogenic process. These findings provided further understanding of the cellular activity modulated by OM 
conditions and HA scaffolds, providing new insights for the improvement of osteogenic biomaterials. This atlas 
provides a blueprint for research on MSC heterogeneity and the osteogenic microenvironment of HA scaffolds 
and a database reference for the application of bioactive materials for bone regeneration.   
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1. Introduction 

Bone grafting is an increasing requirement in surgical procedure, 
correlated with the rapid increase in musculoskeletal disease occurrence 
because of an aging population with longer life span. The application of 
bone autografts and allografts is limited for several reasons, including 
donor site morbidity, source availability, reduced bioactivity, and risk of 
pathogen transmission [1,2]. While autologous bone grafting is 
considered as the “gold standard” for bone defect repair, advances have 
been made in the generation of bone substitutes, with the potential to 
overcome many drawbacks. Thus, there is an intense need for high 
quality tissue engineering of bone grafts. 

Various strategies have been explored to generate bone grafts via 
tissue engineering approaches. Structure of biomaterials with a micro
architecture design with atomic composition similar to native bone tis
sue is crucial for successful bone regeneration. For this reason, many 
studies focus on the modification of intrinsic scaffold properties to 
improve both osteoinduction and osteoconduction capability [3,4]. 
However, a lack of clear understanding of the biological processes 
involved has limited the development the use of bioactive biomaterials. 
Although hydroxyapatite scaffolds are widely applied in research studies 
and clinical practice [5,6], there is an increasing need for improvement 
as the standard hydroxyapatite materials show low bioactivity [7]. 

Biomaterials can be modified to provide vital biological cues within 
the material, growth factors and cells, with the aim of improving 
osteointegration in bone regeneration, which is a prerequisite in the 
development of the engineered materials [2,8]. Restoration of an oste
ogenic microenvironment with an integration of stem cells with the 
biomaterials is an exciting approach and a key factor driving the 
development to improve the bioactivity of biomaterials. Mesenchymal 
stromal cells (MSCs), a widely used cell type with outstanding advan
tages, show a broad range of potential applications in osteogenesis and 
organoid construction [9–11]. Aiming to fabricate bioactive hydroxy
apatite resembling allogeneic freeze-dried bone, we have biofabricated 
hydroxyapatite scaffold together with extracellular matrix secreted by 
cells showing better osteogenesis in vivo [12]. 

Although we have gained a good understanding of osteogenic bio
materials with respect to surface and spatial structures, chemical 
composition and biological cues, the cellular processes involved in the 
bioactivity of the materials remain poorly understood, limiting clinical 
applications [2]. The bioactivity of biomaterials guides cell behaviors 
and responses, in building and refining the complex microenvironments. 
Several studies have revealed specific osteogenic microenvironments 
[13]. However, detailed landscapes of osteogenic microenvironments at 
a high resolution are limited but needed to accelerate bone tissue en
gineering development. In addition, there is a need to understand the 
heterogeneity of MSCs and other cells used, and how subtypes can in
fluence the responses to the biomaterials [14,15]. Single-cell RNA 
(scRNA) sequencing provides a strategy to decode cell phenotypes and 
differentiation lineage at single-cell resolution [15,16], providing a 
comprehensive and high-resolution interrogation of the MSC microen
vironments for bone tissue engineering. 

In this study, scRNA sequencing was used to profile 61,718 single 
cells in different osteogenic microenvironments commonly applied in 
fundamental research and clinical studies. We characterized and further 
revealed the heterogeneity of MSCs derived from Wharton’s jelly of the 
human umbilical cord (WJMSCs) and decoded the osteogenic microen
vironments of three-dimensional (3D) hydroxyapatite (HA) scaffolds 
and osteogenic medium (OM) conditions, providing new insights sup
porting the application of MSCs and bioactive materials for bone 
regeneration. Our dataset also provides a valuable tool for further in
vestigations in bone research. 

2. Materials and methods 

Detailed information of key resources involved in this study were 

listed in Supplementary Table 1. 

2.1. Preparation of calcined bovine bone scaffolds 

Bovine vertebral cancellous bone was calcined and sintered accord
ing to the protocol of Juang HY et al. [12,17]. Briefly, the bovine bone 
was heated at a rate of 5 ◦C/min to 900 ◦C for 6 h and was then sintered 
at a temperature of 1100 ◦C for 1 h. After cooling to room temperature at 
a rate of 5 ◦C/min, the bone was modified to cylindrical shape at di
mensions of 5 (diameter) × 3 (height) mm. The calcined bone scaffolds 
were then sterilized before use. 

2.2. Primary culture of WJMSCs and expansion in vitro 

Human umbilical cords used for this study were obtained with 
written informed consent from the parents (the seventh affiliated hos
pital of SYSU, Shenzhen, China) with the approval of the ethics com
mittee (Permit number: 2019SYSUSH-031). WJMSCs were isolated from 
Wharton’s jelly of human umbilical cords (n = 3, two males and one 
female) by adherent culture method and cultured in Prim® human MSC 
SF-M supplemented with 1% primocin as primary passage (P0). After 
cell density reached about 80% confluence, cells were dissociated with 
0.25% Trypsin-EDTA incubated at 37 ◦C for 4 min. During the following 
entire process, the cells were then inoculated at a cell density of 5000 
cells/cm2 and cultivated in 175 cm2 T-flasks with 30 mL of Dulbecco’s 
Modified Eagle Media-Nutrient Mixture F-12 (DMEM/F12) containing 2 
mM glutamine and supplemented with 10% FBS and 1% of penicillin- 
streptomycin, and cultured in a 5% CO2, 37 ◦C humidified incubator 
for cell expansion. WJMSCs at passage 3–5 were used for further 
experiments. 

2.3. Flow cytometry analysis and tri-lineage differentiation for WJMSCs 
identification 

For flow cytometry analysis of cell surface markers, WJMSCs at 
passage 4 were digested by 0.25% Trypsin-EDTA for 4 min in 37 ◦C 
humidified incubator to form a single-cell suspension. Antibodies used 
for flow cytometry are listed in the Key Resources table. Cells were 
resuspended in 100 μL cell staining buffer and nonspecific antibody 
binding was blocked by human Fc blocker antibody. Then 3 μL of each 
antibody was added to cells in each sample. Cells were stained for 20 
min on ice, washed with cell staining buffer and resuspended at a final 
concentration of 1 × 106 cells/mL. Flow cytometry was performed on a 
Beckman CytoFlex instrument and data were analyzed using CytExpert. 
Cells were gated to exclude debris and doublets, and then analyzed for 
identification of cell surface markers. 

