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Abstract

Background Spontaneous spheroid culture is a novel three-dimensional (3D) culture strategy for the rapid and effi-
cient selection of progenitor cells. The objectives of this study are to investigate the pluripotency and differentiation
capability of spontaneous spheroids from alveolar bone-derived mesenchymal stromal cells (AB-MSCs); compare the
advantages of spontaneous spheroids to those of mechanical spheroids; and explore the mechanisms of stemness
enhancement during spheroid formation from two-dimensional (2D) cultured cells.

Methods AB-MSCs were isolated from the alveolar bones of C57BL/6 J mice. Spontaneous spheroids formed in
low-adherence specific culture plates. The stemness, proliferation, and multi-differentiation capacities of spheroids
and monolayer cultures were investigated by reverse transcription quantitative polymerase chain reaction (RT-gPCR),
immunofluorescence, alkaline phosphatase (ALP) activity, and oil-red O staining. The pluripotency difference between
the spontaneous and mechanical spheroids was analyzed using RT-qPCR. Hypoxia-inducible factor (HIFs) inhibition
experiments were performed to explore the mechanisms of stemness maintenance in AB-MSC spheroids.

Results AB-MSCs successfully formed spontaneous spheroids after 24 h. AB-MSC spheroids were positive for MSC
markers and pluripotency markers (Oct4, KLF4, Sox2, and cMyc). Spheroids showed higher Ki67 expression and lower
Caspase3 expression at 24 h. Under the corresponding conditions, the spheroids were successfully differentiated into
osteogenic and adipogenic lineages. AB-MSC spheroids can induce neural-like cells after neurogenic differentiation.
Higher expression of osteogenic markers, adipogenic markers, and neurogenic markers (NF-M, NeuN, and GFAP) was
found in spheroids than in the monolayer. Spontaneous spheroids exhibited higher stemness than mechanical sphe-
roids did. HIF-1a and HIF-2a were remarkably upregulated in spheroids. After HIF-1/2a-specific inhibition, spheroid
formation was significantly reduced. Moreover, the expression of the pluripotency genes was suppressed.
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Conclusions Spontaneous spheroids from AB-MSCs enhance stemness and pluripotency. HIF-1/2a plays an impor-
tant role in the stemness regulation of spheroids. AB-MSC spheroids exhibit excellent multi-differentiation capability,
which may be a potent therapy for craniomaxillofacial tissue regeneration.

Keywords Alveolar bone, Spontaneous spheroid, Somatic stem cells, Pluripotency, Hypoxia-inducible factors

Background

Adult stem cell regeneration therapies and clinical trials
have attracted attention as curative treatments for many
life threatening diseases [1, 2]. Mesenchymal stem cells
(MSCs) are currently the most widely used cell sources,
and more than 1000 clinical trials have been registered by
2021 [3]. The application of MSCs also has certain limi-
tations, such as a limited number of donor-derived stem
cells [4, 5]. In addition, the acquisition of bone marrow
MSCs is accompanied by greater invasiveness, and the
cells are susceptible to contamination or loss of stemness
in traditional culture processes [6]. The differentiation
capacity of MSCs is relatively limited compared to that of
pluripotent stem cells. Therefore, maintenance of pluri-
potent stem cells in vitro plays an important role in tissue
regeneration.

Three-dimensional (3D) cell culture methods, includ-
ing 3D scaffolds, microcarrier cultures, neurospheres,
and cellular spheroids, are increasingly used [7-9]. Com-
pared with monolayer cultures, 3D cell cultures can
mimic stem cells in vivo and maintain stemness, and are
regarded as novel stem cell culture methods [10]. We
have recently developed a novel spheroid culture tech-
nique for somatic stem cells using a low-adherence spe-
cific culture plate [11]. In simple terms, the cells partially
attach to the dish, but potent stem cells or progenitor
cells divide on the dish and form spheroids, which even-
tually detach from it. Spontaneous spheroid formation
occurs under static conditions. For other spheroid for-
mation methods (e.g., hanging droplets, magnetic levita-
tion, and exclusively non-adherent conditions), various
types of cells are forced to aggregate into spheroids. The
cell-to-cell attachment is achieved by physical forces, and
these are designated as “Mechanical Spheroid Formation”
methods [12, 13]. However, the fundamental differences
between the spontaneous and mechanical spheroids have
yet to be shown. Compared to mechanical spheroids, the
spontaneous spheroids ideally consist of a purer stem
cell population because spheroid formation starts only
from possible stem cells. Spontaneous spheroids can
be generated from two-dimensional (2D) cultured oral
mucosa, skin, or cortical bone cells and have been proven
to contain and maintain high pluripotency [14, 15].
Moreover, spontaneous spheroid formation is efficient,
has high yield, and can be cryopreserved, showing great
potential for tissue engineering. However, the detailed

characteristics of spontaneous spheroids from alveolar
bone-derived cells have not been reported.

