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a b s t r a c t

Background: Human dental pulp-derived stem cells (hDPSCs) have emerged as a promising source for
adult stem cell-based regenerative medicine. Stage-specific embryonic antigen 3 (SSEA3) is a cell surface
marker associated with Multilineage-differentiating stress-enduring (Muse) cells, a subpopulation of
human bone marrow-derived stem cells (hBMSCs), known for their potent regenerative potential and
safety profile. In this study, we investigated the influence of the prolonged culture period and the
number of culture passages on the regenerative capacity of hDPSCs and explored the association be-
tween SSEA3 expression and their regenerative abilities.
Methods: hDPSCs were isolated and cultured for up to 20 passages. Cell proliferation, migration, and
osteogenic, adipogenic and neurogenic differentiation potential were assessed at passages 5, 10, and 20.
Flow cytometry and immunofluorescence were employed to analyze SSEA3 expression. RNA sequencing
(RNA-seq) was performed on SSEA3-positive and SSEA3-negative hDPSCs to identify differentially
expressed genes and associated pathways.
Results: Our findings demonstrated a progressive decline in hDPSCs proliferation and migration capacity
with increasing passage number. Conversely, cell size exhibited a positive correlation with passage
number. Early passage hDPSCs displayed superior osteogenic and adipogenic differentiation potential.
Notably, SSEA3 expression exhibited a significant negative correlation with passage numbers, reflecting
the observed decline in differentiation capacity. RNA-seq analysis revealed distinct transcriptional pro-
files between SSEA3-positive and SSEA3-negative hDPSCs. SSEA3-positive cells displayed upregulation of
genes associated with ectodermal differentiation and downregulation of genes involved in cell adhesion.
Conclusions: This study elucidates the impact of passaging on hDPSC behavior and suggests SSEA3 as a
valuable biomarker for evaluating stemness and regenerative potential. SSEA3-positive hDPSCs,
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functionally analogous to Muse cells, represent a promising cell population for developing targeted
regenerative therapies with potentially improved clinical outcomes.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Adult mesenchymal stromal cells (MSCs) have emerged as a
foundation of regenerative medicine due to their capacity for self-
renewal, differentiation into diverse cell lineages, and promotion
of tissue homeostasis and repair [1e3]. Derived from various
sources such as bone marrow, adipose tissue, perinatal tissues, and
dental pulp, MSCs offer a promising avenue for therapeutic in-
terventions [3e6]. Human dental pulp stem cells (hDPSCs) have
garnered significant interest as a readily available source of MSCs
with substantial potential for clinical applications [7e10]. However,
a critical knowledge gap remains regarding the impact of extended
culture duration (passage number) on hDPSC differentiation po-
tential in vitro [11e16].

Stage-Specific Embryonic Antigen 3 (SSEA3) is a cell surface
glycosphingolipid belonging to the Lewis antigen family of carbo-
hydrate antigens involved in crucial embryonic developmental
processes, including cell adhesion, differentiation, and cell fate
determination [17]. Its expression is associated with enhanced self-
renewal capacity and pluripotency, suggesting a vital role in
maintaining stem cell characteristics [18]. Studies have identified a
subpopulation of human bone marrow-derived stem cells
(hBMSCs) expressing SSEA3, termed Multilineage-differentiating
stress-enduring (Muse) cells, which exhibit superior regenerative
properties compared to conventional MSCs [19e22]. In contrast to
conventional MSCs, which exert therapeutic effects primarily
through these mechanisms, Muse cells offer distinct advantages
such as non-surgical administration, spontaneous differentiation
into tissue-specific cells to replace damaged cells, direct trans-
plantation without the need for human leukocyte antigen (HLA)-
matching or immunosuppression, long-lasting anti-inflammatory
effects, and a low risk of tumorigenesis [19e27]. The expression
pattern of SSEA3 in hDPSCs not only indicates their differentiation
potential but also presents an opportunity to investigate their po-
tential classification as dental pulp-derived Muse cells.