For osteogenic and adipogenic differentiation, WJMSCs at passage 4 
were inoculated at a cell density of 5000 cells/cm2 and cultivated in 6- 
well plates with 2 mL DMEM/F12 supplemented with 10% fetal bovine 
serum, 1% glutamine and 1% penicillin-streptomycin, and cultured in a 
5% CO2, 37 ◦C humidified incubator. Medium was replaced with oste
ogenic/adipogenic induction medium at 80% confluence of WJMSCs 
and changed every 3 days. Staining of Alizarin Red S and Oil Red was 
performed after 3 weeks of differentiation. For chondrogenic differen
tiation, WJMSCs at passage 4 were centrifuged into pellets at a cell 
density of 50,000 cells/pellet and cultivated in tubes with 2 mL chon
drogenic induction medium or the above-mentioned DMEM/F12 me
dium as control in a 5% CO2, 5% O2, 37 ◦C humidified incubator. 
Medium was changed every 3 days. Staining of Alcian Blue was pro
ceeded for frozen sections of pellets after differentiation induction for 3 
weeks. 

2.4. Cell seeding and culturing on scaffolds 

Bovine bone scaffolds were soaked in 2 mL cell suspension at a 
concentration of 1 × 107 cells/mL, and then were treated with a low 
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atmospheric pressure condition for uniform cell distribution inside the 
scaffolds for 2 min as previously reported [12,18]. After cell seeding for 
4 h, the cell-scaffold composites were transferred to 24-well plates with 
DMEM/F12 medium supplemented with 10% FBS. Two days later, the 
medium was changed with corresponding medium (OM and DMEM/F12 
with 10% FBS) in 5% CO2 at 37 ◦C, which was labelled as week 0. The 
medium was changed every 3 days. Cell distribution in the scaffold was 
evaluated at week 0, 1, 2 and 3 after the seeding. Cell adhesion and 
morphology on the porous structure was observed by fluorescence 
staining of Calcein AM and propidium iodide under a fluorescence 
microscope. 

2.5. Isolation of cells and magnetic cell sorting for dead cell removal 

The cell-scaffold composites were gently crushed and cut into small 
fragments. MSCs from scaffolds were isolated by digestion with 0.25% 
Trypsin-EDTA for 5 min at 37 ◦C with agitation (120 rpm). After di
gestions, all cells were filtered through a 40 μm filter into a collection 
tube. For cells planted in 6-well plates, the same digestion method was 
adopted. Dead cells were removed by magnetic cell sorting with dead 
cell removal kit according to the manufacturer’s protocol. Cell viability 
evaluation by Calcein AM and propidium iodide was applied after 
magnetic cell sorting and the cell debris removal procedure. Generally, 
samples proceeded to single-cell RNA sequencing when cell viability was 
higher than 80% without debris and aggregates. 

2.6. Live cell imaging 

The cells cultured on HA scaffolds at week 3 were isolated, cultivated 
in 24-well plates with 1 mL DMEM/F12 supplemented with 10% fetal 
bovine serum, 1% glutamine and 1% penicillin-streptomycin, and 
cultured in a 5% CO2, 37 ◦C automated live cell imager (Lionheart FX). 
Cells were then imaged every 10min for 2 days according to the man
ufacturer’s instructions. 

2.7. scRNA sequencing 

Single cells were encapsulated into emulsion droplets using Chro
mium Controller. scRNA sequencing libraries were constructed using 
Chromium Single Cell 3′ v3 Reagent Kit according to the manufacturer’s 
protocol. Briefly, cells were examined under a microscope and counted 
with a hemocytometer. Cells were then loaded in each channel with a 
target output of 6000 cells. Reverse transcription and library prepara
tion were performed on C1000 Touch Thermal Cycler with 96-Deep Well 
Reaction Module. Amplified cDNA and final libraries were evaluated on 
an Agilent Bio-Analyzer using a High Sensitivity DNA Kit. Individual 
libraries were sequenced on Illumina Noveseq 6000 platform in 150 bp 
pair-ended manner at a sequencing depth of 50,000 raw read pairs per 
cell. 

2.7.1. Pre-processing of scRNA sequencing data 
Sequencing results were demultiplexed and converted to FASTQ 

format using Illumina bcl2fastq software. The Cell Ranger Single Cell 
Software Suite was used to perform sample demultiplexing, barcode 
processing and single-cell 3′ gene counting. An internal collection of 
numerical multidimensional datasets by velocyto from cellranger data 
was extracted as loom files. The cDNA insert was aligned to the GRCh38 
reference genome. Only confidently mapped, non-PCR duplicates with 
valid barcodes and unique molecular identifiers were used to generate 
the gene-barcode matrix that contained 61,718 cells. Further analysis 
including quality filtering, the identification of highly variable genes, 
dimensionality reduction, standard unsupervised clustering algorithms 
and the discovery of differentially expressed genes was performed using 
the Scanpy R package. To exclude low quality cells and genes, we 
removed 1764 cells that had fewer than 300 detected genes and 
excluded 15,835 genes that were expressed in fewer than 50 cells. To 

exclude cells that were extreme outliers in terms of library complexity 
and that might possibly include multiple cells or doublets, we calculated 
the distribution of genes detected per cell and removed any cells that 
had more than 7000 genes. We also removed cells with more than 20% 
of the transcripts coming from mitochondrial genes. After quality 
filtering, 54,407 cells with 17,703 genes were left for further analysis. 
After removing unwanted cells from the dataset, we normalized the data 
by the total expression, multiplied by a scale factor of 10,000 and log- 
transformed the result. We used a linear regression through regress_
out method to correct the observed batch effects among independent 
experiments. 

2.7.2. Dimensionality reduction 
We performed dimensionality reduction using gene expression data 

for a subset of variable genes. The variable genes were selected based on 
dispersion of binned variance to mean expression ratios setting as 0.25 
using Find Variable Genes function of Scanpy package. Next, we per
formed principal component analysis (PCA) and reduced the data to the 
top 30 PCA components (number of components was chosen based on 
standard deviations of the principal components in a plateau region of 
an “elbow plot” and changed with different datasets). 

2.7.3. Clustering and sub-clustering 
We used graph-based clustering of the PCA reduced data with the 

Louvain Method after computing a shared nearest neighbor graph [19]. 
We visualized the clusters on a 2D view produced with uniform manifold 
approximation and projection (UMAP). For sub-clustering, we applied 
the same procedure of finding variable genes, dimensionality reduction, 
and clustering to the restricted set of data. 

2.7.4. Differential expression of gene signatures 
For each cluster, we used the T-Test to find rank genes that had 

significantly different expression when compared to the remaining 
clusters (paired tests when indicated) after multiple hypothesis testing 
correction. 

2.7.5. Reconstructing pseudotime analysis and cell development trajectories 
To infer the developmental progression of cells across multiple times, 

we used the Monocle algorithms implemented in R package for pseu
dotime analysis. We limited the dataset to only interested cells for the 
analysis. We selected the high dispersion genes across cells with mean 
expression ≥0.1 and empirical dispersion ≥0.1 as the ordering genes for 
the trajectory reconstruction, using the nonlinear reconstruction algo
rithm DDRTree. At the same time, we used the velocity algorithms 
implemented in Python package for cell development trajectories. 