The alveolar bone is the supporting tissue in the oral
cavity, and its remodeling is active because of physi-
ological and functional stimulation [16]. Alveolar bone
MSC:s are a special type of adult stem cells that originate
from the ectoderm during embryonic development and
are derived from neural crest stem cells [17]. Therefore,
compared with the other bone tissue-derived MSCs,
which develop from the mesoderm, alveolar bone MSCs
have partially different properties, such as active immu-
nomodulatory effects [18, 19]. Studies have pointed
out that alveolar bone MSCs have multi-differentiation
and bone regeneration abilities in vivo and can even be
obtained from older adults [20-22]. Alveolar bone is
more accessible and cost-effective than bone marrow.
Dentists can obtain a larger amount of alveolar bone tis-
sue during treatment with less trauma and rapid healing.
In this study, we focus on spontaneous spheroids derived
from alveolar bone-derived mesenchymal stromal cells
(AB-MSCs) and characterize their potential as a superior
source of adult stem cells.

The mechanism of stemness acquisition in spheroids is
unclear. Hypoxia-inducible factors (HIFs) play a signifi-
cant role in the maintenance of stemness in embryonic
stem cells (ESCs) and cancer stem cells [23, 24]. Moreo-
ver, HIFs can regulate the expression of multipotency
markers, such as Sox2 and Oct4, in cancer stem cells
[25, 26]. The hypoxic environment gradually induces the
expression of HIFs during spheroid formation from 2D
cultured cells. However, whether HIFs play a key role in
stemness acquisition and maintenance of somatic stem
cells is unclear.

The objectives of this study are to analyze the pluri-
potency and multi-differentiation ability of spontaneous
spheroids derived from AB-MSCs; compare the stemness
between spontaneous spheroids and mechanical sphe-
roids; and describe the effect of HIFs on the stemness
maintenance of AB-MSC spheroids.

Methods
Cell culture
The animal experiments were approved by the Animal
Research Committee of Zhongshan Hospital, Fudan Uni-
versity, Shanghai, China (2016—128). Alveolar bone tis-
sue was obtained from C57/BL6J mice (six weeks old).
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The protocol was based on a previous study with minor
modifications [27]. Mice were euthanized by anesthetic
overdose, and soft tissue was separated in the oral cav-
ity with a scalpel until the mandible was exposed. After
the mandible was removed, the teeth were extracted and
soft tissue was scraped with a curette. The obtained man-
dible was digested with 0.25% collagenase (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) for
15 min and then cut into 1-2 mm pieces with scissors.
The tissue fragments were transferred into a digestion
solution (0.25% collagenase and 20% fetal bovine serum
[EBS; Sigma-Aldrich, Darmstadt, Germany]) for 45 min
at 37 °C. The cells were collected into a 50 mL tube using
a 40 pm cell strainer (Falcon; Corning, NY, USA), and
the supernatant was removed by centrifugation. The har-
vested cells were seeded in 30 mm dishes (Falcon) for
primary culture. The remaining bone fragments were col-
lected and placed in culture dishes for explant culturing.
The cells extending from the bone fragments were col-
lected for experiments. The culture medium consisted
of a-MEM (HyClone; Fisher, Logan, UT, USA), 10%
FBS, 1% penicillin—streptomycin-amphotericin solution
(Biological Industries, Cromwell, CT, USA), and 10 ng/
mL recombinant human basic fibroblast growth fac-
tor (bFGF; Gibco, Carlsbad, CA, USA). The AB-MSCs
were cultured in an incubator at 37 °C and 5% CO2. The
medium was changed every three days and passaged
when 80% confluency was reached.

The bone marrow MSC collection protocol was con-
sistent with that in our previous study [15]. Briefly, the
femurs and tibiae were separated cleanly, and the bone
marrow was flushed out using a syringe with a 27G nee-
dle. The cell suspension was then centrifuged and seeded
in a culture dish containing the same culture medium.

Spontaneous spheroid formation

Passage 2 and 3 cells were obtained to form spontane-
ous spheroids. As described in a previous study [14],
AB-MSCs were seeded into low-adherence specific cul-
ture plates (1.5 x 104 cells/cm2) (Azunol, #1-8549-02,
AS ONE, Osaka, Japan) to form spheroids. Half of the
culture medium was changed every three days. Morpho-
logical observation of spheroids was performed using a
phase-contrast microscope (Olympus CKX53 inverted
microscope, Tokyo, Japan). The number and diameter
of spheroids were recorded. Spontaneous spheroid were
recovered at 24, 72, and 120 h.