The present study aims to investigate the influence of culture
duration on hDPSCs characteristics, including proliferation,
migration, and differentiation potential, to gain a deeper under-
standing of their regenerative capacity. In the study, we propose
that SSEA3 serves as a unique cell surface marker for monitoring
differentiation potential over extended culture and may facilitate
the identification of a subpopulation of hDPSCs-derived Muse cells
with enhanced therapeutic potential. By elucidating the relation-
ship between SSEA3 expression and hDPSCs behavior, this research
can contribute significantly to advancing hDPSCs-based therapies
for clinical use and pave the way for targeted regenerative treat-
ments utilizing dental pulp-derived Muse cells.
2. Materials and methods

2.1. Isolation, culture, and differentiation of hDPSCs

2.1.1. Cell source and isolation
Impacted wisdom teeth were obtained from patients aged be-

tween 16 and 30 undergoing surgical procedures at Ryukyu Uni-
versity Hospital Dental and Oral Surgery with written informed
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consent (parental consent required for participants under 20) un-
der a protocol approved by the University's Ethics Committee
(approval no.: 1907). Exclusion criteria included individuals
deemed unsuitable for participation by the attending dentist, those
diagnosed with infectious diseases (Hepatitis B and C, Human im-
mune deficiency virus (HIV), Human T-cell lymphotropic virus type
1 (HTLV-1), or syphilis), complications of diabetes, osteomyelitis,
jaw bone cyst, or malignant tumor, and those with apical peri-
odontitis, pulp gangrene, or pulpitis. Following tooth extraction
under sterile conditions, teeth were transported in perfusion buffer
(Perfusion Solution MOD. #1; Mediatech, Inc.) supplemented with
1% antibiotics (penicillin and streptomycin) on ice to the laboratory.
After removing surrounding tissue, the teeth were vertically
sectioned, and the dental pulp tissue was carefully dissected and
chopped into small pieces. They were then incubated with diges-
tive enzyme (Liberase; Roche) at 37 �C for 90 min with gentle
shaking to isolate individual cells. (Fig. 1AeC).

2.1.2. Cell culture
The isolated cells were cultured in Lonza's human Adipose-

Derived Stem Cell Growth BulletKit™ medium (ADSC-BM) for
stem cell growth. The medium was changed every other day until
the cells reached near confluency (80e90% coverage of the culture
dish) (Fig. 1D). Primary cultured cells (passage 0, P0) were subse-
quently passaged to generate P1 cells. Then, subsequent passages
were performed based on predetermined cell density criteria to
maintain optimal growth. Cells at passages 5, 10, and 20 were
cryopreserved for future experiments.

2.1.3. Differentiation induction
To induce differentiation into specific cell types, hDPSCs were

cultured in lineage-specific conditioned media as previously re-
ported [28]. Briefly, for neuronal differentiation, hDPSCs were
cultured in serum-free human neural proliferation medium
(StemCell Technologies, Canada) supplemented with epidermal
growth factor (20 ng/ml) and basic fibroblast growth factor (10 ng/
ml) as growth factors and 1% antibiotics at 37 �C in a 5% CO2 at-
mosphere. For osteogenic differentiation, cells were cultured in a-
MEM supplemented with 10% FBS, 1% antibiotics, 10 nM dexa-
methasone, 0.1 mM ascorbic acid-2-phosphate, and 10 mM b-
glycerophosphate for the indicated culture period. Adipogenic
differentiation was induced using DMEM supplemented with 10%
FBS, 1% antibiotics, 100 nM dexamethasone, 0.25 mM indometh-
acin, 0.1 mM 3-isobutyl-1-methylxanthine, and 0.01 M insulin.
Differentiation media were replaced every 3 days, and cells were
maintained for 18 days. After differentiation protocols, cells were
evaluated using specific staining procedures to confirm successful
differentiation. Alizarin Red S staining was performed to visualize
calcium deposition in osteogenic cultures, while Oil Red O staining
by using kit (ScyTek Laboratories, Inc.) was used to identify lipid
droplets within adipocytes.

2.2. Gene expression analysis

Total ribonucleic acid (RNA) was isolated from hDPSCs cultured
under each condition using an RNA isolation kit (RNeasy Mini Kit;
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Fig. 1. hDPSC Isolation and Culture. (A) Panoramic radiograph and Sagittal and coronal plane image of corn beam computed tomography (CBCT) images of impacted wisdom teeth.
(B) Extracted wisdom tooth with removed periodontal ligament, sectioned. (C) Dental pulp isolated for hDPSC isolation using enzyme digestion. (D) Primary hDPSCs reaching
subconfluence after 10e14 days in culture.

