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Abstract

Techniques for triggering neural differentiation of embryonic and induced pluripotent stem cells into neural stem cells and
neurons have been established. However, neural induction of mesenchymal stem cells, including dental pulp stem cells
(DPSCs), has been assessed primarily based on neural-related gene regulation, and detailed studies into the characteris-
tics and differentiation status of cells are lacking. Therefore, this study was aimed at evaluating the cellular components
and differentiation pathways of neural lineage cells obtained via neural induction of human DPSCs. Human DPSCs were
induced to neural cells in monolayer culture and examined for gene expression and mechanisms underlying differentiation
using microarray-based ingenuity pathway analysis. In addition, the neural lineage cells were subjected to single-cell RNA
sequencing (scRNA-seq) to classify cell populations based on gene expression profiles and to elucidate their differentiation
pathways. Ingenuity pathway analysis revealed that genes exhibiting marked overexpression, post-neuronal induction, such
as FABP7 and ZIC1, were associated with neurogenesis. Furthermore, in canonical pathway analysis, axon guidance signals
demonstrated maximum activation. The scRNA-seq and cell type annotations revealed the presence of neural progenitor
cells, astrocytes, neurons, and a small number of non-neural lineage cells. Moreover, trajectory and pseudotime analyses
demonstrated that the neural progenitor cells initially engendered neurons, which subsequently differentiated into astrocytes.
This result indicates that the aforementioned neural induction strategy generated neural stem/progenitor cells from DPSCs,
which might differentiate and proliferate to constitute neural lineage cells. Therefore, neural induction of DPSCs may present
an alternative approach to pluripotent stem cell-based therapeutic interventions for nervous system disorders.
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Introduction

Neural stem cells (NSCs) are essential in the central nerv-
ous system during neurogenesis, which occurs throughout
embryonic development and adulthood [1]. NSCs are capa-
ble of self-renewal and progenitor cell-mediated differen-
tiation into neurons, astrocytes, and oligodendrocytes. This
property facilitates the in vitro culture of NSCs, making
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vascular diseases, and traumatic brain or spinal cord injuries
via regeneration, repair, or enhancement of central nervous
system functions [2-5]. NSCs also substantially contribute
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to the establishment of disease models and drug and toxicity
screening research [6].

Pluripotent stem cells, such as embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs), can gen-
erate NSCs in vitro. Recently, several protocols, comprising
monolayer culture, neural rosettes, and three-dimensional
aggregate organoids, have been established for the neural
induction of pluripotent stem cells [6-9]. NSC-derived neu-
ral lineage cells have been meticulously characterized by
their gene expression profiles, and differentiated cells have
been compared with cells in vivo [10-12]. However, the risk
of tumorigenesis in iPSCs and ethical concerns associated
with ESCs warrant the identification of alternative sources
of pluripotent stem cells for clinical application.

Mesenchymal stem cells (MSCs), a class of multipotent
stem cells, have the potential to differentiate into mesoder-
mal cell lineages, namely chondrocytes, osteocytes, and
adipocytes, as well as into ectoderm- or endoderm-derived
neural lineage cells and hepatocytes [13—15]. MSCs pre-
dominantly manifest an intrinsic expression profile encom-
passing a diverse array of NSC markers, including nestin,
alongside neuron-specific markers, such as doublecortin
and (3-tubulin, thereby establishing their neurogenic pro-
pensity [16—18]. Notably, dental pulp stem cells (DPSCs)
exhibit high neurogenic capabilities, as evidenced by their
augmented expression of NSC- and neuron-specific markers
compared with that in other MSCs because of their origin
from neural crest cells [18, 19]. For these reasons, DPSCs
are considered an optimal reservoir for neural induction of
MSCs. Nonetheless, it is challenging to evaluate the effi-
cacy of neural induction with the inherent expression of
these neural markers in MSCs, including DPSCs, rendering
the comprehensive characterization of cells post-neuronal
induction elusive. The neural induction of DPSCs has also
been primarily evaluated by increased expression of neural
markers [19-21]; however, the differentiation status of the
cells has not been identified.