Mechanical spheroid formation

The hanging droplet method was used to form mechani-
cal spheroids. The AB-MSCs were digested using 0.25%
trypsin—-EDTA (Gibco, Life Technologies, Carlsbad,
CA, USA). Cell suspensions were prepared at a density
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of 100,000 cells/mL. Using an 8-channel pipette set to
10 pL, approximately 100 drops were transferred to the
lid of a 10 cm culture dish (Falcon). When finished, the
lid was placed back on the culture dish, so that the drop-
let could be inverted. Each droplet contained 1000 cells.
Cells were observed to aggregate into spheroids after
24 h and then harvested for experiments.

Cell viability

Cell viability was assessed using a Cell Counting Kit-8
assay (CCK-8; DOJINDO, Shanghai, China). Spheroids
and monolayer cultured cells were investigated at 24,
48, 72, 96, and 120 h of culture. Cells were seeded at a
density of 5000 cells per well in 96-well plates. Cells were
incubated with 10 pl of CCK-8 reagent for 2 h at 37 °C.
The result was measured using a Synergy = HTX Micro-
plate Reader (BioTek Instruments, WINOOSKI, VT,
USA) at 450 nm.

Multi-differentiation capability

Osteogenic differentiation

AB-MSC spheroids were harvested after 24 h for osteo-
genic differentiation. Spheroids or monolayer cultured
cells were seeded in 6-well plates (Falcon). When cells
reached 70-80% confluency, the culture medium was
changed to the osteogenic differentiation solution (cul-
ture medium supplemented with 100 nM dexametha-
sone, 50 pM L-ascorbic acid phosphate, and 10 mM
B-glycerophosphate [all from Sigma-Aldrich]) for
induction. Bone marrow MSCs were also subjected to
osteogenic differentiation, and the differences between
AB-MSC spheroids and bone marrow MSCs were com-
pared. Osteogenic induction lasted for 14 d, and the
medium was changed every 2 d.

Adipogenic differentiation

Spheroids or monolayer cultured cells were seeded into
6-well plates for adipogenic induction. The adipogenic
induction solution was culture medium supplemented
with 1 uM dexamethasone, 0.5 mM 3-isobutyl-1-methyl-
xanthine (Wako), and 10 pg/mL insulin (Sigma-Aldrich).
Adipogenic induction lasted for 10 d, and the medium
was changed every 3 d.

Neurogenic differentiation

The neurogenic differentiation protocol was the same as
that described in our previous study [14]. Spheroids or
monolayer cultured cells were induced for 14 d, and 50%
of the medium was changed every 2 d.

Alkaline phosphatase staining and activity assay
An alkaline phosphatase (ALP) staining kit (Beyotime
Institute of Biotechnology, Shanghai, China) was used
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to evaluate ALP activity after osteogenic induction,
according to the manufacturer’s protocol. ALP-positive
cells were observed using a phase-contrast microscope
(Olympus CKX53 inverted microscope). Meanwhile, an
ALP activity assay was performed to evaluate osteogenic
capacity. ALP activity was determined using an ALP
assay kit (Sigma-Aldrich) and absorbance was measured
at 405 nm. The ALP activity was normalized to the total
protein content of each sample.

Oil-red O staining

After adipogenic induction, the cells were fixed with 4%
paraformaldehyde phosphate buffer solution (Wako) for
15 min and then treated with Oil Red O working solu-
tion (Shanghai LMAI Bio, Shanghai, China) for 10 min.
The lipid droplets were observed using a phase-contrast
microscope (Olympus CKX53 inverted microscope).

Immunofluorescence staining

Immunofluorescence staining was performed to con-
firm the pluripotency of AB-MSC spheroids. This pro-
tocol was consistent with that reported previously [14].
In brief, spheroids were collected and solidified in iPGell
(Genostaff, Tokyo, Japan) according to the manufacturer’s
protocol. The samples were fixed with 4% paraformalde-
hyde in phosphate buffer (Wako), embedded in paraffin,
and sectioned at a thickness of 8 um. Primary antibodies
for pluripotency markers included Oct4 (ab19857), Sox2
(ab79351), KLF4 (ab216875), and cMyc (ab32072). The
primary antibodies for neuronal markers were neurofila-
ment medium (NF-M, ab7794), BIII tubulin (ab78078),
NeuN (ab12763), and GFAP (ab279290). The cell pro-
liferation marker Ki67 (ab15580) and apoptosis marker
Caspase3 (ab13585) were also analyzed. The secondary
antibodies were goat anti-rabbit IgG (Alexa Fluor 647,
ab150079) and goat anti-mouse IgG (Alexa Fluor 488,
ab150113). Nuclei were stained with 4,6-diamidino-
2-phenylindole (DAPI, ab104139). All antibodies were
purchased from Abcam (Cambridge, UK). Positive fluo-
rescent staining was observed using an inverted micro-
scope (Olympus [Xplore Spin microscope; Tokyo, Japan).