Table 1
Primers and sequences for Real-time PCR analysis.

Primers Sequences

GAPDH forward 5ʹ-CAGGAGGCATTGCTGATGAT-3ʹ
GAPDH reverse 5ʹ-GAAGGCTGGGGCTCATTT-3ʹ
SOX2 forward 5ʹ-GTCACAGCATGATGCAGGACCA-3ʹ
SOX2 reverse 5ʹ-TCTGCGAGCTGGTCATGGAGTT-3ʹ
ALP forward 5ʹ-ACCATTCCCACGTCTTCACATTTG-3ʹ
ALP reverse 5ʹ-AGACATTCTCTCGTTCACCGCC-3ʹ
BGLAP forward 5ʹ-AGCCACCGAGACACCATGAGA-3ʹ
BGLAP reverse 5ʹ-GGCTGCACCTTTGCTGGACT-3ʹ
LPL forward 5ʹ-AGTAGCAGAGTCCGTGGCTA-3ʹ
LPL reverse 5ʹ-ATTCCTGTTACCGTCCAGCC-3ʹ
NESTIN forward 5ʹ-AACAGCGACGGAGGTCTCTA-3ʹ
NESTIN reverse 5ʹ-TTCTCTTGTCCCGCAGACTT-3ʹ

GAPDH; human-specific glyceraldehyde 3-phosphate dehydrogenase, SOX2; SRY-
box transcription factor 2, ALP; alkaline phosphatase, BGLAP; bone gamma-
carboxyglutamate protein, LPL; Lipoprotein lipase (triacylglycerol acylhydrolase),
NESTIN; neuroepithelial stem cell protein.

J. Shirakawa, E.H. Ntege, M. Takemura et al. Regenerative Therapy 26 (2024) 71e79
Qiagen) according to the manufacturer's protocol. The quality
and quantity of RNA were assessed using a NanoDrop. Reverse
transcription (RT) was performed using 1 mg of total RNA and an RT-
Polymerase Chain Reaction (PCR) solution (PrimerScript RT Master
Mix; Takara) to obtain complementary deoxyribonucleic acid
(cDNA). Quantitative real-time PCR (qPCR) was performed using a
SYBR Green assay system (TB Green Premix Ex TaqII; TAKARA). The
reagent mixture consists of 2 mL of the cDNA samples, 0.2 mM for-
ward and reverse primers and 5 mL of PCR Master Mix for a total of
10 mL. The primer sequences for the targets are shown in Table 1.
Each conditionwas analyzed at least three times. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the housekeeping
gene. Cycle threshold (Ct) values for each genewere corrected using
themean Ct value. Gene expression levels were calculated using the
DDCt method, quantified using the 2�DDCt method, and normal-
ized to the average Ct value for GAPDH gene expression levels.

2.3. Flow cytometry analysis and cell sorting

Each cultured cell was detached and extracted using a cell
detachment solution, TrypLE™ Express (Gibco). A total of
5 � 105 cells per tube were incubated with 3 mL of fluorochrome-
73
conjugated clusters of differentiation (CD) markers, including
CD34, CD45, CD73, CD90, CD105, and CD133 (Biolegend), rat anti-
human SSEA3 monoclonal antibody (MC631; Invitrogen), and rat
Immunoglobulin M (IgM) (BioLegend) at 4 �C for 30 min. And the
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secondary antibody was FITC-conjugated anti-rat IgM (Jackson
Immuno Research). Before analysis, stained cells were filtered
through a 35 mm nylon filter into a conical tube and tagged with a
blue dead cell stain (Invitrogen) to identify live and dead cells. FACS
Verse (BD Biosciences) was used for flow cytometry analysis, and
rat IgM was employed as a control. A flow cytometer (Sony SH800S
Cell Sorter; Sony Biotechnology) and a perfusion buffer were used
for cell sorting. According to the manufacturer's standards, a
130 mm sorting tip was used for cell sorting.