This study was aimed at investigating neural induction
of human DPSCs and the associated gene expression profile
using single-cell RNA sequencing (scRNA-seq) and micro-
array-based ingenuity pathway analysis (IPA). This study
was also aimed at delineating neural lineage cells originat-
ing from human DPSCs by conducting a thorough assess-
ment of gene expression profiles at the single-cell level and
categorizing them within the established cell type dataset.
The results of this study demonstrate that our neural induc-
tion protocol yields neural lineage cells, including neural
progenitors, astrocytes, and neurons, along with a limited
number of non-neural lineage cells from human DPSCs.
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Materials and methods
Isolation and culture of DPSCs

This study was approved by the University of Tsukuba
Clinical Research Ethics Review Committee (Approval
Number: H29-173), and informed consent was obtained
from the study participants. For isolation and culture
of DPSCs, cell culture dishes, surface-treated with gas
plasma, were used. DPSCs were isolated following a pre-
viously described methodology [2, 22]. Dental pulp tissue
was acquired from teeth extracted from healthy patients
at the Department of Oral and Maxillofacial Surgery,
University of Tsukuba Hospital, sectioned into diminu-
tive fragments, and subjected to static cultivation to pro-
cure migrating cells from each fragment. Subsequently,
1 x 10° single cells were inoculated into 10 cm cell cul-
ture dishes (Falcon Standard Tissue Culture Dishes; Corn-
ing, Corning, NY, USA) and cultured for approximately
10 days. The colonies exhibiting maximum proliferation
were identified and used as DPSCs in subsequent experi-
ments. The culture was sustained in Dulbecco’s modified
Eagle’s medium/Ham’s nutrient mixture F12 (DMEM/
F12; Thermo Fisher Scientific, Waltham, MA, USA), for-
tified with 10% fetal bovine serum (FBS; Sigma-Aldrich
Corporation, St. Louis, MO, USA), 100 uM glutamate
(GlutaMAX I; Thermo Fisher Scientific), 0.1% MEM
non-essential amino acids (MEM-NEAA; Thermo Fisher
Scientific), 50 U/mL penicillin and 50 ug/mL streptomy-
cin (both from Fujifilm Wako Pure Chemicals Corpora-
tion, Tokyo, Japan), and 0.25 pug/mL fungizone (Cytiva,
Marlborough, MA, USA), and incubated at 37 °C in the
presence of 4.7% CO,. The DPSCs were passaged and
perpetuated at 1:3 ratio.

Neural induction of DPSCs

DPSCs were induced to differentiate into neural cells
following the methodology outlined by Takahashi et al.
[23]. DPSCs were aliquoted (1 X 10%) into 60 mm culture
dishes, and neural induction was performed for approxi-
mately 2 weeks. The neural induction medium comprised
DMEM/F12, supplemented with 5% FBS, 10 mM MEM-
NEAAs, 10 nM all-trans retinoic acid (Sigma-Aldrich),
2 mM glutamate (Sigma-Aldrich), 50 mM ascorbic acid
(Sigma-Aldrich), 5 mM insulin (Sigma-Aldrich), 10 nM
dexamethasone (Sigma-Aldrich), 20 nM progesterone
(Sigma-Aldrich), 20 nM estradiol (Sigma-Aldrich),
10 nM neural growth factor-1 (Sigma-Aldrich), 10 ng/
mL thyroxine (Sigma-Aldrich), 50 U/mL penicillin, and
50 pg/mL streptomycin. Distinctive colonies exhibiting
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morphological divergence from the surrounding DPSCs
were identified under a phase-contrast microscope and
retrieved using filter paper soaked in a solution containing
0.1% trypsin and 0.02% EDTA/phosphate-buffered saline
(—). The harvested colonies were subsequently cultured
in a neurobasal medium supplemented with B27 (Thermo
Fisher Scientific), 20 pg/mL basic fibroblast growth fac-
tor (PeproTech, Cranberry, PA, USA), and 20 pg/mL epi-
dermal growth factor (PeproTech), and sustained in cell
culture dishes coated with BD Matrigel® Basement Mem-
brane (BD Biosciences, San Jose, CA, USA). The cell
cultures were maintained under controlled environmental
conditions at 37 °C and 4.7% CO,. The nervous system
cells were passaged at 1:3 ratio and defined as neural-
induced DPSCs (Ni-DPSCs).