Reverse transcription quantitative polymerase chain
reaction

Total RNA was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA). cDNA was synthesized using a
PrimeScript RT kit (TaKaRa, Kusatsu, Japan) according
to the manufacturer’s protocol. The SYBR Green qPCR
assay kit (TaKaRa) was used for Reverse transcription
quantitative polymerase chain reaction (RT-qPCR) anal-
ysis. Gene expression was calculated by using the AACt
method, GAPDH was used as a housekeeping gene, and
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the experiment was repeated at least three times. The
primers used for RT-qPCR are listed in Table 1.

HIF-1a or HIF-2a inhibition

The HIF-1 specific inhibitor topotecan (#123948-87-8,
Sigma-Aldrich) and the HIF-2 specific inhibitor PT2385
(#1672665-49-4, Selleck, Shanghai, China) were used
to block the mRNA expression of HIFs. Working con-
centrations were obtained from previous studies [28,
29], and cell viability assays (Cell Counting Kit-8, CCK-
8, Apexbio, Houston, TX, USA) were also performed to
identify the appropriate concentrations. The inhibitors
were diluted in dimethyl sulfoxide (DMSO) and stored
at—80 °C.

Statistical analysis

Statistical analysis was performed using the SPSS16.0
software (SPSS Inc, Chicago, IL, USA). The results are
expressed as mean +standard deviation (SD). The Stu-
dent’s t-test was used to compare two groups. The statis-
tical significance between multiple groups was compared
using one-way analysis of variance (ANOVA) followed by
Dunnett’s test. Statistical significance was set as p <0.05.

Results

Spontaneous spheroid formation from AB-MSCs

The AB-MSCs spontaneously formed spheroids after 24-h
of culturing. Morphological observations revealed that
spheroids remained spherical during the culture period,
while monolayer cells were spindle-shaped (Fig. 1a). The
number of spheroids was relatively stable during 5 d of
culture. The diameter of the spheroids was the highest at
24 h, with a statistically significant difference (p<0.05)
and then decreased slightly. The average diameter of AB-
MSC spheroids was 104.39 pm (Fig. 1b). The RT-qPCR
results showed that AB-MSC spheroids were positive
for the MSC markers CD51, CD29, CD105, and Scal
(Fig. 1c). The expression of Scal was significantly higher
in spheroids than in monolayer cultures (p <0.001).

Cell proliferation and apoptosis analysis in AB-MSC
spheroids

To assess the viability of AB-MSC spheroids, the expres-
sion of the cell proliferation marker Ki67 and apoptosis
marker Caspase3 was analyzed. Immunofluorescence
showed that most cells in the spheroids were positive for
Ki67, and the expression was most obvious at 24 h. Only
a very small number of cells showed Caspase3-positive
expression (Fig. 2a). The RT-qPCR results also supported
this observation. The expression of Ki67 was significantly
higher in 24 and 72 h spheroids (p<0.001). However,
no difference was observed in the expression of Cas-
pase3 (Fig. 2b). In addition, CCK-8 assay showed that the
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Gene Forward primers (5'-3) Reverse primers (5'-3)
GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
CD51 AAGAGTTTGTTGCCGCCTTA CAATGGCCACACACAGAGAC
D29 AACTCCGACGCCTTTTCTTT CCCCCATATTGCAAACAGAC
CD105 CTTCCAAGGACAGCCAAGAG GTGGTTGCCATTCAAGTGTG

Scal CTGTGGTGGGGTGCTTTACT GCCAGTGCAGAAGGGTAGAG
Kie7 AAGAGCAGGTTAGCACTGTTATGAA TGCAGATGCATCAAACTTGG
Caspase3 GGGCCTGTTGAACTGAAAA CCGTCCTTTGAATTTCTCCA
Oct4 CAGACCACCATCTGTCGCTTC AGACTCCACCTCACACGGTTCTC
SSEAT1 GCAGGGCCCAAGATTACTGAC AAGCGCCTGGGCCTAAGAA
KLF4 AACATGCCCGGACTTACAAA TTCAAGGGAATCCTGGTCTTC
Sox2 GTTCTAAGTGGTACGTTAGGCGCTTC TCGCCCGGAGTCTAGCTCTAAATA
cMyc ACCCTCAAACTCCTGGTCCT CAGGATGTAGGCGGTGGCTT
Nanog AACATGCCCGGACTTACAAA ACCCTCAAACTCCTGGTCCT
OPG CTGCCTGGGAAGAAGATCAG TTGTAAGCTGTGCAGGAAC
Runx2 CCCAGCCACCTTTACCTACA TATGGAGTGCTGCTGGTCTG
DMP1 AGTGAGTCATCAGAAGAAAGTCAAGC CTATACTGGCCTCTGTCGTAGCC
BSP GAGACGGCGATAGTTCC AGTGCCGCTAACTCAA