2.4. Cell proliferation assay

Cell viability of hDPSCs incubated for 48 h was assessed using
the MTT assay according to the manufacturer's protocol (MTT Cell
Proliferation Kit; Cayman Chemical Company). Briefly, cells
(1 � 105/cm2) were seeded into 96-well plates and allowed to
attach overnight; after 24 h of serum starvation, cells were
cultured in standard culture media and then incubated with 20 mL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (5 mg/mL) for 3 h. Colorimetric absorbance at
570 nm was measured using a microplate reader (iMark plate
reader; BioRad).

2.5. Cell migration assay

A Boyden chamber insert (Culture-Insert 2 Well, Cat. No. 81176,
ibidi) was employed to assess cell migration. Cells were seeded at a
density of 1 � 105 cells per well and allowed to adhere overnight.
Following incubation, the insert was carefully removed, creating a
cell-free zone of 500 mm width. Fresh medium was then added to
the wells. Images were captured at defined time points (0, 24, and
48 h) to monitor wound closure. ImageJ software (National In-
stitutes of Health) was used to quantify the area of the wound at
each time point. Wound closure was expressed as a percentage of
the initial wound area at 0 h. Additionally, the average distance
between the leading edges of the migrating cells was measured at
20 randomly chosen points per image.

2.6. Immunofluorescence staining of cultured DPSCs and dental
pulp-derived Muse cells

Immunofluorescence staining was performed to assess the
morphological features and quantify the SSEA3-positive cell pop-
ulation in hDPSCs. ImageJ, an image analysis software, was utilized
to randomlymeasure the size of cultured hDPSCs from the captured
images. A minimum of 20 cells were evaluated per image. To
identify SSEA3, a rat-derived anti-SSEA3 antibody was used fol-
lowed by incubation with goat anti-rat IgM conjugated with Alexa
Fluor 647 (Jackson Immuno Research). Alexa Fluor 488 phalloidin
(Cytoskeleton) was employed to visualize the actin cytoskeleton,
and DAPI (8961S; Cell Signaling) was used for nuclear staining.
Prolong Gold mounting medium was used to mount the stained
samples.

2.7. RNA-seq analysis

Total RNAwas extracted from SSEA3-positive or SSEA3-negative
primary cultured hDPSCs using RNeasy Mini Kit (QIAGEN) accord-
ing to the manufacturer's instructions. Poly-A þ transcripts were
purified using the NEBNext Ultra II Directional RNA Library Prep Kit
for Illumina, and libraries were prepared using multiplexed bar-
code adaptors according to the manufacturer's instructions. High-
throughput sequencing (150 bp, paired-end) was performed us-
ing the Illumina Novaseq 6000 with a sequencing depth of 40
million (20 million pairs) reads per sample. RNA-seq reads were
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tested for read quality after removing adapter sequences, and low-
quality reads using Trimmomatic (version 0.39e1) and FastQC
(version 0.12.0). First, HISAT2 (version 2.2.1) was used tomap to the
human genome obtained from GENCODE. Then, based on the
mapping data, the expression levels of each gene were calculated
using StringTie (version 2.2.1). Differentially expressed genes be-
tween samples were detected using the iDEGES/edgeR normaliza-
tion method in the TCC package (FDR cut-off 10%). Genes with
m.value > 1 and p.value < 0.05 were considered upregulated genes.
Genes with m.value < 1 and p.value < 0.05 were considered
downregulated genes. Gene enrichment analysis was performed
using Metascape (version 3.5).

2.8. Statistical analysis

Data are presented as mean ± standard deviation (SD). Statis-
tical analysis was performed using GraphPad Prism version
9.5.1(528) (San Diego, CA, USA). All data were tested for normality
using the Shapiro-Wilk test. One-way analysis of variance (ANOVA)
was followed by Tukey's multiple comparison test when comparing
three or more groups with normally distributed data. The Kruskal-
Wallis test with Dunn's multiple comparison test was used for data
that did not follow a normal distribution. Error bars represent SD.
P-values less than 0.05 were considered statistically significant.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3. Results

