
World Journal of
Stem Cells

ISSN 1948-0210 (online)

World J Stem Cells  2023 June 26; 15(6): 502-653

Published by Baishideng Publishing Group Inc



WJSC https://www.wjgnet.com I June 26, 2023 Volume 15 Issue 6

World Journal of 

Stem CellsW J S C
Contents Monthly Volume 15 Number 6 June 26, 2023

REVIEW

Adipokines regulate mesenchymal stem cell osteogenic differentiation502

Xu ZH, Xiong CW, Miao KS, Yu ZT, Zhang JJ, Yu CL, Huang Y, Zhou XD

Advances of nanotechnology applied to cancer stem cells514

Yue M, Guo T, Nie DY, Zhu YX, Lin M

Neural lineage differentiation of human pluripotent stem cells: Advances in disease modeling530

Yan YW, Qian ES, Woodard LE, Bejoy J

Factors affecting osteogenesis and chondrogenic differentiation of mesenchymal stem cells in osteoarthritis548

Peng Y, Jiang H, Zuo HD

MINIREVIEWS

Potential regulatory effects of stem cell exosomes on inflammatory response in ischemic stroke treatment561

Chen N, Wang YL, Sun HF, Wang ZY, Zhang Q, Fan FY, Ma YC, Liu FX, Zhang YK

Clinical relevance of stem cells in lung cancer576

Romeo HE, Barreiro Arcos ML

ORIGINAL ARTICLE

Basic Study

Single cell RNA sequencing reveals mesenchymal heterogeneity and critical functions of Cd271 in tooth 
development

589

Zhang YY, Li F, Zeng XK, Zou YH, Zhu BB, Ye JJ, Zhang YX, Jin Q, Nie X

Culture and identification of neonatal rat brain-derived neural stem cells607

Zhou QZ, Feng XL, Jia XF, Mohd Nor NHB, Harun MHB, Feng DX, Wan Sulaiman WA

Synergism of calycosin and bone marrow-derived mesenchymal stem cells to combat podocyte apoptosis 
to alleviate adriamycin-induced focal segmental glomerulosclerosis

617

Hu QD, Tan RZ, Zou YX, Li JC, Fan JM, Kantawong F, Wang L

SYSTEMATIC REVIEWS

Current overview of induced pluripotent stem cell-based blood-brain barrier-on-a-chip632

Alves ADH, Nucci MP, Ennes do Valle NM, Missina JM, Mamani JB, Rego GNA, Dias OFM, Garrigós MM, de Oliveira FA, 
Gamarra LF



WJSC https://www.wjgnet.com II June 26, 2023 Volume 15 Issue 6

World Journal of Stem Cells
Contents

Monthly Volume 15 Number 6 June 26, 2023

ABOUT COVER

Editorial Board Member of World Journal of Stem Cells, Luminita Labusca, MD, PhD, Senior Researcher, National 
Institute of Research and Development in Technical Physics Iasi, 47 D Mangeron Boulevard, Iasi 70050, Romania. 
drlluminita@yahoo.com

AIMS AND SCOPE

The primary aim of World Journal of Stem Cells (WJSC, World J Stem Cells) is to provide scholars and readers from 
various fields of stem cells with a platform to publish high-quality basic and clinical research articles and 
communicate their research findings online. WJSC publishes articles reporting research results obtained in the field 
of stem cell biology and regenerative medicine, related to the wide range of stem cells including embryonic stem 
cells, germline stem cells, tissue-specific stem cells, adult stem cells, mesenchymal stromal cells, induced 
pluripotent stem cells, embryonal carcinoma stem cells, hemangioblasts, lymphoid progenitor cells, etc. 

INDEXING/ABSTRACTING

The WJSC is now abstracted and indexed in Science Citation Index Expanded (SCIE, also known as SciSearch®), 
Journal Citation Reports/Science Edition, PubMed, PubMed Central, Scopus, Biological Abstracts, BIOSIS 
Previews, Reference Citation Analysis, China National Knowledge Infrastructure, China Science and Technology 
Journal Database, and Superstar Journals Database. The 2022 Edition of Journal Citation Reports cites the 2021 
impact factor (IF) for WJSC as 5.247; IF without journal self cites: 5.028; 5-year IF: 4.964; Journal Citation Indicator: 
0.56; Ranking: 12 among 29 journals in cell and tissue engineering; Quartile category: Q2; Ranking: 86 among 194 
journals in cell biology; and Quartile category: Q2. The WJSC’s CiteScore for 2021 is 5.1 and Scopus CiteScore rank 
2021: Histology is 17/61; Genetics is 145/335; Genetics (clinical) is 42/86; Molecular Biology is 221/386; Cell 
Biology is 164/274. 

RESPONSIBLE EDITORS FOR THIS ISSUE

Production Editor: Xiang-Di Zhang; Production Department Director: Xu Guo; Editorial Office Director: Jia-Ru Fan.

NAME OF JOURNAL INSTRUCTIONS TO AUTHORS

World Journal of Stem Cells https://www.wjgnet.com/bpg/gerinfo/204

ISSN GUIDELINES FOR ETHICS DOCUMENTS

ISSN 1948-0210 (online) https://www.wjgnet.com/bpg/GerInfo/287

LAUNCH DATE GUIDELINES FOR NON-NATIVE SPEAKERS OF ENGLISH

December 31, 2009 https://www.wjgnet.com/bpg/gerinfo/240

FREQUENCY PUBLICATION ETHICS

Monthly https://www.wjgnet.com/bpg/GerInfo/288

EDITORS-IN-CHIEF PUBLICATION MISCONDUCT

Shengwen Calvin Li, Carlo Ventura https://www.wjgnet.com/bpg/gerinfo/208

EDITORIAL BOARD MEMBERS ARTICLE PROCESSING CHARGE

https://www.wjgnet.com/1948-0210/editorialboard.htm https://www.wjgnet.com/bpg/gerinfo/242