PPARG GACAGGCATGGAAATGGAGT CAGAAATCCTCCTGCCTCTG

LPL GGGCTCTGCCTGAGTTGTAG CCATCCTCAGTCCCAGAAAA
NF-M GCCGAGCAGACCAAGGAGGCCATT CTGGATGGTGTCCTGGTAGCTGCT
NeuN GTAGCGGTCCATACCAGGAA CAGCCTGACTTCAGGGACTC
GFAP ACCTCGGCACCCTGAGGCAG CCAGCGACTCAACCTTCCTC
HIF-1a TCAAGTCAGCAACGTGGAG TATCGAGGCTGTGTCGACTG
HIF-2a CAGTACTCCCACAGGCCTGACTAAC GACTGTCACACCGCTGCCATA
VEGF GCTCTCCACGATTTGACCAT ATCCACCCACTAGGCAACAG

(See figure on next page.)

Fig. 1 AB-MSCs formed spontaneous spheroids. a The morphology of AB-MSC spheroids and monolayer was observed during 120 h culture. Scale
bars =100 um. b The number and diameter of spheroids were tested (n= 20, *, p <0.05, ANOVA test). c The expression of MSC markers CD51, CD29,
CD105, and Scal in spheroids and monolayer was analyzed via RT-gPCR (n=3, *, p <0.05; **, p<0.01; ***, p<0.001, Student’s t-test, compared to

the monolayer)

spheroids maintained high cell viability during the obser-
vation period. Compared with monolayer cultured cells,
spheroids culture conditions significantly maintained the
viability at 120 h (Fig. 2c).

Pluripotency analysis of AB-MSC spheroids

To evaluate stemness in AB-MSC spheroids, pluripo-
tency markers Oct4, Sox2, KLF4, and cMyc were stained.
Immunofluorescence showed strong positive staining in
24 h spheroids (Fig. 3a). Pluripotency markers and ESC
markers (SSEA1 and Nanog) expression in spheroids and
monolayers was analyzed using RT-qPCR. The expression
of Oct4 and cMyc was higher in spheroids at 24 and 72 h
(p<0. 05). The expression of Sox2 did not differ at 24 h,
but its expression in spheroids increased significantly at

72 and 120 h. During the culture period, the expression
of both KLF4 and SSEA1 was significantly upregulated in
spheroids compared to that in the monolayer (p<0. 01).
The expression of Nanog was significantly higher in sphe-
roids at 72 h (Fig. 3b).

Evaluation of the multi-differentiation ability of AB-MSC
spheroids

The AB-MSC spheroids and monolayers were subjected
to osteogenic differentiation. ALP staining was per-
formed 14 d after induction, and the results showed that
the number of positively stained cells was higher in the
spheroids. The ALP assay also showed that ALP activity
in spheroids was significantly higher than that in mon-
olayer cultures (Fig. 4a). The expression of osteogenic
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(See figure on next page.)
Fig. 3 Characterization of pluripotency in AB-MSC spheroids. a The expression of pluripotency markers Oct4 (red), Sox2 (green), KLF4 (red), and
cMyc (red) in spheroids was evaluated via immunofluorescence. Scale bars= 100 um. DAPI, 4,6-diamidino-2- phenylindole. b The expression of

pluripotency markers and ESC markers (SSEAT and Nanog) in spheroids and monolayer was analyzed via RT-gPCR (n =3). *, p<0.05; **, p<0.01; ***,
p<0.001, Student’s t-test, compared to the monolayer

markers was analyzed by using RT-qPCR after 7 and
14 d of osteogenic induction. The mRNA expression of
OPG and Runx2 was remarkably high in the spheroids
(p<0.001). Although DMP1 was indistinguishable on day
7, it was significantly higher than that of the monolayer

after 14 d (Fig. 4b). We also compared the differences
in osteogenic capacity between AB-MSC spheroids and
bone marrow MSCs, which are considered as a superior
source for craniofacial bone regeneration [30]. After 14 d
of osteogenic induction, the expression of BSP and OPG
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significantly increased in AB-MSC spheroids (p<0.01).
However, there was no difference in Runx2 (Fig. 4c).
After adipogenic induction of AB-MSC spheroids and
monolayers, lipid droplets were successfully observed
using oil-red O staining (Fig. 4d). Then, the expression
of PPARG and LPL was analyzed using RT-qPCR. The

expression of PPARG was higher in spheroid-derived
cells than in monolayer cultured cells (Fig. 4d).