2.7.6. Dynamically expressed genes across pseudotime 
Genes that varied across pseudotime were calculated using the Dif

ferential Gene Test function in Monocle and a cut-off of adjusted P value 
< 0.1 was applied. This was applied on the entire pseudotime range and 
also on the pseudotime intervals specific to limited cell clusters in order 
to avoid limitation to the genes characterized by monotonic changes 
across the inferred trajectory. Further branch analysis was applied using 
BEAM algorithms. 

2.7.7. Functional enrichment analysis 
GO enrichment analyses were performed using ClusterProfiler in R 

package and a cut-off of adjusted P value < 0.05 was applied, applying 
the Benjamini–Hochberg false discovery rate correction for multiple 
testing. 

2.7.8. Lineage differentiation potency evaluation 
A single numeric value representative of the aggregation of 

normalized expression of multiple marker genes in a specific category 
was defined as ‘score’ [20]. We calculated osteo/chondrogenic, adipo
genic, antiadipogenic, proangiogenic and antiangiogenic scores by using 
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the marker genes listed in Supplementary Table 2. 

3. Results 

3.1. Single-cell transcriptomic overview of MSCs in different osteogenic 
microenvironments 

To understand the molecular features of MSC responses to different 
osteogenic microenvironments, we generated HA scaffolds from 
cancellous bone of bovine vertebrae, identified MSCs from Wharton’s 
jelly of the human umbilical cord, embedded MSCs on HA scaffolds, and 
subjected the cells to 3D culture through typical procedures [17,18] 
(Supplementary Figs. 1a–d). scRNA sequencing of MSCs in different 
microenvironments was performed based on the 10X Genomics platform 
(Fig. 1a). To study development differences in distinct osteogenic mi
croenvironments, we compared the transcriptomes of MSCs among a 
group of 2D monolayer-cultured cells with OM induction, marked as the 
PI (plate culture-OM induction) group; a group of cells 3D-cultured on 
calcined HA scaffolds with OM induction, marked as the SI (scaffold 
culture-OM induction) group; a group of cells 3D-cultured in HA scaf
folds with basal medium, marked as the SN (scaffold culture-no induc
tion) group; and a group of primary noninduced MSCs, marked as the 
PM (primary MSCs) group. Integrated and independent approaches were 
applied at the same time for joint analysis of differentially expressed 
genes (DEGs) (Supplementary Fig. 1e). A clear separation of clusters of 
input cells with distinct functions was observed (Fig. 1b). 

In general, MSCs cultured on the HA scaffolds (the SN group) ob
tained higher proangiogenic and antiadipogenic differentiation poten
tial and exhibited lower antiangiogenic activity than the cells in the PI 
and SI groups (Fig. 1c). The results of GO analysis (Supplementary 
Figs. 2a–d) revealed that MSCs in the PM group presented prominent cell 
division and proliferation functions. The ossification and bone miner
alization functions were highlighted in the cells of the PI group in line 
with the osteo/chondrogenic differentiation potential. The cells in the 
SN group exhibited significant immunoregulatory functions and 
proangiogenic effects coupled with osteogenic functions, suggesting the 
existence of different osteogenic mechanisms in the SN group. Unex
pectedly, the hypoxic response of the cells in the SI group implied a 
potential conflict related to the combination of the HA scaffolds and OM. 

3.2. HA inhibits MSC proliferation through the MXI1/IGFBP31 and 
ABTB1-EGR2/PTEN pathways 

To search for proliferating cells under the different conditions, we 
assessed the expression of MKI67 as a representative cell cycle gene 
(Fig. 2a–c). The cells in the PM group demonstrated significant prolif
erative activity with continuous high expression of cell cycle genes, 
which was in line with the GO analysis (Fig. 1b, Supplementary Fig. 2a). 
The proliferation of most cells in the PI group was significantly repressed 
(Fig. 2a), probably through CHI3L2, a proliferation suppressor gene [21] 
upregulated by OM (Fig. 2b–c). Cell contact inhibition [22] appears to 
play a more important role than differentiation [23] in the proliferation 
regulation by OM since a large proportion of cells (26%) continued to 
proliferate on the scaffold in the presence of OM (Fig. 2a), while no 
upregulation of YAP/TAZ expression, key molecules of Hippo signaling, 
was observed (Fig. 2c). The regulation of proliferation by OM had little 
connection with the Hippo signaling pathway, which has been reported 
to be critical in cell contact-mediated inhibition of proliferation [24]. In 
addition, cell proliferation on the HA scaffold was also reduced (Fig. 2a) 
through different pathways, including MXI1/IGFBP3 [25] (Fig. 2c) and 
ABTB1-EGR2/PTEN [26] (Fig. 2d). Interestingly, the combination of the 
HA scaffold and OM contained more proliferative cells (26%) than the 
HA scaffold or OM alone, and sustained CHI3L2 inhibition was observed 
in non-proliferative cells (Fig. 2a–b). This suggests a potential conflict of 
this combination with regard to proliferation regulation. 

3.3. Comprehensive analysis of the microenvironment of 3D HA-cultured 
MSCs in vitro 

3.3.1. HA-related osteogenesis through sequential activation of the TGF-β, 
PTHrP and BMP signaling pathways is probably initiated by ANXA10 

To explore the molecular mechanism of HA scaffold-mediated 
osteogenesis, we screened related molecules, signaling pathways and 
downstream factors (Fig. 3a). ANXA10, a calcium ion-binding molecule 
and atypical calcium channel [27], and the potassium channel KCNG1 
were upregulated distinctively in the cells in the SN group, which could 
be a result of a high local calcium ion concentration within the HA 
scaffold [28]. In addition, the expression of parathyroid hormone-like 
hormone (PTHLH), a crucial autocrine calcium ion regulatory mole
cule and PTHrP signaling factor, correlated with ANXA10 expression. 
However, the expression of a typical PTHLH receptor (PTH1R) and 
upstream factor (IHH) [29] were not dysregulated in the SN group (data 
not included in DEGs), indicating that PTHLH probably binds to other 
receptors [30] to activate the PTHrP signaling pathway via an 
IHH-independent pathway. 