PUBLICATION DATE STEPS FOR SUBMITTING MANUSCRIPTS

June 26, 2023 https://www.wjgnet.com/bpg/GerInfo/239

COPYRIGHT ONLINE SUBMISSION

© 2023 Baishideng Publishing Group Inc https://www.f6publishing.com

© 2023 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: bpgoffice@wjgnet.com  https://www.wjgnet.com

https://www.wjgnet.com/bpg/gerinfo/204
https://www.wjgnet.com/bpg/GerInfo/287
https://www.wjgnet.com/bpg/gerinfo/240
https://www.wjgnet.com/bpg/GerInfo/288
https://www.wjgnet.com/bpg/gerinfo/208
https://www.wjgnet.com/1948-0210/editorialboard.htm
https://www.wjgnet.com/bpg/gerinfo/242
https://www.wjgnet.com/bpg/GerInfo/239
https://www.f6publishing.com
mailto:bpgoffice@wjgnet.com
https://www.wjgnet.com


WJSC https://www.wjgnet.com 589 June 26, 2023 Volume 15 Issue 6

World Journal of 

Stem CellsW J S C
Submit a Manuscript: https://www.f6publishing.com World J Stem Cells 2023 June 26; 15(6): 589-606

DOI: 10.4252/wjsc.v15.i6.589 ISSN 1948-0210 (online)

ORIGINAL ARTICLE

Basic Study

Single cell RNA sequencing reveals mesenchymal heterogeneity and 
critical functions of Cd271 in tooth development

Yan-Yan Zhang, Feng Li, Xiao-Ke Zeng, Yan-Hui Zou, Bing-Bing Zhu, Jia-Jia Ye, Yun-Xiao Zhang, Qiu Jin, Xin 
Nie

Specialty type: Cell and tissue 
engineering

Provenance and peer review: 
Unsolicited article; Externally peer 
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific 
quality classification
Grade A (Excellent): A 
Grade B (Very good): B 
Grade C (Good): 0 
Grade D (Fair): 0 
Grade E (Poor): 0

P-Reviewer: Elchaninov AV, 
Russia; Stogov MV, Russia

Received: February 9, 2023 
Peer-review started: February 9, 
2023 
First decision: April 10, 2023 
Revised: April 18, 2023 
Accepted: May 5, 2023 
Article in press: May 5, 2023 
Published online: June 26, 2023

Yan-Yan Zhang, Feng Li, Xiao-Ke Zeng, Yan-Hui Zou, Bing-Bing Zhu, Jia-Jia Ye, Yun-Xiao Zhang, 
Qiu Jin, Xin Nie, School & Hospital of Stomatology, Wenzhou Medical University, Wenzhou 
325027, Zhejiang Province, China

Corresponding author: Xin Nie, PhD, Professor, School & Hospital of Stomatology, Wenzhou 
Medical University, Xueyuan West Road, Lucheng District, Wenzhou 325027, Zhejiang 
Province, China. dr.xinnie@qq.com

Abstract
BACKGROUND 
Accumulating evidence suggests that the maxillary process, to which cranial crest 
cells migrate, is essential to tooth development. Emerging studies indicate that 
Cd271 plays an essential role in odontogenesis. However, the underlying mecha-
nisms have yet to be elucidated.

AIM 
To establish the functionally heterogeneous population in the maxillary process, 
elucidate the effects of Cd271 deficiency on gene expression differences.

METHODS 
p75NTR knockout (Cd271-/-) mice (from American Jackson laboratory) were used 
to collect the maxillofacial process tissue of p75NTR knockout mice, and the wild-
type maxillofacial process of the same pregnant mouse wild was used as control. 
After single cell suspension, the cDNA was prepared by loading the single cell 
suspension into the 10x Genomics Chromium system to be sequenced by 
NovaSeq6000 sequencing system. Finally, the sequencing data in Fastq format 
were obtained. The FastQC software is used to evaluate the quality of data and 
CellRanger analyzed the data. The gene expression matrix is read by R software, 
and Seurat is used to control and standardize the data, reduce the dimension and 
cluster. We search for marker genes for subgroup annotation by consulting 
literature and database; explore the effect of p75NTR knockout on mesenchymal 
stem cells (MSCs) gene expression and cell proportion by cell subgrouping, differ-
ential gene analysis, enrichment analysis and protein-protein interaction network 
analysis; understand the interaction between MSCs cells and the differentiation 
trajectory and gene change characteristics of p75NTR knockout MSCs by cell 
communication analysis and pseudo-time analysis. Last we verified the findings 
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single cell sequencing in vitro.

RESULTS 
We identified 21 cell clusters, and we re-clustered these into three subclusters. Importantly, we 
revealed the cell–cell communication networks between clusters. We clarified that Cd271 was 
significantly associated with the regulation of mineralization.

CONCLUSION 
This study provides comprehensive mechanistic insights into the maxillary- process-derived MSCs 
and demonstrates that Cd271 is significantly associated with the odontogenesis in mesenchymal 
populations.

Key Words: Cd271; Mesenchymal stem cells; Single cell RNA sequencing; Osteogenesis; Mineralization; 
Tooth development

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Our study reveals the following findings: (1) High cellular heterogeneity and molecular details; 
(2) Significant functional and signaling differences between cell types; (3) Novel subclusters of 
mesenchymal stem cells; and (4) Crucial cell-cell interactions of mesenchymal subpopulations. We 
provided new insights into the biological features of mesenchymal stem cells at the single cell level. Our 
findings contribute to thorough exploration of the mechanism of Cd271 in regulating odontogenesis and 
osteogenesis which add to the theory of tooth development.

Citation: Zhang YY, Li F, Zeng XK, Zou YH, Zhu BB, Ye JJ, Zhang YX, Jin Q, Nie X. Single cell RNA 
sequencing reveals mesenchymal heterogeneity and critical functions of Cd271 in tooth development. World J 
Stem Cells 2023; 15(6): 589-606
URL: https://www.wjgnet.com/1948-0210/full/v15/i6/589.htm
DOI: https://dx.doi.org/10.4252/wjsc.v15.i6.589

INTRODUCTION
During the early stage of embryogenesis, cranial neural crest cells migrate throughout the maxillary and 
mandibular processes, which are defined as ecto-mesenchymal stem cells (MSCs)[1,2]. Ecto-MSCs were 
regarded as the primitive dental cells in the classical theory of tooth development. To date, in-depth 
studies of the odontogenesis and osteogenesis of MSCs are still lacking.