3.1. Cell characteristics and differentiation potential of passaged
hDPSCs

Since regenerative therapy requires a sufficient number of cells,
sufficient cell proliferative capacity is essential. A cell proliferation
experiments were performed after 48 h. The results showed no
significant variation in passages 5 to 10. However, compared to the
other two groups, cells at passage 20 decreased significantly
(Fig. 2A). Interestingly, cell size increased with each successive
passage. Cells at passage 20 were significantly larger than the other
two groups, and the trend in cell size was similar to the trend in cell
proliferation (Fig. 2B). Next, cell migration capacity was assessed on
dedicated culture plates. After 24 h, cells at passage 5 exhibited a
significant reduction in cell-free areas compared to the other two
groups. They had completely covered the entire area in 48 h. In
contrast, cells at passage 20 covered only approximately 50% of the
area by 48 h. Cells at passage 10 showed a similar migration pattern
at 24 h as those at passage 20, but by 48 h, they had reached the
midpoint of the other two groups. Although the difference between
cells at passage 10 and 5 was not statistically significant, their
behavior significantly differed from those at passage 20 (Fig. 2C).
These observations suggest that as the number of passages in-
creases and cell size increases, the proliferative and migratory ca-
pacities of the cells decrease. Next, we examined the differentiation
potential of hDPSCs into osteoblasts, adipocytes, and neurons by
culturing them in a specific conditioned medium for 12 and 24
days. Expression of the pluripotency marker SRY-box transcription
factor 2 (SOX2) showed a significant decrease with increasing
number of passages and long-term cell culture (Fig. 2D). Expression
of osteogenic differentiation markers alkaline Phosphatase (ALP)
and bone gamma-carboxyglutamate protein (BGLAP) was increased
in cells at passages 5 and 10, but not those at passage 20; there was
a significant difference in BGLAP gene expression levels between
passages 5 and 10, which was also confirmed by Alizarin red S
staining (Fig. 2E). The adipogenic differentiationmarker lipoprotein
lipase (LPL) exhibited a similar trend of increased expression in
cells at passages 5 and 10, but not those at passage 20. The Oil Red O



Fig. 2. Effects of Passage on hDPSC Characteristics. (A) Cell proliferation capacity was assessed using MTT assays after 48 h. Proliferation decreased at passage 20 compared to
passages 5 and 10. (B) Left panel: representative immunostained images of hDPSCs. (Blue: DAPI, Green: Phalloidin) Scale bar: 100 mm. Cell size increased with passage number. (C)
Left panel: representative cell migration assay images of each time points were exhibited. Migration capacity decreased with passage number. (D) Expression of pluripotency and
osteogenic differentiation markers (Sox2 and Bglap) decreased with passage number. Expression of osteogenic and adipogenic differentiation markers (ALP and LPL) also decreased
at passage 20 compared to passages 5 and 10, while Nestin, neural differentiation marker remained unchanged. (E) osteogenic and adipogenic differentiation (Alizarin Red and Oil
Red O staining respectively) decreased with passage number.
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staining was not very distinct but showed representative differ-
ences in the staining area between passages. Interestingly, Nestin, a
marker of neural differentiation, increased significantly in all
passaged cells during the initial time point in culture and remained
stable after that but did not differ significantly by the number of
passages. These findings suggest that passages, especially more
than 10 passages, significantly affect the multidifferentiation po-
tential of hDPSCs, except for neural differentiation.

3.2. SSEA3 is a novel stemness marker of culture-expanded hDPSCs

We examined the expression of MSC surface markers, including
CD73, CD90, and CD105 as positive markers and CD34, CD45, and
CD133 as negative markers in hDPSCs by conventional flow
cytometry. We wished to determine whether these markers could
75
effectively identify hDPSCs, as is commonly reported, and whether
their expressionwas affected by the number of passages. We found
that the expression levels of all positive and negative markers did
not differ significantly with increasing numbers of passages,
although there was greater variation among samples (Fig. 3A and
B). These results indicate that the expression of MSC surface
markers may not be a reliable indicator of the cell characteristics of
hDPSCs, namely differentiation and stemness, following expansion.
A previous study has reported that a small population of
commercially available hDPSC cell lines expresses SSEA3, a specific
surface marker for Muse cells found on bone marrow- and adipose
tissue-derived stem cells.