The spheroids and monolayer cells were subjected to
neurogenic differentiation for 14 d. Immunofluorescence
showed that a small number of neural-like cells were suc-
cessfully induced in the spheroid-derived cells (Fig. 5a).
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After induction, spheroid-derived cells were stained posi-
tively for neurogenic markers NF-M, BIII tubulin, NeuN,
and GFAP, and the ratio of positive cells was 0.17%,
0.36%, 1.25%, and 0.24%, respectively. Monolayer cells
contained some cells positive for NeuN, but they were
negative for NF-M and GFAP (Fig. 5a). Furthermore,
the mRNA expression levels of NF-M, NeuN, and GFAP
were significantly higher in spheroid-derived cells than in
monolayer cells (Fig. 5b).

Stemness differences between spontaneous

and mechanical spheroids

The average diameter of the AB-MSC spontaneous
spheroids was 104.39 pm. To compare the spheroids
formed by using the two methods, mechanical sphe-
roids with similar diameters were selected. A total of
1000 AB-MSCs formed mechanical spheroids using

the hanging droplet method, and the average diameter
was measured to be 106.54 pm. Morphological obser-
vations showed that the spontaneous spheroids could
detach from the culture dish and float after matura-
tion, and some adherent cells were still attached to
the dish. However, in mechanical spheroids, all cells
aggregated into spheroids (Fig. 6a). The RT-qPCR
results showed that SSEA1 mRNA expression levels
were remarkably higher in spontaneous spheroids. The
expression of Sox2 in spontaneous spheroids was sig-
nificantly higher than that in mechanical spheroids at
72 h (Fig. 6b).

We compared the adherent cells and spheroids in a
spontaneous spheroid culture system. The expression
of SSEA1, Sox2, and KLF4 was significantly higher in
floating spheroids than in adherent cells on specific cul-
ture plates (Fig. 6¢).
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Effect of HIF-1/2a on stemness maintenance of AB-MSC to determine the working concentrations of the inhibi-
spheroids tors (Fig. 7b). Although 10 uM topotecan (HIF-la
The expression levels of HIF-1a and HIF-2a were sig-  inhibitor) and 1 uM PT-2385 (HIF-2a inhibitor) had
nificantly higher in spontaneous spheroids than in no effect on cell viability, the RT-qPCR results showed
monolayer cells (Fig. 7a). The CCK-8 assay was used that HIF-la and HIF-2a mRNA expression were

(See figure on next page.)

Fig. 7 Effect of HIF-1/2a inhibition on AB-MSC spheroids formation. a Analysis of HIF-1a and HIF-2a expression in spheroids and monolayer

by RT-gPCR (n =3, **, p<0.01; ***, p<0.001, Student’s t-test, compared to the monolayer). b CCK-8 assay was used to assess cell viability under
treatment with different concentrations of HIF-1/2a specific inhibitor (topotecan) and HIF-2a specific inhibitor (PT-2385) (n=3, ***, p <0.001,
ANOVA test). € RT-qPCR was used to assess the expression of HIF-1/2a following HIFs inhibitor treatment (n =3, ***, p<0.001, ANOVA test). d After
HIF-1/2a inhibitors treatment, the formation of spheroids was observed at 24 h. Scale bars= 100 um. e The number and diameter of spheroids were
evaluated after HIFs inhibition (n =20, ***, p <0.001, ANOVA test)
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successfully suppressed after treatment with the inhib-
itors (Fig. 7c). Moreover, HIF-1a or HIF-2« inhibitors
severely affected spheroid formation of AB-MSCs at
24 h (Fig. 7d). The number of spheroids was remark-
ably reduced after inhibition of HIFs compared to
the control (p<0.001). Similarly, the diameter of the
spheroids also significantly decreased after inhibition
of HIFs. The smallest cell diameter was observed for
HIF-1/2a co-inhibition (Fig. 7e).

To investigate the role of HIFs in AB-MSC sphe-
roid stemness maintenance, pluripotency markers and
VEGEF expression levels were analyzed using RT-qPCR.
The expression level of SSEA1 significantly decreased
after HIF-1/2«a inhibition, and the inhibition effect was
the greatest after 24 h of co-inhibition. The mRNA
expression of Sox2 was also significantly inhibited, and
HIF-1a inhibition was most pronounced at 72 h. KLF4
and VEGF expression was attenuated after inhibition,
and the inhibitory effect of HIF-1a was more signifi-
cant than that of HIF-2a at 24 h (Fig. 8).
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Discussion

Pluripotency characteristics of AB-MSC spheroids

The AB-MSCs were successfully isolated and cultured.
The results confirmed that AB-MSCs express the MSC
markers CD51, CD29, CD105 and Scal, and negative
for CD45, which is consistent with the MSCs derived
from other tissues (Additional file 1: Figure S1) [31]. The
AB-MSCs were able to form spontaneous spheroids in
low-adherence specific culture plates. Spheroids formed
within 24 h, followed by stable maintenance. The diam-
eters of the spheroids were also relatively uniform. The
cell proliferation marker Ki67 was highly expressed in
spheroids, whereas apoptotic cells were rare, indicating
that cells inside the spheroids were healthy. Furthermore,
we observed that Scal expression was higher in sphe-
roids than in monolayers. Scal plays an important role
in stem/progenitor cell self-renewal and differentiation
[32]. This result indicates that spheroid formation further
enhances stemness.