Cd271 (low-affinity nerve growth factor receptor, p75 neurotrophic receptor) is a member of the 
tumor necrosis factor receptor superfamily, and is implicated in various biological functions[3]. It is 
used as a specific cell surface marker for purifying and identifying MSCs[4]. Previous studies focused 
on cellular physiological functions in processes, such as migration, proliferation, differentiation, 
survival and apoptosis[5-8]. Cd271 is involved in the regulation of morphogenesis and the development 
of various tissues, including nerves, fat, liver and teeth[9-13]. In addition to these features, emerging 
studies indicate that Cd271 plays a critical role in initiating tooth development, differentiation and 
mineralization of odontogenic stem cells. Mitsiadis et al[14] indicated that Cd271 surrounded the 
developing tooth germ within nerve fibers and was highly expressed in the epithelium and 
mesenchyme in the early stages of odontogenesis within the cells of origin[14]. The spatial–temporal 
expression of Cd271 was similar to the mineralization factor Runx2 during the early development of 
tooth germ[15], which was supported by other studies[16,17]. These studies indicate that Cd271 is 
involved in the physiological processes of tooth development and biomineralization. However, the 
molecular mechanisms of Cd271, as a transmembrane signaling molecule, in the morphogenesis and 
development of teeth remains largely unknown.

Conventionally, MSCs were considered a unified group of fusiform cells. Nevertheless, accumulating 
evidence suggests that MSCs are functionally and morphologically heterogeneous in essence[18,19]. 
High-throughput single cell RNA sequencing (scRNA-Seq) is powerful for disclosing the complexity 
and diversity of cells and relationships among genes involved in tissues, and offers an opportunity to 
explore unbiased gene expression profiling of cells[20]. scRNA-Seq also provides insights into specific 
changes in cell lineages, trajectory inference, and the identification of biomarkers[21,22]. scRNA-seq has 
been used to study MSCs derived from adipose tissue, bone marrow, endometrium, placenta and dental 
pulp[23-27]. However, application of scRNA-seq in maxillary-process-derived MSCs is still absent.

https://www.wjgnet.com/1948-0210/full/v15/i6/589.htm
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Herein, we used the maxillary process from mouse embryos as a model to understand the 
development of maxillary-process-derived MSCs. We applied scRNA-Seq analysis to elucidate the 
cellular heterogeneity and explore molecular details better compared with conventional methods. Our 
study provides novel insights into the biological features of MSCs at the single cell level and the 
mechanism of Cd271 in regulating odontogenesis and osteogenesis.

MATERIALS AND METHODS
Animal preparation and tissues dissection
Cd271 knockout (Cd271-/-) and wild-type (Cd271 +/+) mice were used in this study. The Cd271-/- mice 
were gifts from The Jackson Laboratory (Bar Harbor, ME, United States). These mutant mice that exhibit 
the targeted deletion of exon III of the Cd271 locus do not express functional full-length Cd271. All 
animal experiments were performed according to the protocols approved by the Medical Ethics 
Committee of Wenzhou Medical University (No. wydw2019-0224). We completed experimental steps 
under ethical guidelines. The animal protocol was designed to minimize pain or discomfort to the 
animals. The animals were housed to laboratory conditions (23 °C, 12 h/12 h light/dark, 50% humidity, 
ad libitum access to food and water) prior to experimentation. The homozygotes of Cd271 +/+ and Cd271-

/- mice were mated to produce heterozygous offspring. The heterozygous mice were mated to generate 
three types of genotype embryos, Cd271+/+ and Cd271-/-and Cd271+/-. We obtained embryos through 
abdominal surgery, and chose homozygous embryos from embryonic day 16.5. The embryos were 
placed in a 6-cm Petri dish and washed with Phosphate buffer saline (PBS). We cut the amniotic 
membrane with ophthalmic scissors to separate the fetal mice and washed them with PBS again. After 
cutting the head of the fetus, we cut the maxillary process tissue under a stereomicroscope. After the 
removal of nonpurpose tissues like blood stains and fatty layers, we rinsed the tissue twice in PBS. The 
genotype of wild-type and Cd271 knockout mice was confirmed with a one-step genotyping kit 
(Vazyme, Nanjing, China).

Single cell isolation and library preparation
Maxillary processes were dissociated into single cells in dissociation solution (0.35% collagenase IV5, 2 
mg/mL papain, and 120 U/mL DNase I) in 37 °C water bath with shaking for 20 min at 100 rpm. Single 
cell suspensions were washed and resuspended to load to the 10X Chromium platform. More than 
25000 single cells were captured and subjected to 10X Chromium Controller machine to generate gel 
beads-in-emulsion (GEMs). mRNA was prepared using the 10X Genomics Chromium Single Cell 3′ 
Reagent Kit V2 (10X Genomics, Pleasanton, CA, United States). Cells were divided by partitions into the 
GEMs along with GelBeads coated with oligos in this step. These oligos utilized poly-dT sequences to 
capture mRNAs and cell-specific and transcript-specific barcodes. The following cDNA amplification 
generated adequate quantities for library construction according to the standard protocol. Libraries 
were sequenced on an Illumina NovaSeq 6000 sequencing system (paired-end multiplexing run, 150 bp) 
by the LC-Bio Technology (Hangzhou, China) at a minimum depth of 20000 reads per cell.

scRNA-Seq data processing
We processed sequencing reads using CellRanger (version 6.0.1). Then we created objects by Seurat 
(version 4.0.5) R package, and merged data using the function of Merge[28]. The ratio of mitochondrial 
genes to all genetic material was used to judge whether a cell was in a steady state. Generally, it was 
thought that a cell might be in a state of stress when it had a higher proportion of mitochondrial genes. 
Therefore, we filtered cells with > 10% mitochondrial gene content. Considering potential cellular 
diploidy, we filtered cells with < 1000 or > 6000 genes. After the above steps, we finally obtained 17426 
cells.