We further evaluated the evolution of osteogenesis (Fig. 3b–c) and 
screened out osteogenic-lineage clusters (Fig. 3d, Supplementary 
Fig. 3a). The continuous high expression of TGFB1 with declining 
expression of the downstream molecule SMAD3 (Fig. 3a and e, Sup
plementary Fig. 3b) showed a tendency opposite those of other signaling 
pathway molecules (PTHLH, FGF7, BMP6), indicating that TGF-β 
signaling probably acted as an initial factor for HA scaffold-mediated 
osteogenesis. The following increases in FGF7 and PTHLH expression 
correlated with the expression of TGF-β and SOX9, suggesting the 
occurrence of a TGF-β- and SOX9-driven response during this osteogenic 
process defined as endochondral ossification [31,32] (Fig. 3a and e). On 
the other hand, the upregulated expression of PTHLH and TPBG (Fig. 3a) 
inhibited WNT-mediated ossification [33,34] and sustained preliminary 
chondrogenesis. Meanwhile, BMP6 signaling in a small group of cells 
was activated in parallel with the inhibition of TGF-β signaling by the 
TGF-β pseudoreceptor BAMBI and activation of the key osteogenic factor 
SPP1 in the cells at the later stage of differentiation, suggesting that 
BMP6 signaling played a critical role in the initiation of ossification 
(Fig. 3e–f). During this process, FGF5 expression showed typical 
downregulation, while there was a concurrent increase in the expression 
of BMP6 (Fig. 3e). This sequential activation of FGF and BMP signaling is 
very important since it has been shown that these molecules act in an 
antagonistic way when regulating chondrocyte proliferation and the 
process of hypertrophic differentiation [35]. Furthermore, CXCL12 was 
specifically upregulated at the late stage in osteogenic-lineage clusters 
(Fig. 3e–f). CXCL12, also named SDF-1, acts as a key regulator of MSC 
chemotaxis [36] and endothelial cell activation and migration [37], 
suggesting that the HA scaffold may have a proangiogenic function if 
applied in vivo. 

According to these results, we speculated that the microenvironment 
of the HA scaffold activated the TGF-β signaling pathway to synergisti
cally activate the ANXA10-dependent PTHrP signaling pathway and FGF 
signaling pathway, leading to the promotion of endochondral ossifica
tion. Following the activation of BMP signaling and inhibition of TGF-β 
signaling, terminal ossification was initiated (Fig. 3g). Moreover, upre
gulated CXCL12 expression attracted endogenous MSCs and endothelial 
cells to the regeneration site in vivo and promoted the coupling of 
osteogenesis and angiogenesis. This indicates that a strategy involving 
different cytokines for tissue engineering at different periods may be 
helpful. 

3.3.2. Components and remodeling of extracellular matrix 
The extracellular matrix plays predominant roles in biomineraliza

tion and bone remodeling [38]. Extracellular matrix composition was 
evaluated at the gene level (Fig. 4a). Generally high expression of 
COL1A1 was observed, which indicated the induction of an osteogenic 
process. Under OM conditions, the expression of COL8A1, COL8A2, 
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Fig. 1. Overview of the scRNA sequencing results for MSCs in different microenvironments. a, Schematic of 3D coculture and cell isolation for scRNA sequencing 
based on 10X Genomics. b, UMAP visualization of MSCs from 10X Genomics sequencing using 3′ chemistry showing the distinct distributions of clusters of cells in 
different microenvironments (right top. the colors indicate the different microenvironments; PM, primary noninduced MSCs cultured in plates; PI, plate-cultured 
MSCs with OM induction; SN, 3D-cultured MSCs on HA scaffolds without OM induction; SI, 3D-cultured MSCs on HA scaffolds with OM induction) and normal
ized expression of representative signature genes for typical functions (the gene expression frequency is indicated by the spot size, and the expression level is 
indicated by the color intensity). c, Lineage differentiation potential evaluation on the basis of related genes among the DEGs (Supplementary Table 2) showing the 
distinct functions of the different groups. 
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COL11A1, COL14A1, COMP and the corresponding ITGA1 was upre
gulated, while COL7A1 expression was downregulated. The down
regulation of COL7A1 expression could be a response to the inhibition of 
TGF-β signaling [39] by OM. In addition, COL11A1 and COMP, which 
are believed to interact with COL2 at the protein level and are involved 
in chondrogenesis, were also upregulated by OM. This implies that in 
addition to chondrogenesis, COL11 and COMP might be involved in 
mineralization and bone matrix remodeling during osteogenic differ
entiation. On the other hand, the expression of CDHs and ITGA2 was 
increased in the HA microenvironment. CDHs are likely key molecules 
that take part in HA-induced osteogenesis, which suggests that calcium 
generated by HA scaffolds plays an important role in HA-related 
bioactivity. In particular, CDH 11, the so-called OB-cadherin that is 
highly expressed in osteoblasts [40], was significantly upregulated, 

indicating that CDH 11 might be crucial during HA-induced endo
chondral ossification. 

In contrast to those under OM induction, the cells in the HA scaffold 
highly expressed TIMP1 and TIMP3, resulting in inhibition of MMPs for 
improvement of mineralization and matrix aggregation. In addition, 
PLAT and PLAUR were upregulated for extracellular matrix remodeling. 
OPG (TNFRSF11B) expression in cells on the HA scaffold was continu
ally observed (Figs. 3e and 4a). These results suggested that OPG/ 
RANKL could be part of a potential regulatory pathway for osteogenesis 
by HA scaffolds. Specific extracellular matrix components and remod
eling modes were revealed, which will guide the reconstruction of 
extracellular matrix during tissue engineering. 

Fig. 2. Cell proliferation regulation of MSCs in different microenvironments. a, Proportions of proliferative cells in different groups calculated in independent 
analysis of scRNA sequencing data. b, Expression of MKI67 and CHI3L2 represented by UMAP visualization (CHI3L2 was upregulated specifically in non-proliferative 
cells in the SI group). c, Violin visualization showing the expression of the indicated proliferation-regulating genes involved in the Hippo (YAP/TAZ) and MIX1/ 
IGFBP3 signaling pathways. d, Simultaneous upregulation of ABTB1-EGR2/PTEN expression in the SN group. 
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3.3.3. Molecular network of the proangiogenic microenvironment 
Generally, biomaterials-based bone regeneration depends equally on 

osteogenesis and coupled neovascular ingrowth mediated by endothelial 

cells [41]. Several angiogenic activators and antagonists intersected at 
VEGF signaling (Fig. 4b). The expression of several VEGF-related 
angiogenic genes by cells in the PI group was upregulated, including 

Fig. 3. Osteogenic process of MSCs cultured on HA scaffolds. a, Stacked violin visualization of the indicated genes highly expressed during HA scaffold-mediated 
osteogenesis. b, UMAP visualization of subclusters at different time points and MKI67 expression in the SN group. Clusters 8 and 4 represent proliferative cells 
in a relatively primitive state (S_0, SN at week 0; SN_1, SN at week 1; SN_2, SN at week 2; SN_3, SN at week 3). c, Velocity visualization of subclusters showing the cell 
development trajectory in the SN group and the direction of osteogenic development (red arrow, clusters 8, 4, 10, 0, 2, 9, 6). d, Monocle pseudotime trajectory 
showing the progression of osteogenic-lineage clusters (clusters 0, 2, 4, 6, 8, 9, and 10 according to velocity analysis and monocle pseudotime analysis; in Sup
plementary Fig. 3a, the red arrow shows the cell evolution direction). e, Pseudotime kinetics of the indicated genes during the development of osteogenic-lineage 
clusters. SOX9 and TNFRSF11B (OPG) showed steady expression levels; FGF5 and SMAD3 showed descending expression tendencies; FGF7 and PTHLH showed 
increasing expression levels and reached plateaus at the early stage; BMP6, BAMBI, SPP1 and CXCL12 showed elevated expression at the late stage. f, Expression 
distribution in UMAP visualization of the indicated genes (the red arrow shows the osteogenic direction). g, Summary of key signaling molecules involved in 
osteogenesis in the SN group showing the chronological activation of osteogenic signaling pathways (blue arrow). The expression level is indicated by the color 
intensity. The expression levels of genes not included in the pseudotime kinetics are supplied in Supplementary Fig. 3b because of low expression differences, and 
expression-deficiency strips show a lack of expression of PTH1R, SP7, ALPL, BGLAP and IHH. 