Microarray-dependent /PA

DPSCs procured from the teeth of three participants and
individual DPSC-derived Ni-DPSCs were subjected to
comprehensive genetic analyses using the Human Clariom
S Assay (Thermo Fisher Scientific). Data on these cell
populations were processed using the Expression Console
1.3.1 software (Thermo Fisher Scientific). Quality control
assessment was conducted using the Transcriptome Analy-
sis Console software version 3.1.0.5 (Thermo Fisher Sci-
entific). The data were used to enlist biological functions
in the Ingenuity KnowledgeBase and are publicly available
in the Gene Expression Omnibus (GEO; Accession Num-
ber: GSE168399). Fluctuations in gene expression were
recorded, and the values were entered into the IPA software
version 01-20-04 (QIAGEN, Hilden, Germany) for analyses.
Upstream regulator analysis was used to predict upstream
molecules, which may be causing the observed changes in
gene expression. A causal network analysis was performed
to identify the master regulatory factors presumably impli-
cated in the observed alterations in gene expression. This
analysis allows for the discovery of novel regulatory mecha-
nisms by including regulatory factors, not directly related
to the targets in the data set, in the prediction. The z-score
was used to predict the activation status of the canonical
pathway.

Library preparation and scRNA-seq

Ni-DPSCs cultured for 2 days in vitro (DIV) were used in
the experiment. The adherent cells were dissociated using
trypsin, and following singlet processing, they were fil-
tered using a 40 um cell strainer. The cells were stained
with trypan blue and observed under a microscope to
assess cell counts and viability; single-cell suspensions
with viability > 80% were employed for library prepara-
tion. Single-cell libraries were engineered in accordance

with the 10 X Genomics protocol (Chromium Next GEM
Single Cell 3’ Reagent Kits v3.1; Dual Index; CG000315
Rev E) and sequenced using NovaSeq 6000 (Illumina Inc.,
San Diego, CA, USA). The data are publicly available in
GEO (Accession Number: GSE272111).

Analysis of scRNA-seq data

Cell Ranger (Version 7.1.0, 10 X Genomics, Pleasanton,
CA, USA) was used to perform unique molecular iden-
tifier (UMI) quantification, adhering to the default and
recommended parameters to fashion a filtered gene-bar-
code matrix for each sample. Low-quality cells (num-
ber of UMIs < 10,000 and percentage of mitochondrial
reads >20%) were screened using Seurat version 4.2.1
(R software). Doublet cells were detected and eliminated
from the analysis based on the parameters recommended
by DoubletFinder (R software). UMI counts were normal-
ized and scaled using the “logNormalize” method in the
NormalizeData function. The nonlinear dimension was
reduced using RunUMAP with principal components.
The unique characteristics of each individual cell com-
munity and cluster were discerned using the FindNeigh-
bors and FindClusters functions in Seurat (R software).
Differentially expressed gene markers in each cluster were
identified using the FindAllMarkers function in Seurat (R
software). To annotate all cell clusters, the marker genes
of each cluster and cell types were compared using Cell-
Marker 2.0 and SCSA (Version 1.0), respectively. Tra-
jectory and pseudotime analyses were performed using
STREAM (Version 1.0), wherein the state of the cell at the
branching and endpoints of cell differentiation is indicated
by S [number].