Data were normalized using the log-normalization method. After controlling for the relationship 
between mean expression and dispersion, we identified highly variable genes in individual cells. We 
input variable genes to perform principal component analysis (PCA) and identified significant principal 
components based on the function of JackStraw[29]. A total of 20 principal components were selected as 
statistically significant inputs to the Uniform Manifold Approximation and Projection (UMAP). We 
examined the distribution of UMAP and PCA between these samples. The data showed correlations. We 
compared the mean expression of genes between samples and found an excellent Pearson correlation 
between them. We divided the cells clustered by the FindCluster into 21 clusters.

Cell annotation
We identified cell types based on specific maker genes. The MSCs lineage was identified by Col1a1 and 
Col3a1. Lgals7 and Krtdap marked the epithelial cell lineage; muscle cell marker genes included Actc1 
and Tnnt1; macrophage marker genes included Pf4 and C1qb; glial marker genes included Dct and Ptgds; 
T cell marker genes included Cma1 and Cpa3; endothelial cell marker genes included Egfl7 and Cdh5; 
and perivascular cell marker genes included Rgs5 and Ndufa4 L2. The FindAllMarkers function was 
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used to find differentially expressed genes between each cell type.

Gene set enrichment analysis
Gene set enrichment analysis (GSEA) can identify whether predefined gene sets show significant 
differences between biological processes by a computational method. Typically, GSEA is used to 
estimate expression in dataset samples. To study differences in the biological processes between the two 
groups, we downloaded the reference gene set c2.cp.kegg.v7.4.entrez.gmt from the MSigDB database on 
the basis of the gene expression profiling dataset[30]. We used GSEA included in the R package Cluster-
Profiler to perform enrichment analysis and visualization of the dataset. The cut-off standards were set 
as nominal P < 0.05, FDR q < 0.25 and normalized enrichment score (NES) > 0.6.

MSCs reclustering
On account of our main focus on MSCs, we extracted a subpopulation of MSCs. Based on hierarchical 
clustering and defined marker genes, we reclustered the MSCs using the FindClusters function and 
assigned the MSCs to 13 cell subpopulations. The progenitor subpopulation was identified by Cdk1 and 
Dkk1, the osteoblasts subpopulation was identified by Runx2 and Sp7, and the fibroblasts subpopulation 
was determined by maker genes Dlk1 and Shox2. We next counted the proportions and number of these 
cell subpopulations in wild-type or Cd271 knockout mice.

Gene ontology functional enrichment analysis and protein–protein interaction network
Gene Ontology (GO) is an approach for functional enrichment analysis of genes in diverse levels and 
dimensions. GO analysis comprises three levels: Biological process, molecular function and cellular 
components. The Wilcoxon rank-sum test was used to identify genes differentially expressed in MSCs 
between wild-type and Cd271 knockout samples (logFC > 0.25, P < 0.05). Differentially expressed genes 
that were identified between wild-type and Cd271 knockout samples were subjected to GO functional 
annotation by the ClusterProfiler (version 4.2.0) R package to identify the significantly enriched 
biological processes[31].The enrichment results were visualized in the form of a lollipop plot, and the 
significance threshold for the enrichment analysis was set at a corrected P < 0.05.

The STRING online database (https://string-db.org/) analyzed the interaction between the marker 
genes. We constructed a protein–protein interaction (PPI) network for the results obtained by Cytoscape 
(3.9.0). The functional interactions between the proteins expressed by the genes were mapped, including 
direct physical interactions and indirect functional correlations.

Pseudotemporal analysis
Cell differentiation of MSCs (progenitors, osteoblasts and fibroblasts) was inferred by the Monocle 
(2.22.0) R package and default parameters recommended by the developers[32]. The integrated gene 
expression profiling of each cell type was exported from Seurat into Monocle to establish the cellular 
gene dataset. The variable genes were defined by the process of DispersionTable, and the cells were 
sorted with the function of setOrderingFilter. The DDRTree method was used to reduce the dimension, 
and the orderCells function was used to estimate the cell arrangement along the trajectory. Based on 
clustering characteristics and marker gene analysis, we obtained the trajectory map of the differentiation 
time of MSCs. The study of each trajectory used a standard protocol with default parameters.

Cell–cell communication analysis
We identified the underlying interactions between MSCs and other cell populations by CellChat 
(version 1.1.3) (http://www.cellchat.org/) R package, which is commonly used to analyze cell–cell 
communication networks from single cell transcriptome sequencing profiling[33]. Taking advantage of 
CellChat, we inferred the scRNA-Seq data quantitatively and researched cell–cell communication 
networks. We predicted the main ingoing and outgoing signal patterns by network analysis and pattern 
recognition methods, as well as the coordination function between cells and signals. We counted all the 
important receptor–ligand pairs in the intercellular signal transmission by bubble chart, and we selected 
the signaling with a higher contribution to the cell for network centrality analysis.

Cell culture and mineralization induction
MSCs were isolated from embryonic maxillary processes. After washing with high-glucose Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco, United States) three times, the cells were digested with 
trypsin–EDTA (Gibco) at 37 °C for 10 min, and centrifuged at 1000 rpm for 5 min. The cells were 
resuspended in a growth medium with DMEM, 10% fetal bovine serum (FBS) (Gibco), and 1% 
antibiotics (100 mg/mL penicillin and 100 µg/mL streptomycin) to generate primary MSCs. We 
maintained the cells at 37 °C in a 5% CO2 humidified incubator and replaced the medium every 3 d.

For mineralization induction, cells were seeded in DMEM supplemented with 10% FBS at 4 × 104 cells 
per well in 24-well plates. At 75%–80% confluence, we changed the medium to mineralization induction 
medium, which consisted of DMEM with 10% FBS, 100 IU/mL penicillin, 100 IU/mL streptomycin, 0.1 
μM dexamethasone, 10 mmol/L β-glycerol phosphate (Sigma–Aldrich, St. Louis, MO, United States) 
and 50 μM ascorbic acid (Sigma–Aldrich). We cultured the cells for up to 7 d, and replaced the medium 

https://string-db.org/
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every 3 d.