We analyzed the expression of pluripotency markers
in AB-MSC spheroids. Both immunofluorescence and
RT-qPCR results showed markedly high expression of
Oct4, SSEA1, Sox2, KLF4, and cMyc in the AB-MSC
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Fig. 8 Effect of HIF-1/2a inhibition on stemness of AB-MSC spheroids. Expression levels of pluripotency markers in spheroids were analyzed by
using RT-gPCR after HIFs inhibitor treatment (n=3). *, p<0.05; **, p<0.01; ***, p <0.001, ANOVA test
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spheroids. Among them, the expression of Oct4 sig-
nificantly increased at 24 and 72 h and then decreased.
Oct4 plays a significant role in the early stage of repro-
gramming and is considered a promoter that regulates
metabolic processes [33]. Furthermore, endogenous
activation of Oct4 can occur in partially reprogrammed
cells. Conversely, the expression of Sox2 increased
over time in spheroids. This tendency was the same for
spheroids derived from oral mucosa-derived cells [14].
Sox2 is normally activated during the later stages of
reprogramming and can also trigger the expression of a
series of pluripotency genes [34]. However, the mecha-
nism underlying stemness acquisition after spontane-
ous spheroid formation remains unclear.

Multi-differentiation capacity of AB-MSC spheroids
Alveolar bone MSCs showed superior bone regenera-
tion ability in both in vitro and in vivo experiments [20,
21]. However, studies on bone regeneration of AB-MSC
spheroids have rarely been reported. In this study, AB-
MSC spheroids exhibited stronger osteogenic differ-
entiation ability than monolayer cells. Moreover, BSP,
OPG, and Runx2 mRNA expression levels after osteo-
genic induction were higher in AB-MSC spheroids than
in bone marrow MSCs. AB-MSCs are a unique source
of stem cells with specific biological characteristics.
The alveolar bone is subject to constant occlusal force,
and has an active immune microenvironment [27]. Liu
et al. [20] also showed that homeobox genes (HOX)
in alveolar bone MSCs were significantly higher than
those in bone marrow MSCs, which control the prolif-
eration of MSCs and the development of craniofacial
bone. Therefore, AB-MSCs can be a superior source of
adult stem cells for tissue regeneration.

A few studies have confirmed that dental tissue-
derived stem cells, dental pulp spheroids, and oral
mucosa spheroids have neurogenic differentiation
capabilities [14, 35]. Similarly, neural induction was
performed using AB-MSC spheroids. The results
showed that spheroids successfully differentiated into
neural-like cells with high expression levels of NF-M,
NeuN, and GFAP owing to the origin of AB-MSC dur-
ing embryonic development. Most oral tissues originate
from the neural crest; therefore, AB-MSC spheroids
may have characteristics of neural crest-derived stem
cells. Alveolar bone tissue is readily available in den-
tal clinics with minimal trauma and low donor mor-
bidity. After spontaneous spheroid culture, AB-MSC
spheroids showed excellent osteogenic and neurogenic
differentiation potential and might be a potential cell
source for the treatment of craniomaxillofacial bone
defects and neurodegenerative diseases.
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Advantages of spontaneous spheroids compared

to mechanical spheroids

This study is the first to compare the spontaneous and
mechanical spheroids of AB-MSCs. The results showed
that, during spontaneous spheroids formation, some
potent stem or progenitor cells initially start to aggre-
gate, and after spheroids form and compact, they detach
from the culture dishes and float. The entire process
is performed under static conditions. The mechanical
spheroids formation process is relatively “rude” Not only
stem cells but also other type of cells can aggregate into
mechanical spheroids, depending on their physical force
[36]. Our results showed that the expression of SSEA1
and Sox2 were significantly higher in spontaneous sphe-
roids than in mechanical spheroids. Thus, we hypoth-
esis that spontaneously formed spheroids may have more
advantages, since it can achieve a more selective culture
of somatic stem cells from the start.

We further analyzed the differences in stemness
between the remaining adherent cells and spheroids in
the spontaneous spheroid culture system. The results
showed that spheroid-forming cells had higher expres-
sion of SSEA1, Sox2, and KLF4 than non-spheroid-form-
ing cells. These results also support our hypothesis that
spontaneous spheroids are more selective for stem cells.
Mechanical spheroid formation methods require special-
ized equipment, and spheroid aggregates are not uni-
form or suitable for long-term culture [37]. In contrast,
spontaneous spheroid formation is a more feasible, sim-
ple process and results in uniform spheroid aggregates.
Moreover, spontaneous spheroid formation ability is not
affected by cell passage. Thus, the spontaneous spheroid
method is appropriate for 3D culture.