Immunofluorescence staining

Please refer to the Supplementary Information for a detailed
account of this procedure.

Results
Morphological evaluation of Ni-DPSCs

The DPSCs were spindle shaped and morphologically simi-
lar to fibroblasts (Fig. 1a). Ni-DPSCs at 2 DIV, composed of
cells with various morphologies, both large and small, were
obtained after neural induction (Fig. 1b). The Ni-DPSCs
comprised numerous cell layers, with minute cells in the top
layer at 2 and 5 DIV (Fig. 1c).
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Fig. 1 Morphology of neural-
induced dental pulp stem cells
(Ni-DPSCs). a Phase-contrast
micrograph of DPSCs. b
Phase-contrast micrograph of
Ni-DPSCs at 2 DIV. ¢ High-
magnification phase-contrast
micrographs of Ni-DPSCs at 2
and 5 DIV. Many small cells are
observed in the top layer (black
arrows)
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Comparison between genes expressed in DPSCs
and Ni-DPSCs using IPA

Ni-DPSCs at 2 DIV were used in the experiment. Compared
with DPSCs, the most upregulated gene in Ni-DPSCs was
the NSC and astrocyte marker FABP7 [24, 25]. In addition,
the expression of the astrocytic marker S/00B, and ZIC1, a
prominent regulator of neurogenesis [26, 27], was consid-
erably enhanced (Fig. 2a). Regarding molecular and cellu-
lar functions, proliferation, organization, and development
during neural induction were noted. Neurodevelopment was
demonstrated in physiological system development and func-
tion. Embryonic development was also observed (Fig. 2b).
During the differentiation of DPSCs into Ni-DPSCs, beta-
estradiol (important for embryonic and neural development),
KRAS (important for cell proliferation), TGFB1, dexameth-
asone, and TNF were speculated to function as upstream reg-
ulators (Fig. 2c). Furthermore, causal network analysis, an
extension of the upstream regulator analysis, was performed
to predict the master regulator. Beta-estradiol and SOX2,
which are important for maintaining stemness in NSCs,
were predicted to be the master regulators. Furthermore,
ACTL6A, essential for the proliferation of neural progeni-
tor cells, was also predicted as a master regulator (Fig. 2d).
It is unclear how PFDNS, a repressor of MYC transcriptional
activity, and HEXIM1, a transcriptional inhibitor of RNA
polymerase I, are involved in this neural induction. Among
the top five master regulators, SOX2 and HEXIM1 were the
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predicted inhibitors. The canonical pathway analysis pre-
dicted that axon guidance signaling was the most prominent
signal (Fig. 2e).

Identification of Ni-DPSC subpopulations and gene
expression signatures

To assess the diversity of Ni-DPSCs at 2 DIV, scRNA-seq
was performed in accordance with the 10 X Genomics tran-
scriptomic protocol. The 13 clusters identified based on
the expression of genes across a population of 7193 cells
were visualized using uniform manifold approximation and
projection (UMAP), and five cell populations—neural pro-
genitor cells, astrocytes, neurons, epithelial cells/smooth
muscle cells, and fibroblasts/mesenchymal cells—were
identified according to the expression matrix of the marker
genes (Fig. 3a). The population of each cluster comprised
approximately 42% neural progenitor cells, 31% astrocytes,
11% epithelial and/or smooth muscle cells, 9% fibroblasts
and/or mesenchymal cells, and 7% neurons (Fig. 3b). Based
on the differential gene expression analysis, a heat map was
generated using the top 10 marker genes for each identi-
fied cluster (Fig. 3¢, Supplementary Table 1). The top two
expressed genes in each cluster are shown in UMAP (Sup-
plementary Fig. 1). Many genes were expressed across these
clusters. GFAP is a gene characteristic of two astrocyte clus-
ters (astrocytes 1 and 3).
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a b