Alkaline phosphatase activity and staining
The alkaline phosphatase (ALP) activity kit (Nanjing Jiancheng Biotech, China) was used to detect 
intracellular ALP activity. Cells were lysed in RIPA lysis buffer (Beyotime, China) without protease and 
phosphatase inhibitors to induce mineralization for 7 d. We centrifuged the lysate at 12000 rpm and 4 °C 
for 30 min, and incubated the supernatant with reaction buffer at 37 °C for 15 min. We stopped the color 
development and measured the absorbance at 520 nm. We measured the protein concentration of the 
lysate with a Bicinchoninic Acid Assay (BCA) protein assay kit (Beyotime). The ALP staining assay was 
performed with a Beyotime kit. On day 7 of induction, the cells were fixed for 30 min and stained with 
Alkaline Phosphatase Assay Kit (Beyotime, China) in the dark for 30 min. The cells were observed and 
imaged for histochemical detection of ALP with a Nikon microscope.

Alizarin Red staining and quantification
After osteogenic inducting for 14 d, the cells were fixed with 4% paraformaldehyde for 30 min. They 
were stained with 1% Alizarin Red (pH 4.3) (Beyotime) for 20 min at room temperature and washed 
three times with deionized water. We observed and imaged the calcium deposits under a Nikon 
microscope. To quantify calcium deposits, we destained the stained cells with 10% cetylpyridinium 
chloride monohydrate (Sigma–Aldrich) in 10 mmol/L sodium phosphate (pH 7.0) for 30 min. We 
transferred a 200-μL aliquot to a 96-well plate to measure the absorbance at 550 nm by a Varioskan Flash 
Spectral Scanning Multimode Reader (ThermoFisher Scientific, United States).

Quantitative real-time polymerase chain reaction
Total RNA was isolated from the cells by an RNA prep pure Cell Kit (TIANGEN, Beijing, China). cDNA 
was synthesized following the instructions for the HiScript® III RT Super Mix for quantitative real time 
polymerase chain reaction (qPCR) kit (Vazyme, Nanjing, China). Quantitative real-time polymerase 
chain reaction (PCR) was performed with ChamQ Universal SYBR qPCR Master Mix kit (Vazyme) and 
Real-Time PCR Detection System (Quantstudio5, United States). Gene-specific primer pairs are show in 
Supplementary Table 1.

Cell Counting Kit-8 proliferation
Cell Counting Kit-8 (CCK-8; Dojindo Kagaku, Japan) was used to investigate the proliferation rate of 
E16.5d Cd271 knockout and wild-type MSCs. The cells were seeded at 2 × 103 cells/well in a 96-well 
plate. After mixing the CCK-8 solution, the cells were cultured at 37 °C for 2 h in the dark. Absorbance 
was detected for 7 d continuously by a microplate reader at 450 nm.

Statistical analysis
Except the scRNA Seq, all the experiments were repeated more than three times. A one-way analysis of 
variance (ANOVA) or t test (GraphPad Prism 9.0 software, La Jolla, CA, United States) was used to 
identify significant differences. P < 0.05 was considered statistically significant.

RESULTS
scRNA-Seq analysis showed high cellular heterogeneity of murine maxillary process
To reveal cellular heterogeneity, we performed scRNA-Seq with murine maxillary processes from wild-
type and Cd271 knockout embryo tissues (Figure 1A and Supplementary Figure 1). After quality 
controlling and normalizing scRNA-Seq data, we obtained transcriptomes of 17426 cells (Supple-
ementary Figure 2). UMAP clustering divided the cells into 21 independent clusters. Based on 
established lineage-specific marker genes, these 21 clusters were assigned to eight cell lineages 
(Figure 1B). We identified differentially expressed genes by comparing the gene expression profiles of 
one cluster with the others (Figure 1C). The MSC lineage was identified by Col1a1 and Col3a1, and 
epithelial cells were marked by Lgals7. Based on these established lineage-specific maker genes, we 
assigned these clusters to eight cell types and plotted them (Figure 1D). We identified nine 
mesenchymal clusters (0–6, 11 and 17), a total of 12712 cells, which constituted the majority of 
sequenced cells by > 72.94%. Clusters 7, 18 and 20 were annotated as epithelial cells with a relative 
proportion of 6.14%. Muscle cells consisted of clusters 8, 9 and 12 with a relative proportion of 11.43%, 
while cluster 10 accounted for 3.11% as macrophages. Clusters 13 and 19 were annotated as glial cells 
(341, 1.95%). Clusters 14–16 were annotated as T cells (276, 1.58%), endothelial cells (269, 1.54%), and 
perivascular cells (162, 0.92%), respectively (Figure 1E).

We also analyzed the single cell sequence profiling from wild-type and Cd271 knockout mice to 
establish the distribution of different types of cells and the source of samples. We counted the number 
and proportion of each cell type using histograms (Figure 1F). MSCs occupied most of the cell 
transcriptomes from the maxillary process, and the proportion of these cells between Cd271 knockout 

https://f6publishing.blob.core.windows.net/1a19a55f-c572-4186-bbb2-5563fa4b3bd1/WJSC-15-589-supplementary-material.pdf
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Figure 1 Single cell RNA sequencing analysis of maxillary processes from wild-type and Cd271 knockout mice. We identified 21 clusters 
of cells, and the single cell RNA sequencing data were characterized. A: Schematic representation of the experimental workflow. The Cd271 knockout 
and wild-type maxillary processes were collected from mouse embryos at 16.5 d. After genotyping, cells were suspended as single cells, and the cDNA library was 
constructed and sequenced; B: Cells extracted from the samples were subjected to Uniform Manifold Approximation and Projection hierarchical clustering and color-
coded by cluster grouping, predominant cell type, and sample origin; C: Heatmap showing expression levels of differentially expressed genes in each cluster; D: Dot 
plot showing prominent marker genes for each cell type (mesenchymal cells, epithelial, muscle cell, macrophage, glial, T cell, endothelial, and perivascular); E: Pie 
chart showing the number of each cell type; F: Histogram showing the number and proportion of cells from wild-type and Cd271 knockout mice. UMAP: Uniform 
Manifold Approximation and Projection; KO: Knockout; WT: Wild-type.

and wild-type was similar.