Fig. 4. Functional genetic phenotypes of MSCs in different osteogenic microenvironments. a, Stacked violin visualization of the indicated genes involved in 
extracellular matrix formation and matrix remodeling. b, Stacked violin visualization showing the key antiangiogenic factors (highly expressed in the PI group, 
including ANGPTL1, EFEMP1, EPAS1 and SERPINF1), proangiogenic factors (highly expressed in the SN group, including VEGFA, VEGFC, FLT1, CDCP1, ESM1, 
STC1, PFKFB3, TGFB1, FGF7, PTGS2 and LXN) and adipogenic factors (highly expressed in the PI group, including PPARG, EBF1, LMO3, MEST, PIK3R1, ACSL1, 
IRS2, ALOX5AP, FABP3 and CPA4) related to OM and the HA scaffold. c, Violin presentation of the expression of key molecules in the STRA6/RBP1 signaling 
pathway. d, Violin visualization of antifibrogenic regulators. 
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PDGFD, PDGFRB, PDGFRA and PROK1 (EG-VEGF). However, VEGFA 
and VEGFC expression was significantly suppressed, while the expres
sion of the antiangiogenic genes ANGPTL1, EFEMP1, EPAS1 and SER
PINF1, all of which are VEGF regulators, was upregulated, indicating 
that OM inhibits angiogenesis through the VEGF signaling pathway by 
upregulating VEGF antagonists. Our results are in line with a previous 
study that dexamethasone, a main composition in OM, was thought to be 
the key reason for the inhibition of angiogenesis induced by OM through 
VEGF signaling pathway [42]. 

In contrast, the cells in the SN group highly expressed VEGFA and 
VEGFC along with FLT1 (a soluble VEGF receptor), a regulator of VEGF- 
induced angiogenesis, showing a more balanced proangiogenic micro
environment than the cells in the PI group. This likely also maintains 
osteogenesis at an early stage since the VEGF/FLT1 balance determines 
the fate of MSC differentiation [43,44]. In addition, VEGF signaling 
activators (CDCP1, ESM1, PFKFB3, STC1), growth factors (TGF-β, 
FGF7), inflammation chemokines (CXCL12, PTGS2) and hematopoietic 
factors (LXN) were activated and formed an intricate proangiogenic 
network. These results demonstrate a complicated interaction of various 
angiogenic activators that builds a proangiogenic microenvironment, 
which could promote functional cell migration and neovascular 
ingrowth in vivo. Then, VEGF expression is enhanced along with neo
vascular ingrowth, which further accelerates the coupling of angiogen
esis and osteogenesis due to the combined effect of BMP and dominantly 
expressed VEGF [43]. 

3.3.4. Regulation of adipogenesis and fibrogenesis 
In addition to osteogenesis and chondrogenesis, adipogenic activity 

was assessed under different conditions. The expression of critical adi
pogenic genes was elevated during OM stimulation, and CPA4, a nega
tive feedback regulator of adipogenesis, was upregulated (Fig. 4b). This 
could be explained by the inclusion of a steroid as one of the OM me
dium components, as this steroid is also known to initiate adipogenesis 
[45]. The expression of STRA6/RBP1 signaling-related genes, which are 
strong inhibitors of cellular responses to insulin and adipogenesis when 
activated at the early stage of differentiation [46,47], was elevated by 
the HA scaffold. These results imply that the HA scaffold can activate the 
STRA6-RBP1-RDH10-CRABP2 signaling pathway and inhibit adipo
genesis (Fig. 4c). It is reported that the differentiation toward an oste
oblast phenotype occurs at the expense of an adipocyte phenotype [48]. 
Thus, bone regeneration would benefit from the inhibited adipogenic 
activity of HA scaffold. 

Fibrosis is a major barrier for tissue regeneration, especially for the 
integration of the biomaterial with the surrounding tissues at the 
interface. TGF-β is a master regulator of fibrosis [49], which suggests 
that endochondral ossification in the HA scaffold through TGF-β 
signaling might be accompanied by fibrosis. However, the expression of 
MXRA5 and NR4A1, which are fibrosis inhibitors and TGF-β signaling 
regulators [50,51], was specifically upregulated in the SN group, indi
cating that HA leads to an antifibrotic response (Fig. 4d). These results 
reveal the potential key molecules of fibrosis inhibition by HA. There
fore, HA could improve osteogenic integration potential for healing of 
the tissue between bone and biomaterials by reducing fibrosis. 

3.3.5. Hypoxic response in the HA scaffold microenvironment 
Hypoxia-related genes expression was significantly upregulated 

when the cells were cultured on the HA scaffold (Fig. 5a). Especially, the 
expression of key hypoxic genes (ANKRD37, NDRG1) dramatically 
enhanced in the SN group at week 3 (Fig. 5b). In addition, the cells in the 
SN group at week 3 showed upregulation of specific angiogenesis genes 
(ANGPTL4, ESM1, VEGFA) while angiogenic inhibitor FLT1 was 
downregulated and the same tendency of VEGFA/FLT1 was observed by 
pseudotime analysis (Fig. 5c–e). This gene expression pattern is ex
pected to accelerate neovascular ingrowth as a response to the enhanced 
hypoxia. Furthermore, the aforementioned key signaling pathways for 
osteogenesis was interrupted along with significant downregulation of 

the aforementioned key osteogenic factors (Fig. 5d–e). This means the 
enhanced hypoxic response after in vitro culture for 3 weeks will hinder 
the osteogenic process, which indicates that a proper time window for 
the culture of cells on HA scaffolds in vitro is critical for the maintenance 
of an osteogenic microenvironment. This is in line with what we pre
viously found in vivo [12]. 