Effect of HIF-1/2a on stemness maintenance in AB-MSC
spheroids

AB-MSC spheroids exhibited superior pluripotency and
multi-differentiation ability. However, the mechanism by
which stemness is maintained in spontaneous spheroids
remains unclear. Compared to the monolayer culture,
both the cell microenvironment and cell-to-cell con-
tacts changed after spheroid formation. The microenvi-
ronment of spheroids is complex, with marked changes
in cytoskeletal proteins, adhesive molecules, and the
extracellular matrix [38]. Spheroid pluripotency is regu-
lated by multiple pathways. Epigenetic regulation has
been shown to modulate pluripotency in MSC spheroids
[39]. Jeon et al. [40] showed that MSC spheroids caused
changes in histone-modifying enzymes and microR-
NAs (miR-166, miR-175, and miR-146b), which are key
molecules in epithelial-mesenchymal transition (EMT).
Li et al. [41] indicated that mechanotransduction may
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modulate the promotion of reprogramming in keratocyte
spheroids.

In this study, we investigated the role of HIF-1/2a in
maintaining stemness in AB-MSC spheroids. The expres-
sion of HIF-1a and HIF-2a in spheroids was significantly
higher than that in monolayers. During spheroid forma-
tion and maturation, hypoxic environments are locally
induced inside spheroids. Particularly in cancer stem
spheroids, a significant gradient of oxygen concentra-
tion can be observed, with a high surface oxygen concen-
tration and a hypoxic core inside [42]. HIFs, which are
regulated by hypoxia, are key transcription factors that
regulate hypoxia-related genes. In AB-MSC spheroids,
the expression of HIF-1a increased in a time-dependent
manner. HIF-2a expression in the spheroids gradually
decreased after 24 h. It is conceivable that the regulation
of HIF-2a via several pathways, which may not be com-
pletely oxygen-dependent. Further study will be needed
to clarify this mechanism. Several studies have also
reported high protein expression of HIF-1/2a in compact
bone- or dental pulp-derived spheroids [15, 43].

Subsequently, the efficiency of AB-MSC spheroid for-
mation and the expression of pluripotency markers were
evaluated using a HIF-specific block. The HIF block
severely affected spontaneous spheroid formation, and
the expression of SSEA1, SOX2, and KLF4 was signifi-
cantly suppressed. HIF-1/2a co-inhibition most severely
affected the stemness of AB-MSC spheroids. Similar to
human ESCs, HIF-2a silencing can reduce the protein
expression of Oct4, Sox2, and Nanog [26]. Our results
indicate that HIF-1/2«a can be upstream genes that regu-
late the expression of pluripotency markers in AB-MSC
spheroids. HIF-1/2a can mediate SOX2 mRNA dem-
ethylation to inhibit the proliferation and stemness in
cancer stem cells [44]. HIF-1/2« also regulates EMT in
cancer stem cells to promote cell progression and metas-
tasis [45]. Therefore, HIF-1/2a high expression in AB-
MSC spheroids can modulate EMT regulation, which
is associated with epigenetic regulation, and enhanced
stem cell niche activity in spheroids. VEGF expression
was remarkably inhibited after HIF-1a blockade. HIF-1a
promotes angiogenesis by regulating VEGF [46]. Our
results showed that the internal hypoxic environment in
AB-MSC spheroid could upregulate the proangiogenic
ability.

This is the first study to demonstrate the effects of
HIFs on the acquisition and maintenance of stemness
in spontaneous spheroids. Pluripotency in AB-MSC
spheroids can be triggered by the upregulation of HIF-
1/2a. However, the mechanism of activation and stabi-
lization of HIFs in spheroids requires further study. The
results showed that AB-MSC spheroids showed greater
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osteogenic capacity than bone marrow MSCs, indi-
cating the potential usefulness of AB-MSCs for tissue
regeneration. To further demonstrate the therapeutic
superiority of the AB-MSCs spheroids, the cells derived
from human will be collected. Human AB-MSCs sphe-
roids for in vivo tissue regeneration and safety should
be studied in the future.

Conclusions

AB-MSCs successfully formed spontaneous sphe-
roids. AB-MSC spheroids exhibited superior pluripo-
tency, and HIF-1/2a played an important role in the
stemness regulation of spheroids. The spontaneous
spheroid method was more selective for stem cells than
the mechanical method. AB-MSC spheroids showed
excellent osteogenic and neurogenic differentiation
capabilities, which may be a potent therapy for cranio-
maxillofacial tissue regeneration.
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