GSEA showed significant functional and signaling differences between cell types
To identify the relevant molecular mechanisms and possible pathways, we subjected all expressions to 
GSEA. The results showed a high correlation with MSCs and a close relationship with biomineral-
ization. The results suggested that biomineralization (NES = 2.51, P < 0.01) and bone mineralization 
(NES = 2.49, P < 0.001) associated pathways enriched in MSCs (Figure 2A and B). GSEA also revealed 
that the differentially expressed genes enriched endothelial development, epithelial and glial cell differ-
entiation, immune response, myofilament sliding and vascular smooth muscle contraction 
(Figure 2C–I).

Unsupervised clustering revealed novel subclusters of MSCs
As MSCs contribute much to embryogenesis and are essential in odontogenesis and osteogenesis, we 
performed unsupervised reclustering of MSCs. We performed the Subcluster analysis to investigate the 
heterogeneity within the mesenchymal populations. We observed further heterogeneity in subclusters 
0–12 (Figure 3A). We used the published markers to identify the subclusters in MSCs. For instance, Cdk1 
and Dkk1 marked progenitors, Runx2 and sp7 marked osteoblasts, and Dlk1 and Shox2 marked 
fibroblasts. We scored these marker genes in MSC clusters (Figure 3B). In this way, MSC clusters could 
also be identified into three subpopulations: Progenitors, fibroblasts and osteoblasts. We counted the 
cell proportions of the MSCs subclusters from wild-type and Cd271 knockout maxillary processes. The 
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Figure 2 Gene set enrichment analysis plots for representative signaling pathways upregulated in maxillary process. Gene set 
enrichment analysis enriched differentially expressed genes into multifunctional gene networks. A and B: Representative gene set enrichment 
analysis maps for mesenchymal stem cells; C: Endothelial cells; D: Epithelial cells; E: Glia; F: T cells; G: Macrophages; H: Muscle cells; I: Perivascular cells. 
Normalized enrichment score normalized enrichment score, corrected for multiple comparisons using false discovery rate method, P values shown in plots. NES: 
Normalized enrichment score.

results showed that the numbers of subclusters 1, 3 and 10 were lower, while the other subclusters were 
higher in Cd271 knockout compared with wild-type mice (Figure 3C).

Cd271 knockout MSCs exhibited weaker proliferation and osteogenic differentiation potential
We compared MSCs between wild-type and Cd271 knockout maxillary processes. GO functional 
enrichment analysis revealed that differentially expressed genes were enriched in ossification, myeloid 
cell differentiation and biomineralization cell proliferation-related signaling (Figure 4A). To compare 
the differences in proliferation and osteogenic differentiation between wild-type and Cd271 knockout 
MSCs, we investigated the potential for MSC proliferation. As the CCK-8 assay showed, the Cd271 
knockout MSCs exhibited weaker cell proliferation (Figure 4B). We induced the cells with an osteogenic 
induction medium and performed the mineralization assay. ALP staining and a quantitative assay 
revealed a lower and lighter mineralization level of Cd271 knockout than wild-type MSCs. Lighter and 
fewer mineralized nodules were observed by Alizarin Red staining in Cd271 knock out MSCs 
(Figure 4C). These results indicated more inadequate osteogenic differentiation potential in Cd271 
knockout MSCs. We selected several differentially expressed genes with considerable interaction by 
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Figure 3 Further cluster analysis of mesenchymal stem cells. A: Mesenchymal stem cells were reclustered and color-coded according to cluster, sample 
origin and cell type; B: Feature scores of progenitors, fibroblasts and osteoblasts marker genes were displayed in the Uniform Manifold Approximation and Projection 
plot; C: Histogram showing the proportion and the number of cells in each cluster of wild-type and Cd271 knockout mice. UMAP: Uniform Manifold Approximation and 
Projection; KO: Knockout; WT: Wild-type.

Cytoscape, and measured the gene expression by real-time quantitative PCR (Figure 4D). Proliferation, 
ossification and osteoblast differentiation-related genes, such as Col4a1, Col6a1, Sparc, Vim, Col1a1 and 
Col3a1, were significantly decreased in Cd271 knockout MSCs (Figure 4E). Cd271 was involved in 
regulating osteogenic differentiation in MSCs, and our results implied a weaker potential of prolif-
eration and osteogenic differentiation in Cd271 knockout MSCs.

Different sets of genes appeared to shift along the differentiation trajectory
We selected MSCs to institute a pseudotemporal trajectory map that contained terminals consistent with 
distinct cell fates. The progenitor cells aggregated at the root and branches, indicating a good cell cycle 
of the progenitor cells. Osteoblasts and fibroblasts were scattered in various branches, showing high 
invasive potential (Figure 5A–C). We extracted differentially expressed genes over pseudotemporal 
changes and plotted heatmaps. Different sets of genes were also found to be shifted during the 
progression of MSCs, stressing the actional change of the progenitor cells, which managed the cell fate 
transition in the mesenchyme. We clustered the differentially expressed genes into three and performed 
GO analysis. Clusters 1 and 2 were significantly enriched in biological processes of osteoblast differen-
tiation, biomineralization and odontogenesis, while cluster 3 was mainly enriched in cell metabolism 
(Figure 5D).