TOP10 TOP10
Upregulated genes Downregulated genes Molecular and Cellular Functions Molecules p-Value
FABP7 COL6A3 Cellular Assembly and Organization 1381 1.91E-14 - 1.91-E83
ZIC1 COL12A1 Cellular Function and Maintenance 1607 1.91E-14 - 1.91-E83
A2M GREM1 Cellular Development 2102 9.37E-15 - 1.91-E73
Cellular Growth and Proliferation 1962 4.20E-15 - 1.91-E73
SLC35F1 LUM Cell Morphology 1167 1.52E-14 - 1.91-E70
ISLR MASP1
RTN1 MAFP4
PTPRZ1 MME Physiological System Development and Function  Molecules p-Value
HLA-DRA ASPN Organismal Survival 1491 4.35E-16 - 4.66E-89
S100B BGN Nervous system Development and Function 1321 6.56E-15 - 1.32E-73
PARM1 TBX3 Organism Development 2135 2.38E-14 - 1.32E-73
Tissue Development 1882 2.01E-14 - 1.32E-73
Embryonic Development 1571 2.38E-14 - 2.01E-63

Predictid Activation: Inhibited

e

Upstream Regulator p-Value
beta-estradiol 4 .55E-99 m Positive Z-score m Negative Z-score ®m no activity pattern available Ratio
TGFB1 5.25E-89 Ratio
dexamethasone 7.23E-81 O|'O 0[25 0.|50 0.|75 1.0
KRAS 3.79E-64 Axonal Guidance Signalf 1
TNF 1.79E-63 Erastic fibre formation
Hepatic Fibrosis Signaling Pathway
d Extracellular matrix organization
Predictid Activation: Inhibited Rho GTPage cycl.e
Predicted Master Regulator ~ p-Value P“'m°”a'ys':i§b,§gﬁr'1%"p‘>'§ h?,\t,gg?
beta-estradiol 4.80E-118 Myelination Signaling Pathway
PFDNS 8.82E-116 Osteoarthritis Pathway
SOX2 9.04E-114 Assembly of collagen fibris
ACTL6A 6.66E-111 and other multimeric structures Ij
HEXIM1 2.39E-110 . Hepatic Fibrosis / | ]
Hepatic Stellate Cell Activation T T
0 15 20

Fig.2 IPA analysis of DPSCs vs. Ni-DPSCs. a Top 10 upregulated
and downregulated genes between Ni-DPSCs and DPSCs. b Top
five biological, molecular, and cellular functions, and physiological
system development and functions identified through the Ingenuity
pathway analysis (IPA). ¢ Top five regulators that predict upstream
molecules, which may have caused the observed changes in gene
expression, predicted using the upstream regulator analysis of IPA.

Trajectory and pseudotime analyses of Ni-DPSCs

Before performing trajectory and pseudotime analyses, Ni-
DPSC clusters were broadly classified into astrocytes, neural
progenitor cells, neurons, and non-neuronal cells (Fig. 4a). To
assess the differentiation into increasingly specialized cell sub-
types, a trajectory analysis was performed (Fig. 4b). S1-S3,
S5-S7, and S13 were the branching points for cell differentia-
tion. The differentiation pathways of neural progenitor cells,
astrocytes, and non-neural lineage cells were SO-S12, whereas
S13-S15 were inferred as the differentiation pathways of neu-
rons from neural progenitor cells. Flat tree and subway map
plots revealed that neural progenitor cells could be divided
into three groups—those that differentiate into neurons, those

10
-log(p-value)

Factors predicted to behave as inhibitors are shown in red. d Top five
predicted master regulators that control the expression of genes in
our datasets, identified through the causal network analysis of IPA.
Factors predicted to behave as inhibitors are shown in red. e Top 10
canonical pathways, identified using IPA. “Ratio” is the number of
differentially expressed genes that fit into each pathway relative to the
overall number of genes in that pathway

that remain neural progenitors, and those that differentiate into
astrocytes, which were found to differentiate first into neurons
(S7) and then into astrocytes (S3). In the final stage of differ-
entiation, astrocytes transformed into non-neural lineage cells
(Fig. 4c, d). Astrocytes and neural progenitor cells changed
into clusters as differentiation progressed, indicating that these
multiple clusters could be classified according to the degree of
differentiation (Fig. 4d).