3.3.6. Inflammation microenvironment 
To further investigate the inflammatory microenvironment, key in

flammatory factors were assessed (Fig. 6a). TREM1 (triggering receptor 
expressed on myeloid cells 1), a critical triggering receptor of the in
flammatory cascade normally expressed on neutrophils and monocytes, 
was significantly and specifically upregulated in the cells on the HA 
scaffold (Fig. 6a–b). This indicated that TREM1 may be a key inflam
matory regulator of MSCs in the HA-mediated inflammatory microen
vironment, as it has been reported to function in epithelial cells [52]. 
TREM1 is thought to play a critical role in amplifying an uncontrolled 
inflammatory response and is involved in the promotion of TNF, IL and 
PTGS secretion [52,53]. The IL1/IL6 axis [54] of the cells in the SN 
group might have been activated by TREM1 with upregulation of 
IL1-type cytokines (IL1, IL33), IL6-type cytokines (IL6, IL11, LIF) and 
COXs (PTGS1, PTGS2) (Fig. 6a). Moreover, the increased expression of 
IGFBP5 accompanied by inflammatory factors (Fig. 6a) would inhibit 
osteoblast differentiation via interaction of IGFBP5 with upregulated IL6 
[55]. These proinflammatory microenvironment would be sustained at a 
steady level with high expression of the critical immunosuppressor 
CD200, which is known to be upregulated in WJMSCs [56] (Fig. 6a–b). 
CD200 was downregulated significantly in the SN group at week 3 
(Fig. 6c). The reduced expression of this immunosuppressor could 
disrupt the inflammatory balance, corresponding to the enhanced hyp
oxic reaction at week 3. 

In brief, these results demonstrated that the cells cultured on the HA 
scaffold exhibited an inflammatory microenvironment in vitro, which 
was enhanced over time and further inhibited subsequent osteogenesis. 

3.3.7. PCDH10+ MSCs show superiority in HA-related osteogenic processes 
WJMSCs were classified into five functional clusters defined as the 

proliferative MSCs 1 (G1/S), the proliferative MSCs 2 (G2/M), the 
LRRC75A+ MSCs, the pre-progenitor cell (PCDH10+ MSCs) cluster and 
the immunoregulatory MSCs according to the marker genes and GO 
analysis (Fig. 7a–c, Supplementary Fig. 4, 5a-b). The results of pseudo
time and diffusion trajectory analysis showed an independent evolution 
of LRRC75A+ MSCs, which was different from that of pre-progenitor 
cells (Fig. 7b, Supplementary Fig. 5b). GO enrichment analysis results 
revealed that LRRC75A+ MSCs showed typical ossification markers, 
while pre-progenitor cells (PCDH10+ MSCs) showed a combination of 
osteogenesis and chondrogenesis (Supplementary Fig. 5a). The different 
origins and functions of the MSCs suggested that the different clusters of 
MSCs were involved in different osteogenic differentiation processes. 
The results also implied that a specialized MSC subcluster for immu
noregulation exists that performs functions in addition to the secretion 
of immunoregulatory factors, which is performed by most stem cells. 
These findings offering new insight into this emerging aspect of MSC 
function. 

Interestingly, the cells in the SN group showed significant hetero
geneity in cell behaviors (Supplementary Video). Two clusters of cells 
with distinct osteogenic fates (clusters 6 and 9) in the SN group were 
observed (Fig. 3c). Cluster 6, which highly expressed LRRC75A, was 
thought to be derived from LRRC75A+ MSCs and did not increase in 
proportion over time in the HA microenvironment (Supplementary 
Figs. 5c–d). Cluster 6 presented an ossification function according to GO 
analysis (Fig. 7d). The cells of cluster 9 showed both osteogenic and 
chondrogenic functions as pre-progenitor cells (Fig. 7e), indicating a 
strong connection with endochondral ossification. In addition, the 
aforementioned HA-related osteogenic factors (ANXA10, PTHLH, 
TGFB1), extracellular matrix molecule (COL1A1), proangiogenic factors 
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Fig. 5. Hypoxic response of MSCs on HA scaffolds. a, Stacked violin visualization of the indicated genes involved in the hypoxic response. Violin visualization of key 
hypoxic (b) and angiogenic (c) genes showing distinct upregulation at week 3 (FLT1, an angiogenic inhibitor, was downregulated). d, Expression tendencies of the 
indicated signaling molecules at different time points visualized with a gene jitter plot in Monocle showing significant downregulation of osteogenic signaling 
molecules with upregulation of VEGFA expression at week 3. e, Pseudotime kinetics of the indicated genes during the development of all clusters in the SN group. 
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(VEGFC) and antiadipogenic factor (STRA6) were upregulated in 
PCDH10+ cells (Fig. 7f) in the SN group, indicating that PCDH10+ MSCs 
showed superiority in HA-related osteogenic processes and might orig
inate from chondro-osteogenic pre-progenitor cells (PCDH10+ MSCs). 

3.4. OM does not accelerate HA-related osteogenesis 

3.4.1. OM induced osteogenesis 
The expression of RUNX2 and SP7 (data not included in DEGs), key 

signaling pathway molecules induced by OM components during 
osteogenesis [57], was not enhanced during OM induction (Fig. 8a). In 
contrast, the expression of transcriptional suppressor zinc finger and 
BTB domain containing 16 (ZBTB16), an important marker independent 
of BMP and WNT signaling at the later stage of osteoblastic differenti
ation of stem cells [58], was significantly elevated along with the 
upregulated expression of TMEM119 and WISP1, leading to 
OM-mediated osteoblastogenesis [59,60] (Fig. 8a). ZBTB16 seemed to 
function via a RUNX2-and SP7-independent pathway. In addition, the 
upregulated expression of TGF-β inhibitors (MATN2 and BAMBI) [61, 
62] and WNT inhibitors (FRZB and AXIN2) indicated that inhibition of 
the TGF-β and WNT signaling pathways occurred in parallel with the 
activation of ZBTB16 (Fig. 8a). 

Meanwhile, WNT5A, a reciprocal inhibitor of the canonical WNT 
signaling pathway, was repressed in the cells of the PI group (Fig. 8a). 
This implies that canonical WNT signaling played a role in the OM- 
mediated osteogenesis, even though WNT inhibitors (FRZB and 
AXIN2) were activated. According to the cell development trajectory 
determined by independent Monocle analysis of the PI group, cells with 
distinct fates marked as ZBTB16 (clusters 0, 3, and 4) and WNT (clusters 
1 and 2) were present during OM induction (Fig. 8b). The expression of 
ZBTB16 was restricted to limited clusters, and the results of GO analysis 
showed a continual function of ZBTB16-mediated osteogenesis from 
chondrogenesis to osteogenesis (Supplementary Fig. 6). We further 
analyzed the gene expression differences of branching trajectories and 
screened the signature genes for different trajectories (Fig. 8c–d). OSTN 
plays a role in bone formation and negatively regulates osteoblast dif
ferentiation [63]. Our results showed that OSTN acted as a late marker 
of ZBTB16-mediated osteogenesis, which was accompanied by matrix 
remodeling (CTSK, MGP, ADAMTS1) and proangiogenic (ANGPTL2, 
ANGPTL4)/adipogenic (LMO3, EBF1) tendencies (Figs. 8e and 9a). 
However, SERPINF1, which encodes PEDF in humans, one of the 
strongest inhibitors of angiogenesis [64], was significantly upregulated, 
and such upregulation may block endochondral ossification. Therefore, 
ZBTB16-mediated osteogenesis induced by OM presented endochondral 