Cell–cell interactions of mesenchymal subpopulations were crucial in the maxillary process
The dataset of scRNA-Seq provided an opportunity to analyze intercellular communication mediated by 
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Figure 4 Cd271 knockout mesenchymal stem cells showed weaker proliferation and osteogenic differentiation potential. A: Gene Ontology 
enrichment analysis of differentially expressed genes between Cd271 knockout and wild-type mesenchymal stem cells (MSCs); B: Growth curves of Cd271 knockout 
and wild-type MSCs; C: Mineralization assay of Cd271 knockout and wild-type MSCs. Alkaline phosphatase (ALP) and Alizarin red staining of Cd271 knockout MSCs 
was significantly lighter. ALP activity and calcium quantification were significantly lower in Cd271 knockout compared with wild-type MSCs; D: Protein–protein 
interaction network interaction analysis of wildtype vs Cd271 knockout differentially expressed genes; E: Quantitative real-time polymerase chain reaction assay of 
some differentially expressed genes in Cd271 knockout and wild-type MSCs. Data are presented as mean values ± SD (n = 3 biologically independent experiments. 
Two-sided unpaired t-test, aP < 0.05, bP < 0.01, cP < 0.001) BP: Biological Process; CC: Cell component; MF: Molecular function; ARS: Alizarin red S; ALP: Alkaline 
phosphatase; KO: Knockout; WT: Wild-type.
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Figure 5 The potential developmental trajectories of mesenchymal stem cells by Monocle. A: Pseudo-sequential diagram based on the 
differentiation process of mesenchymal stem cell (MSC) subpopulations; B: Pseudo-sequence plot of MSCs colored by cluster classification; C: Pseudo-sequential 
diagram of MSCs drawn with timeline coloring; D: Heatmap of differentially expressed genes in pseudotemporal analysis. The differentially expressed genes were 
divided into three gene clusters and gene ontology biological process enrichment analysis was performed.

ligand–receptor interactions. To gain insights into potential signaling interactions between different 
cellular subpopulations, we interrogated our data with CellChat (version 1.1.3) (http://www.
cellchat.org/) R package, which could predict the ligand and receptor interactions at single cell 
resolution[33]. We found dense communication between MSCs and other cells, and the most concen-
trated interactions occurred in the mesenchymal subpopulation (Figure 6A and B). It revealed the 
importance of mesenchymal interaction signaling. We detected 30 signaling pathways in eight cell 
groups, including MK, PTN, ncWNT, IGF, PDGF, WNT and VEGF signaling pathways. We compared 
the contribution of efferent (or afferent) signaling between cells, confirming that MSCs had higher 
interaction than other cell types while acting as outgoing signaling pathways (Figure 6C). We analyzed 
the potential signaling of MSCs, revealing a series of signaling pathways, such as odontogenesis-related 
signaling such as WNT, BMP and HH signaling (Figure 6D).

We explored ligand–receptor signals broadcast by MSCs, which revealed that MSCs might affect 
other cells in the ligand–receptor interaction of MK and PTN signaling (Figure 6E). We performed 
network centrality analysis on MK and PTN signaling, which confirmed that MSCs were important 
signal senders in intercellular communication (Figure 6F and G). The expression of Mdk and Ptn in wild-
type and Cd271-/- MSCs exhibited significant differences by quantitative real-time PCR assay. The 
expression of Mdk and Ptn was higher in the Cd271 knockout MSCs (Figure 6H). These results disclosed 
underlying ligand–receptor interactions and suggested that MK and PTN signaling may be influenced 
by Cd271 in mesenchymal subpopulations.

DISCUSSION
Although MSCs have been extensively studied, there is still a lack of knowledge about the key 

http://www.cellchat.org/
http://www.cellchat.org/
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Figure 6 Inference, analysis and visualization of cellular communication networks from a single dataset via CellChat. A: Interaction intensity 
plot between cells in single cell sequence profiling; B: Interaction intensity map between mesenchymal stem cells (MSCs) and other cell types; C: Contribution map of 
30 signaling pathways detected by CellChat to intercellular efferent (or afferent) signaling; D: Alluvial plot of cell outgoing signaling patterns, showing the 
correspondence between cell populations and signaling pathways; E: Important ligand–receptor pairs for MSCs sending signals to other cell types. F and G: 
Contribution of efferent (or afferent) signals between cells, the MK signaling pathway (F) and PTN signaling pathway (G) were selected for visualization of network 
centrality scores; H: Expression of Mdk and Ptn in Cd271 knockout and wild-type MSCs was analyzed by quantitative real-time polymerase chain reaction. Data are 
presented as mean values ± SD (n = 3 biologically independent experiments. Two-sided unpaired t-test, aP < 0.05, bP < 0.01). KO: Knockout; WT: Wild-type.

mechanisms in tooth development. Researchers have found that the maxillary process included various 
cell subpopulations with diverse phenotypic and functional characteristics[34]. How this heterogeneity 
appears in osteogenesis and odontogenesis remains unclear. Cd271 used to be a marker of the MSCs, 
and it had been reported that Cd271 promotes differentiation in MSCs[35-37]. Hence, we used Cd271 
knockout mouse embryos to investigate what happens to MSCs in their initial developmental stage. We 
constructed a single cell profiling of representative mouse embryo maxillary processes and selected 
MSCs to explore their characteristics and critical regulatory mechanism Cd271 related.
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Maxillary-process-derived MSCs are recognized as primitive odontogenic stem cells. For instance, 
researchers obtained the MSCs from the first branchial arch of mice and the maxillary process tissue of 
rats in succession, and revealed the pluripotency of MSCs[38,39]. Wen et al[40] found that p75+/+ MSCs 
have good multidirectional differentiation potential[40]. We identified nine MSC clusters among 21 
clusters identified using scRNA-Seq in mouse embryo maxillary processes. MSC clusters accounted for 
the majority, suggesting that MSCs contribute much to embryogenesis. Emerging studies have revealed 
that the marker genes of MSCs, Col1a1 and Col3a1, promote collagen production and influence odonto-
genesis or osteogenesis[41-43]. The decreased expression of these two genes in Cd271 knockout MSCs 
compared to wild-type, suggested that Cd271 was related to MSC regulation of odontogenesis or 
osteogenesis.