Assessment of neural-related marker proteins
in cultured Ni-DPSCs

Ni-DPSCs at 2 DIV were characterized via immunocyto-
chemical staining (Fig. 5a). In many Ni-DPSCs, the NSC
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Fig.3 Single-cell RNA
sequencing analysis of Ni- a

DPSCs. a Two-dimensional ’ 0 Astrocyte_1
UMAP depicting single gells, 11 ) 1 Epithelial cell / Smooth muscle cell
colored to represent 1? (yffer— 3 D 2 Fibroblast / Mesenchymal cell
ent transcrlpﬁonall.y distinct ' 3 Astrocyte_2
clusters. b Population of each —
cluster; total is shown as 100%. B ® 4 Neural progenitor cell_1
¢ Gene expression heatmap of 2| . 12 5 Neural progenitor cell_2
the top 10 characteristic genes <§( 0 6 6 Neural progenitor cell_3
for each cluster = 5 )
7 Neural progenitor cell_4
s ® 8 Neural progenitor cell_5
8 I 9 Astrocyte 3
3 i 10 Astrocyte_4
! 11 Neuron_1
12 Neuron_2
-4 0 4
b UMAP_1 C
Cluster Population (%) 0 ! v L E . S . L (Y 1_2

0 Astrocyte_1

1 Epithelial cell / Smooth muscle cell
2 Fibroblast / Mesenchymal cell
3 Astrocyte_2

4 Neural progenitor cell_1
5 Neural progenitor cell_2
6 Neural progenitor cell_3
7 Neural progenitor cell_4
8 Neural progenitor cell_5
9 Astrocyte_3

10 Astrocyte_4

11 Neuron_1

12 Neuron_2

markers, nestin, FABP7, and SOX2, as well as the glial
cell marker GFAP, were expressed. Ki-67 was expressed
in the nuclei of many cells, indicating active cell prolifera-
tion. However, the cells with small nuclei did not express
Ki-67. The GFAP-positive cells were the neuronal progeni-
tor cell marker DCX-positive cells at 2 DIV. Cells positive
for aSMA, a mesenchymal marker for smooth muscle cells,
as well as fibroblasts were present. Neuronal maturation
was indicated by the expression of synaptophysin, which
is indicative of presynaptic vesicles, and neurite elongation
(Fig. 5b). Synaptophysin-positive neurons were observed at
10 DIV but not at 5 DIV.

Discussion

Our neural induction protocol generated neural progenitor
cells from human DPSCs and further demonstrated that neu-
ral progenitor cells differentiated into neurons and astrocytes.
Among adult stem cells, MSCs are stromal cells capable of
self-renewal and differentiation into various cell types, and
their use is free of ethical concerns, teratoma development,
and histocompatibility issues [28]. Furthermore, MSCs are
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attractive research targets because of their ease of extrac-
tion, isolation, and maintenance. Therefore, neural induction
of MSCs has been widely attempted. Many neural-related
marker genes and proteins are expressed or their expression
increases when cultured under certain conditions [16, 17,
29-32]. The commonly used neural-related markers are the
NSC markers (nestin and SOX2), neural markers (f3-tubulin
and NF200), and glial marker (GFAP). Recently, Gao et al.
[28] reported on the induction of adipose stem cells toward
neurons. This induction results in increased expression of
neuron-associated proteins and electrophysiological activ-
ity. However, the morphology and localization of synaptic
vesicles are not characteristic of neurons, suggesting that
they may differentiate into neurons.