Pluripotent stem cells are generally identified using SSEA3,
SSEA4, and TRA-1-60 and negative staining for SSEA-1 [18,29,30].
Therefore, we analyzed SSEA3-positive cell populations in isolated
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hDPSCs using flow cytometry analysis. The percentage of SSEA3-
positive cells in hDPSCs at passage 5 and below was measured,
and approximately 2%e3% of hDPSCs expressed SSEA3. These
SSEA3-positive cells also exhibited differential expression of
positive MSC markers and no expression of negative markers
(data not shown). The effects of different passages on SSEA3
expression in hDPSCs was examined by flow cytometry. The re-
sults demonstrated that SSEA3 expression significantly decreased
as passages increased, and hDPSCs almost completely lacked the
SSEA3-positive cell population at passage 20 (Fig. 3C). These
findings suggest that SSEA3-positive cell population may serve as
a novel marker for assessing the stemness of hDPSCs grown in
culture.

3.3. Cell characteristics of SSEA3-positive hDPSCs

Next, we examined whether SSEA3-positive cells could be
isolated from hDPSCs and grown sustainably. Approximately 2% of
the original hDPSC population of SSEA3-positive cells were effec-
tively isolated and cultured, reaching 80%e90% confluency after 9
days (Supplemental Fig. 1). Subsequent analysis of the cell popu-
lation using the same gating strategy revealed that more than 20%
Fig. 3. Stem Cell Surface Markers and SSEA3 Expression in hDPSCs (A) Representative
dot plots showing expression of stem cell markers (Positive: CD73, CD90 and Negative:
CD105, CD34, CD45, CD133). (B) Bar graphs showing the positive cell population for
each surface markers. No significant difference observed in each markers across pas-
sages. (C) Left panel: representative dot plots showing expression of SSEA3 in hDPSCs.
SSEA3-positive cell population decreased with passage number.
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of the cells were SSEA3-positive expressing and more than 99% of
the stem cell markers CD90 and CD105, (Fig. 4A). When SSEA3-
positive and negative hDPSCs were resorted, both exhibited
rapid proliferation. The SSEA3-positive cell population proliferated
faster than the negative population, although the difference was
insignificant (data not shown). Next, to assess the stability of the
numbers of SSEA3-positive cells during proliferation, immuno-
fluorescence staining was performed at early time points, followed
Fig. 4. Characteristics of SSEA3 positive hDPSCs. (A) Left panel: representative dot
plots of SSEA3-positive cells in sorted hDPSCs and expression of CD90 and CD105
in resorted SSEA3-positive hDPSCs. Right panel: representative images of resorted
SSEA3-positive and SSEA3-negative hDPSCs in culture. (B) Left panel: represen-
tative immunofluorescence staining images of resorted SSEA3-positive or negative
hDPSCs using anti-SSEA3 antibody (red), phalloidin (green), and DAPI (blue). Ar-
rowheads indicate SSEA3-positive cells. Decrease in SSEA3-positive cell popula-
tion observed over culture period. (C) Left panel: representative dot plots of
resorted SSEA3-positive or SSEA3-negative hDPSCs at each time point. Decrease in
SSEA3-positive cell population observed in both resorted populations over culture
period, with no significant difference after 96 h. (D) Volcano plot depicting
differentially expressed genes in SSEA3-positive hDPSCs compared with SSEA3-
negative. (green: upregulated, red: downregulated) (E) Metascape enrichment
analysis identified pathways associated with up/downregulated genes in SSEA3-
positive hDPSCs. (F) Specific genes showing altered expression in pathways
identified by Metascape.



Table 2
Genes significantly up- or downregulated in SSEA3-positive hDPSCs identified by RNA-seq analysis.