In the past, several studies concentrated on the whole population of MSCs rather than the 
relationships among the subclusters. Our subcluster analysis disclosed that these MSC clusters could be 
separated into three subpopulations: Fibroblast, progenitors and osteoblast, which had not been 
separated before. One of the characteristics of MSC clusters is the expression of osteoblast differen-
tiation-associated genes such as Runx2, Sox9, Msx1 and Omd[44-47]. Previous studies showed that 
proteins such as Runx2 and Sox9 were positively regulated by Cd271 in MSCs[48-50]. However, these 
studies did not show the heterogeneity of MSCs, or which subpopulations of MSCs these proteins 
derived from. Our results revealed that these proteins were mainly expressed in the osteoblast subpopu-
lation. The number of osteoblast subpopulations decreased while progenitor subpopulations increased. 
This suggested that some progenitors were hindered from differentiating into osteoblasts in the Cd271 
knockout MSC clusters. Consistently, GO enrichment analysis and GSEA verified significant enrichment 
of the ossification, biomineralization and bone mineralization pathways in the Cd271 knockout and 
wild-type cells. Based on our scRNA-Seq data, we gained differentially expressed genes between two 
groups for the first time. We picked out several differentially expressed genes with extensive 
interactions; for instance, Sparc, Vim, Col4a1, Col6a1, Col1a1 and Col3a1. These genes are considered to 
relate to cell proliferation, bone mineralization and multipotent differentiation[41-43,51-54]. In Cd271 
knockout MSCs, we verified by quantitative real-time PCR that these differentially expressed gene 
clusters had lower expression. Functional experiments also demonstrated a weaker odontogenic and 
osteogenic differentiation and proliferation in the Cd271 knockout MSCs. Consistent with previous 
studies, our results confirmed that the MSC clusters had an essential role in odontogenesis and 
osteogenesis and Cd271 possibly regulated it.

Pseudotemporal analysis uncovered a developmental trajectory among these three subpopulations. 
Significantly, the progenitor subpopulation was found to develop into the osteoblast and fibroblast 
subpopulations. We concluded that the progenitors were the base subpopulation and increasingly 
transformed into the osteoblast and fibroblast subpopulations in MSCs. Consistent with our GO and 
GSEA findings, the differentially expressed genes that emerged in pseudotemporal analysis showed a 
significant relation with ossification and osteoblast differentiation in MSCs. Collectively, our results 
revealed that MSCs were progressively diversified and determined to the odontogenic fate. Thus, the 
mesenchyme in the maxillary process provides a remarkable model to study the development of 
maxillary-process-derived MSCs.

It is known that the interactions between dental mesenchyme and epithelium play a crucial part in 
the integral tooth developmental process. Nevertheless, the cell–cell interactions within the maxillary 
process have not been extensively studied[55]. In our study, scRNA-Seq offered the opportunity to 
identify communicating pairs on the basis of the expression of their cell-surface receptors and ligands. 
CellChat showed that the most concentrated interactions occurred between mesenchymal and other 
cells. It indicated that MSCs play a vital role in cell communication. It is worth noting that MSCs mainly 
participated in MK, PTN, ncWNT, WNT and BMP signaling. Previous studies reported that Cd271 
might regulate the odontogenic differentiation of MSCs through the BMP, WNT and PI3K pathways[17,
49,56]. However, there are no reports that MDK signaling participates in regulating MSCs. In the 
CellChat, the receptor interactions of MDK and PTN appeared to be obvious. It reminded us that the 
Mdk and Ptn might play a primary role in the developmental process of MSCs. Mdk and Ptn expression 
notably increased in Cd271 knockout cells during induction of mineralization for 7 d. Our subsequent 
study will explore the molecular mechanism of how Cd271 regulates Mdk to influence osteogenesis.

Although our studies revealed several significant discoveries, there were some limitations. First, 
different clustering can generate different results; thus, further groupings are needed to perform future 
analysis. Second, the current study was based on scRNA-Seq. Therefore, we did some biological 
observation but did not illustrate the direct mechanisms of Cd271 involved in tooth development. 
Therefore, further studies about direct mechanisms and in vivo studies are needed.

CONCLUSION
Our study reveals high cellular heterogeneity, molecular details and cell-cell interactions in MSCs. It 
provides a valuable resource for understanding the development of maxillary-process-derived MSCs. 
And it enables the maxillary process to serve as an excellent model to explore tooth development and 
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cell fate determinations. Furthermore, we have found significant functional and signaling differences 
between Cd271 knockout and wildtype MSCs. We have clarified that Cd271 is significantly associated 
with the regulation of mineralization. We tentatively propose that Mdk signaling is involved in the 
regulatory mechanism of mineralization. These findings contribute to thorough exploration of the 
mechanism of Cd271 in regulating odontogenesis and osteogenesis which add to the theory of tooth 
development.

ARTICLE HIGHLIGHTS
Research background
Tooth loss has become a common problem in human life. Compared with traditional denture 
restoration, dental tissue engineering has become the most ideal means to solve this problem, and it is 
also one of the most active research fields of stomatology in recent years. The tooth development 
involves complex signal pathways. Ecto-mesenchymal stem cells (MSCs) were regarded as the primitive 
dental cells in the classical theory of tooth development. To date, in-depth studies of the odontogenesis 
and osteogenesis of MSCs are still lacking.

Research motivation
We contribute to thorough exploration of the mechanism of odontogenesis and osteogenesis to add to 
the theory of tooth development.

Research objectives
Our study provides novel insights into the biological features of MSCs at the single cell level and the 
mechanism of Cd271 in regulating odontogenesis and osteogenesis.

Research methods
We used the maxillary process from mouse embryos as a model to understand the development of 
maxillary-process-derived MSCs. We applied single cell RNA sequence analysis to elucidate the cellular 
heterogeneity and explore molecular details. And we verified the findings from single cell sequencing in 
vitro by lab experience such as cell staining, cell counting and quantitative real time polymerase chain 
reaction.

Research results
Our study reveals: (1) High cellular heterogeneity and molecular details; (2) Significant functional and 
signaling differences between cell types; (3) Novel subclusters of mesenchymal stem cells; and (4) 
Crucial cell-cell interactions of mesenchymal subpopulations. Besides, we contribute to thorough 
exploration of the mechanism of Cd271 in regulating odontogenesis and osteogenesis.

Research conclusions
Our study reveals high cellular heterogeneity, molecular details and cell-cell interactions in MSCs. We 
found significant functional and signaling differences between Cd271 knockout and wildtype MSCs. We 
clarified that Cd271 is significantly associated with the regulation of mineralization.

Research perspectives
We need illustrate that Mdk signaling is involved in the regulatory mechanism of mineralization in 
future research. And direct mechanisms of Cd271 involved in tooth development are needed in further 
studies.
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