Karakas et al. [33] reported the induction of bone marrow
stem cell toward neurons. The induced cells were assessed
for morphological changes, increases or decreases in neuro-
related markers, and electrophysiological activity. Further-
more, the induction of NSCs and oligodendrocytes from the
MSCs of the human umbilical cord and placenta has been
reported; however, only the expression of neuron-related
markers and their increase or decrease were evaluated [34].
Thus, neural induction of MSCs is primarily assessed by
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Fig.4 Trajectory inference and pseudotime analysis. a The 13 clus-
ters are divided into four groups: non-neural lineage cell, astrocyte,
neural progenitor cell, and neuron. b Trajectory inference for all sin-
gle cells throughout differentiation revealed five branches (S1, 2, 3, 6,

the expression of neuron-related genes or proteins and by
their increase or decrease. However, MSCs are a heterozy-
gous cell population, and there are many cells that origi-
nally express nestin as NSC markers, 3 tubulin as neuronal
markers, and glial cell markers, such as GFAP and A2B5
[16-18]. In addition, MSCs exhibit electrical activity [35].
Therefore, it is difficult to accurately determine the results
of MSC neural induction.

Gancheva et al. [36] collected RNA from whole cul-
tured cells after neural induction of DPSCs and performed
transcriptomic and bioinformatic analyses. After neural
induction, cell type was restricted to the neuronal lineage
but the stages of cell differentiation were not observed. To

Neural progenitor cell_5
mmm Astrocyte_3

and 13). ¢ Pseudotime flat tree map of each subpopulation generated
by STREAM. From the blue plot to the red plot, the cellular hierarchy
by pseudotime trajectory is shown. d Pathways of cell differentiation
by pseudotime trajectories are shown for 13 clusters

accurately assess the characteristics and differentiation sta-
tus of a cell, it is necessary to comprehensively evaluate
gene expression in single cells. scRNA-seq is an approach
used to elucidate RNA transcripts in individual cells and
to unravel the composition of different cell types and func-
tions in highly complex tissues and cultured cells [37]. In
the present study, single-cell analysis was used to accurately
evaluate the results of neural induction of DPSCs.
Progenitor cells are intermediates between stem cells
and differentiated cells; however, it is difficult to accurately
distinguish multipotent NSCs from neural progenitors. In
fact, differentiated cells do not differentiate directly from
NSCs but differentiate through the progenitor cell stage [38].
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GFAP Ki67 DAPI

b MAP2 Synaptophysin DAPI

Fig.5 Assessment of the cultured Ni-DPSCs. a Immunocytochemical
staining of Ni-DPSCs at 2 DIV with antibodies against nestin, GAFP,
SOX2, FABP7, Ki-67, DCX, and aSMA. b Immunocytochemical

Briefly, during neurogenesis, neuroepithelial cells release
nascent neurons and differentiate into radial glia. Radial glia
differentiate asymmetrically and generate neurons through
progenitor cells. Furthermore, they convert into astrocytes
[38, 39]. In the trajectory inference and pseudotime analyses
of Ni-DPSC differentiation, the neural progenitor cells first
gave rise to neurons and then differentiated into astrocytes.
This is similar to the course of in vivo neurodevelopment,
and our neural induction method may be a suitable for gen-
erating neural progenitor cells similar to NSCs.

Neural induction of MSCs is mediated by epidermal
growth factor, insulin, basic fibroblast growth factor, sonic
hedgehog, nerve growth factor, and brain-derived neuro-
trophic factor, along with vitamin derivatives, such as reti-
noic acid and brain-derived neurotrophic factor [15, 40]. We
focused not only on the factors mentioned above but also on
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Day 10

staining of Ni-DPSCs with antibodies against MAP2 and synaptophy-
sin at 5 and 10 DIV