Up regulated genes in DPSC derived SSEA3-positive cell

Rank Gene name Rank Gene name

1 RAB4B-EGLN2 16 PTGES3L-AARSD1
2 ABHD14A-ACY1 17 ELAVL2
3 RPS10-NUDT3 18 GPRC5D-AS1
4 MEF2B 19 GNRHR
5 SOGA3 20 ZNF763
6 SCHI P1 21 RN7SL130P
7 ABHD17AP4 22 RPS4XP16
8 UPK3BL1 23 ENO1-AS1
9 PAX6 24 ZNF887P
10 ADAM21P1 25 STX16-NPEPL1
11 LINC00167 26 LINC00663
12 PDCD6IPP1 27 ARHGDIG
13 AD000864.2 28 HMGA1P2
14 SNURF 29 TNFRSF11A
15 HEATR4 30 SLC16A14

Down regulated genes in DPSC derived SSEA3-positive cell.

Rank Gene name Rank Gene name

1 KRT8P47 25 TEN1
2 CBWD4P 26 NPIPB10P
3 PCDHGB2 27 IL18R1
4 ABCA8 28 MAPT
5 PCDHGB1 29 GALNT3
6 GRAP 30 SHC2
7 DUSP4 31 TACR2
8 GOLGA8M 32 FAM20A
9 LINC00545 33 FGF7P3
10 LINC01618 34 SPON2
11 LINC01013 35 POSTN
12 ENO1P1 36 PCDHGA8
13 ZNF608 37 PTGIS
14 GPR84 38 GPRC5C
15 TMTC1 39 MYH16
16 ACTL8 40 IMPG1
17 PALM 41 KSR2
18 CCL20 42 AQP7P1
19 FMOD 43 ALPL
20 PDE3A 44 SYNE1-AS1
21 ARL2-SNX15 45 PCDHGB3
22 TMEM178A 46 KCNN3
23 MYL4 47 PCDHGC4
24 PCDHB6
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by flow cytometry at later time points. Interestingly, almost all
cells were attached 12 h after seeding, but the percentage of
SSEA3-positive cells was about 80% (Fig. 4B). At 24 h, SSEA3-
positive cells decreased by approximately 50%, and by 72 h, they
represented about 20% of the population, as determined by
immunofluorescence staining. The decrease in SSEA3-positive
cells continued at later time points, and even after reaching con-
fluency, less than 1% remained at 144 h (Fig. 4C). These findings
indicate that the SSEA3-positive cell populations gradually
decrease during proliferation, even after the cell population rea-
ches confluency. This may support the use of SSEA3 as a valuable
marker for assessing the regenerative potential of hDPSCs grown
in culture.
3.4. Transcriptome analysis of SSEA3-positive hDPSCs

We performed RNA-seq to investigate gene expression of
SSEA3-positive hDPSCs. The volcano plot indicates genes upregu-
lated or downregulated in SSEA3-positive hDPSCs compared to
SSEA3-negative hDPSCs (Fig. 4D). There were 30 upregulated and
47 downregulated genes in SSEA3-positive hDPSCs (Table 2). Gene
enrichment analysis showed that the upregulated genes were
enriched in gene ontology (GO) terms associated with “Ectoderm
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differentiation”, and the downregulated genes were enriched in
that associated with “Homophilic cell adhesion via plasma mem-
brane adhesion” molecule (Fig. 4 E). The ectoderm differentiation
category includes Rho GDP Dissociation Inhibitor Gamma (ARHG-
DIG), Paired box (PAX) 6, and schwannomin interacting protein
(SCHIP) genes. The homophilic cell adhesion via plasma membrane
adhesion molecule includes Protocadherin Gamma Subfamily
(PCDHG) A8, PCDHGB1, PCDHGB2, PCDHGB3, PCDHGC4, and Pro-
tocadherin Beta (PCDHB) 6 (Fig. 4 F).
4. Discussion

The in vitro differentiation potential of hDPSCs after extended
culture expansion remains poorly defined [13e16]. This study
aimed to explore the impact of passage number, a marker of culture
expansion, on the characteristics of hDPSCs. Our results suggest
that prolonged culturing significantly modifies hDPSC properties,
potentially compromising their therapeutic efficacy in regenerative
applications.