Fig. 6. Inflammatory regulation of MSCs on HA scaffolds. a, Stacked violin visualization of the indicated genes involved in the inflammatory reaction. b, UMAP 
presentation of key proinflammatory factor and immunosuppressor involved in HA-mediated inflammation. c, Violin presentation of key proinflammatory factor and 
immunosuppressor over time (CD200 was downregulated significantly in the SN group at week 3). 
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Fig. 7. Heterogeneity of MSCs and PCDH10+ MSCs in HA microenvironments. a, UMAP visualization showing the functional clusters of MSCs (identified in 
Supplementary Figs. 4 and 5). b, Velocity visualization of MSCs showing the different cell development trajectories in the PM group (blue, proliferative MSCs 1; 
yellow, progenitor MSCs; green, proliferative MSCs 2; red, LRRC75A + MSCs; purple, immunoregulatory MSCs). c, Dot plot presenting the normalized expression of 
representative signature genes of different clusters and pre-progenitor cells identified as PCDH10+/LRRC75A- MSCs (the gene expression frequency is indicated by 
the spot size, and the expression level is indicated by the color intensity). GO analysis showing the different osteogenic fates in clusters 6 (d) and 9 (e) in the SN group 
(the red arrow shows the main osteogenic function). f, PCDH10+ cells in the SN group showing upregulated expression of key HA-related osteogenic molecules. 
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Fig. 8. Osteogenic process of MSCs during OM induction. a, Stacked violin visualization of key genes involved in OM-mediated osteogenesis. b, Distribution of target 
gene expression in the cells in the PI group at different time points and distinct cell fates matched in UMAP and cell trajectory visualization (the red arrow shows the 
trajectory direction; the direction with high expression of ZBTB16 is marked as ZBTB16, and the direction with low expression of the WNT inhibitor FRZB is marked 
as WNT). c, Cell development trajectory of MSCs induced for 3 weeks in the PI group (PI_3) as determined by Monocle analysis (the red arrow shows the direction of 
trajectory). d, Gene expression heatmap of the cells in the PI_3 group in a branch-dependent manner showing distinct genetic phenotypes of the ZBTB16 and WNT 
branches. e, Pseudotime kinetics of the indicated genes from the root of fate 1 (ZBTB16, solid line) and fate 2 (WNT, dashed line). 
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Fig. 9. The ZBTB16/WNT2 transition, LRRC75A + MSC function during OM induction, and enhanced hypoxic and inflammatory reactions induced by HA scaffolds 
combined with OM. a, Marker genes of different cell fates presenting in UMAP and gene jitter plots according to Monocle analysis. b, Expression tendencies of the indicated 
genes during distinct osteogenic processes (PI_1, PI at week 1; PI_2, PI at week 2; PI_3, PI at week 3). c, Violin and UMAP visualization showing that LRRC75A was highly 
expressed in limited clusters (clusters 1 and 2) in the PI group (the red arrow shows that the expression tendencies of LRRC75A and WNT2 were the same and were totally 
opposite those of ZBTB16). d, Proportions of LRRC75A + MSCs in the PI group at different time points showing a steadily ascending tendency. e, UMAP visualization of the 
indicated hypoxia and inflammation genes specifically highly expressed in the SI group. 
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ossification-like differentiation and was completely at odds with the 
traditional understanding that OM promotes direct intramembranous 
ossification. 

In addition, the expression of ZBTB16 and WNT inhibitors (FRZB and 
FZD4) decreased over time, while WNT signaling pathway was obvi
ously activated by upregulation of WNT2 and downregulation of WNT 
inhibitors (Figs. 8e and 9b). Moreover, STMN2, which is a novel WNT 
signaling target and modulates osteogenesis and the osteogenic/adipo
genic balance [65], was analyzed as a marker gene of WNT-mediated 
osteogenesis (Fig. 9a). The results revealed a correlation of STMN2, 
WNT2 and BMP4 expression along with significant adipogenesis 
repression caused by increased expression of CPA4, which was totally 
different from the change observed for ZBTB16 (Fig. 8e). 

In summary, there existed two distinct OM-induced osteogenic 
phases. OM initiated osteogenic differentiation via a ZBTB16-mediated 
endochondral-ossification-like pathway at the early stage, but 
ZBTB16-mediated osteogenesis was reduced over time, leading to a 
predominantly WNT-regulated osteogenic process at the late stage of 
osteogenesis. The sequential activation of ZBTB16 and WNT signaling 
implied a potential mechanism of cooperative osteogenesis involving 
ZBTB16 activation accompanied by high expression of WNT inhibitors. 

The expression of matrix remodeling-related genes showed large 
differences between OM induction and HA scaffold culture (Fig. 4a). 
During OM induction, the expression of MMP7 was enhanced, while the 
expression of MMP1 was repressed; these findings indicate that MMP7, 
instead of MMP1, is involved in OM-induced matrix remodeling. In 
addition, the expression of ENPP1, which produces an inhibitor of hy
droxyapatite crystal formation (pyrophosphate, PPi), is a regulator of 
the phosphate/PPi ratio [66], was specifically upregulated by OM. Other 
bone resorption promotors, including ADAMTS1, MGP and CTSK, were 
also upregulated to accelerate mineralization remodeling. Therefore, 
remarkable differences in extracellular matrix components and matrix 
remodeling existed between the 3D osteogenic scaffold and 2D osteo
genic medium microenvironments. On the other hand, LRRC75A+ MSCs 
seemed to be significantly functional during OM induction. The number 
of LRRC75A+ cells increased over time under OM conditions, and the 
LRRC75A+ cells exhibited the same expression areas and tendencies for 
WNT signaling but the opposite results for ZBTB16 signaling in the PI 
group (Fig. 9c–d). 

3.4.2. Enhanced hypoxia and inflammation responses for HA + OM culture 
Moreover, the cells in the SI group presented upregulation of HIF3A 

and HA scaffold-related hypoxic genes (Fig. 5a) and showed no advan
tages for osteogenesis and angiogenesis (Fig. 1c). The HIF regulator 
EGLN3 and the inflammation-activating factors HPGD, MT1M, CXCL5 
were upregulated (Fig. 9e), in line with the GO analysis results (Sup
plementary Fig. 2d). These results indicated the presence of an accel
erated inflammatory microenvironment supporting inflammation 
activation and inflammatory cell migration in the SI group. The com
bination of HA scaffold culture and OM induction may lead to an un
controllable hypoxia response and inflammation. The non-physiological 
combination of HA scaffolds with OM induction for bone regeneration 
needs to be assessed in vivo. 