hormone secretion during the formation of the neural plate,
the original organ in the central nervous system. The neural
plate begins to form when nutrient vessels from the placenta
are not yet developed [41, 42]. The secretion of progesterone
and estradiol from the early embryo, surrounding cumulus
cells, and early placenta during this period is considered
important for embryonic development and implantation
[43—-46]. Estrogen also induces a neural phenotype in ESCs
and promotes the proliferation of embryonic NSCs as well as
neuronal differentiation and maturation. [47, 48]. Gonzalez-
Orozco showed that progesterone plays an important role
not only during pregnancy but also later in the development
of the critical central nervous system [49]. Estradiol and
progesterone in the neural induction medium used in this
experiment may be important factors in inducing differentia-
tion of MSCs into NSCs.
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scRNA-seq revealed that non-neuronal cells were pre-
sent in Ni-DPSCs, and in the trajectory and pseudotime
analyses, astrocytes differentiated into non-neural line-
age cells. However, it is unlikely that the beyond-embry-
onic differentiation of astrocytes into mesenchymal cells
occurs. Pseudotime analysis of STREAM was performed
on the assumption that the clusters are in the same dif-
ferentiation pathway. It is likely that differentiation from
astrocytes to non-neuronal cells was indicated. There are
two possible explanations for the presence of non-neural
lineage cells. Early neural rosettes derived from human
ESCs contain a mixture of non-neuronal cells [50]. A neu-
ral rosette is a structure found during the neuronal induc-
tion of a universal cell—radially organized columnar epi-
thelial cells with a lumen in the center that resembles the
cross-section of a developing neural tube [8]. In addition,
neural rosettes are capable of generating neurons and glia
and serve as sites for the proliferation and maintenance of
NSCs. Considering retrospective differentiation, our neu-
ral induction method may have produced cells with stem
cell properties comparable with those of the early neural
rosettes. Furthermore, the possibility of differentiation of
a single cell must be considered. Kuroda et al. [51] identi-
fied cells with pluripotency in stromal cells and named
them multilineage-differentiating stress-enduring (Muse)
cells [51, 52]. Muse cells present in DPSCs may give rise
to ectodermal neural lineages and mesodermal lineage
cells. Neural crest lineage cells such as Schwann cells are
partially mixed in NSCs induced from ESCs and iPSCs
[53]. However, in this study, scRNA-seq did not reveal the
presence of neural crest lineage cells.

This study had certain limitations. First, DPSCs were iso-
lated by initially culturing dental pulp component cells at a
sparse concentration and subsequently selecting the largest
colonies as the DPSC colonies [2, 3, 22]. Consequently, the
possibility that DPSC colonies did not form from a single
cell cannot be excluded, indicating that progenitor cells of
alternative cell types may have contaminated the cell culture.
In addition, DPSCs represent a heterozygous cell population;
nonetheless, the characteristics of the DPSCs used in the
experiment were not stipulated. Although it is difficult for
current technology to specifically stimulate individual cells
with predetermined traits, differentiation and proliferation
occur simultaneously. Future challenges lie in characterizing
the DPSCs used in our experiments and ascertaining the
DPSC characteristics most conducive to neural induction.
In a previous study, we demonstrated the presence of plate-
let-derived growth factor alpha-positive oligodendrocyte
progenitor cells at Ni-DPSCs [22]; however, in this study,
we did not find oligodendrocyte-lineage cells differentiated
from NSCs using scRNA-seq. Further evaluation is needed
to determine whether this could have been due to a technical
or analytical problem or was an individual difference.

In summary, our results revealed 13 clusters based on the
expression of genes across the cell population, and five cell
populations, namely neural progenitor cells, astrocytes, neu-
rons, epithelial cells/smooth muscle cells, and fibroblasts/
mesenchymal cells, were identified. Furthermore, pseudo-
time analysis showed that neural progenitor cells generated
neurons, after which they differentiated into astrocytes. This
study demonstrates the utility of scRNA-seq for the neural
induction of MSCs. Ni-DPSCs could potentially be an alter-
native to pluripotent cells in cell-based therapies for neural
diseases.
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