Cell proliferation assays revealed a decline in proliferation rate
with increasing passage number. Interestingly, cell size also
increased with passage number, suggesting a possible association
between changes in cell morphology and decreased proliferation.
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Further investigation is needed to determine if this increase in size
is associated with cellular senescence, a state of replicative arrest.
hDPSC migration capacity also exhibited a significant decrease
with increasing passage number. This finding aligns with previous
observations on other cell types in extended culture [14]. The
pluripotency marker SOX2 displayed a gradual decrease in
expressionwith increasing passage number, suggesting a potential
loss of pluripotency and a shift towards a more lineage-restricted
phenotype. We further explored the differentiation potential of
hDPSCs at different passage numbers, focusing on osteogenesis,
adipogenesis, and neurogenesis. Cells at early passages (5 and 10)
exhibited greater osteogenic and adipogenic potential compared
to those at later passages (passage 20). Remarkably, the neurogenic
marker Nestin showed no significant difference by passage num-
ber, suggesting that the dental pulp's inherent neural crest origin
may influence this specific lineage commitment. Whereas both
SOX2 and SSEA3 expression decreased with increasing passage
number, SSEA3 offers several advantages as a biomarker for eval-
uating the regenerative potential of hDPSCs. As a cell surface
marker, SSEA3 allows for easier detection using flow cytometry
without fixation or permeabilization, making it a more convenient
tool for assessing live cell populations. Furthermore, SSEA3 is
specifically associated with Muse cells, a subpopulation of
mesenchymal stem cells known for their superior regenerative
potential and non-tumorigenic properties [19e22]. Identifying
and isolating this subpopulation using SSEA3 could lead to more
targeted and effective cell-based therapies. Our study demon-
strates that SSEA3 expression changes in parallel with the plu-
ripotency and regenerative potential of hDPSCs, suggesting it may
be a more reliable indicator of the cells' differentiation capacity
over time compared to SOX2.

Despite the advancements presented here, some limitations
necessitate consideration. The study employed specific passage
numbers (5, 10, and 20) to investigate the effects of passaging on
hDPSCs. While informative, these may not capture the full spec-
trum of changes throughout an extended culture period. Including
additional intermediate passage numbers could provide a more
complete picture of the sequential changes in hDPSC characteris-
tics. The inherent challenges of in vitro cell culture models must
also be acknowledged. The in vitro environment does not fully
replicate the complex in vivo environment where hDPSCs reside.
Therefore, caution is necessary when translating these findings to
potential therapeutic applications. Future studies should incorpo-
rate in vivo functional assays using appropriate animal models to
assess the true regenerative potential of hDPSCs.

Our study focused on SSEA3 as a potential biomarker for hDPSC
stemness. However, other stage-specific embryonic antigens like
SSEA1 and SSEA4 have also been implicated in stemness regulation
[31,32]. Investigating the expression patterns of the entire SSEA
family and their correlation with hDPSC regenerative potential
could provide a more comprehensive understanding. Additionally,
exploring the co-expression of SSEAswith othermesenchymal stem
cell markers might help identify subpopulations with enhanced
regenerative capabilities. RNA-seq analysis revealed specific gene
expression changes associated with the SSEA3-positive hDPSC
population. Future studies should validate the functional impor-
tance of these genes and their associated pathways in hDPSC-
derived Muse cells. Employing single-cell RNA sequencing could
offer further insights into the heterogeneity of the hDPSC popula-
tion and potentially uncover subpopulations with unique charac-
teristics and behaviors. Furthermore, maintaining low expression
levels of genes associated with reduced regenerative capacity in
SSEA3-positive cells may improve the overall yield of Muse cells
during proliferation.
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5. Conclusion

In summary, this study demonstrates that extended culture
significantly alters hDPSC characteristics and potentially reduces
their regenerative potential. SSEA3 emerged as a promising novel
biomarker with a strong correlation to differentiation capacity.
SSEA3-positive hDPSCs, representing the Muse cell population,
possess a unique gene expression profile and hold great promise for
targeted regenerative therapies.

Further research is crucial to fully elucidate the functional
properties of SSEA3-positive hDPSCs. This includes validating their
therapeutic efficacy in vivo through appropriate animal models.
Additionally, optimizing isolation and expansion strategies for
SSEA3-positive hDPSCs will be essential for their clinical applica-
tion. Deciphering the co-expression of SSEA3 with other stem cell
markers and its role in governing hDPSC fate and function will be
critical for harnessing their full regenerative potential.
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