4. Discussion 

The potential of MSCs in different in vitro osteogenic microenviron
ments and the complexity of MSC heterogeneity remained poorly 
defined for differentiation along the osteogenic lineage. Using single-cell 
transcriptomic sequencing, we have decoded the cellular heterogeneity 
and responses of MSCs on hydroxyapatite as a supporting material. Our 
findings provided a comprehensive understanding of MSC responses to 
hydroxyapatite-related osteogenic microenvironments correlating 
cellular outcomes to the transcriptional landscape, including cell pro
liferation and differentiation, extracellular matrix remodeling, hypoxia 
and inflammation responses, in relationship to MSC heterogeneity. 

Our high-resolution osteogenic transcriptional landscape provided 
new insights for HA-mediated osteogenesis that can inform future 
studies. Owing to its natural presence in bone, hydroxyapatite scaffold 
has been widely used in tissue engineering for bone that possesses high 
mechanical stress property and excellent biocompatibility [67]. How
ever, the low bioactivity and brittle nature of standard hydroxyapatite 
scaffolds have significantly limited its clinical application. Through 
biofabrication together with MSCs, application potentials of hydroxy
apatite scaffolds can be significantly improved [12]; but how the pres
ence of MSCs can enhance function of the scaffolds is not understood. 

In this study, large-scale scRNA sequencing during osteogenic dif
ferentiation of MSC revealed HA scaffold invokes a proliferation inhi
bition mechanism involving MXI1/IGFBP3 and ABTB1-EGR2/PTEN 
pathways. This is consistent with the concept that progenitor cells exit 
the cell cycle prior to differentiation [23,68]. Furthermore, in the 
osteogenic lineage, a gene expression profile reminiscent of endochon
dral ossification was observed, with chronological activation of the 
TGF-β, SOX9, PTHrP, FGF and BMP signaling pathways. Interestingly, 
this process was accompanied with the establishment of a proangiogenic 
microenvironment, consistent with the in vivo endochondral ossification 
process. The inhibition of the WNT signaling pathway and activation of 
OPG/RANKL further support a favoring of the endochondral ossification 
process over intramembranous ossification. It is possible that in the 
presence of HA scaffold, the differentiation program directs a transition 
similar to the recent discovery that hypertrophic chondrocytes can 
transit to become osteoblasts [69]. 

In vivo, various endogenous cells may be attracted to the regenera
tion area at injury sites by the bioactive microenvironment enabling 
both angiogenic and osteogenic processes. A modified matrix assembly 
of CDHs through ITGA2 with matrix remodeling by PLAT/PLAUR may 
contribute to HA scaffold-driven bone regeneration. 

Together, our finding highlights the importance of intervention 
timing and the choice of bioactive molecules, the combination of which 
will provide insights in the design of precise modification strategies for 
tissue-engineered bone. Furthermore, considering the intervening 
fibrous layer between biomaterials and surrounding tissues as reported 
previously [70], enhancement of fibrotic inhibition could improve the 
integration of biomaterials to accelerate bone regeneration. 

The inflammatory response is a double-edged sword for tissue 
regeneration, known to be up regulated in the presence of the HA 
scaffold as an explanation for the reduced osteogenesis after 3 weeks of 
3D culture base on our previous study [12]. The finding of this study 
suggests there could be a productive window that can be captured, 
balancing the osteogenic and inflammatory microenvironments for the 
construction of bioactive material for clinical application. Further, 
additional strategies such as mechanical loading for musculoskeletal 
system regeneration, can be taken into consideration to regulate the 
immunoinflammatory response of cells on biomaterials [71]. 

Even though OM is already widely applied in osteogenic biomaterials 
and acts as a classic method for in vivo osteogenesis [71–73], there is a 
general lack of attention on the potential risks. Unexpectedly, OM 
resulted in an excessive hypoxic and inflammatory responses of MSCs on 
HA scaffold with no enhanced osteogenesis in this study. The combi
nation of HA scaffold and OM should be evaluated further with the 
potential adverse effects being a prime focus. 

In addition, there is a need to understand the heterogeneity of MSCs, 
and how subtypes can influence the responses to the biomaterials. Here, 
MSCs were classified into several functional clusters single-cell tran
scriptomic profiling, including cycling-related, LRRC75A+, immuno
regulatory and pre-progenitor clusters. The poorly defined LRRC75A+

MSCs, which were probably involved in WNT signaling, may play an 
important role in OM-mediated osteogenesis and showed a reduced 
tendency towards endochondral ossification, suggesting that LRRC75A 
might be a potential novel osteogenic marker. PCDH10, a calcium- 
dependent adhesion transmembrane protein, has been reported to be 
involved in tumor suppression [74,75]. Knowledge about PCDH10, 
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which belongs to the nonclustered protocadherin family, is still in its 
infancy [76]. In addition, the function of PCDH10 in MSCs remains 
unclear. In this study, PCDH10+ MSCs exhibited superiority in 
hydroxyapatite-related osteogenic processes. These results indicate that 
PCDH10 might be a specific marker for MSCs and PCDH10+ MSCs could 
potentially be applied for bone regeneration and precise biomodification 
of bone repair materials, especially with regard to 
hydroxyapatite-related osteogenesis. 

Given the concerns and potential difficulties related to the certifi
cation of medical devices containing biologics, there is increasing 
attention on the modification of intrinsic properties of biomaterials to 
achieve superior osteogenic bioactivity, such as atomic composition, 
nanostructure, porosity and so on [3–7]. The combination of precise 
biomodification and excellent intrinsic properties of bone biomaterials 
can be of great potential in the near future. 

However, it should be noted that there are several different sources 
of MSCs and biomaterials. This study only addressed the condition of 
specific HA biomaterials and WJMSCs. The difference of subpopulations 
may exist among different MSC types. The properties of HA scaffolds 
used in this study may be different from those used in clinical practice. 
Cell behavior will potentially be different in biomaterials with different 
properties. Moreover, this study is limited to analysis at the gene level. 
Further experiments for verification of selected markers at the tissue, 
cell, and protein levels are warranted. 

5. Conclusions 

The heterogeneity of WJMSCs and the comprehensive microenvi
ronments of a specific bioactive hydroxyapatite material for bone 
regeneration were addressed. PCDH10+ MSCs showed superiority in 
hydroxyapatite-related osteogenic processes involved in endochondral 
osteogenesis, which provides new insights for bone regeneration and 
precise biomodification of biomaterials with regard to the heterogeneity 
of MSCs. A proper time window for coculture of MSCs and hydroxyap
atite scaffold in vitro was critical for the optimal bioactivity of the bio
materials. The combination of this hydroxyapatite material and 
osteogenic medium under a specific 3D culture condition in vitro resul
ted in obvious hypoxic and inflammatory responses of MSCs with no 
advantage of osteogenesis. The established single-cell transcriptional 
atlas provides foundational knowledge for a better understanding of 
MSC heterogeneity and responses to different osteogenic microenvi
ronments. These results will be invaluable for future studies on bioactive 
materials and tissue regeneration as a reference dataset. 
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