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Spontaneous spheroids from alveolar 
bone-derived mesenchymal stromal 
cells maintain pluripotency of stem cells 
by regulating hypoxia-inducible factors
Ni Li1,2,3†, Xiaofeng Dai4†, Fei Yang3, Yang Sun3, Xingwen Wu3, Qianrong Zhou3, Kai Chen5, Jian Sun3, Wei Bi3, 
Le Shi4* and Youcheng Yu3*   

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-qPCR), 
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-1α and HIF-2α were remarkably upregulated in spheroids. After HIF-1/2α-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-1/2α 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 
MSCs 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 
[FBS; Sigma-Aldrich, Darmstadt, Germany]) for 45  min 
at 37 °C. The cells were collected into a 50 mL tube using 
a 40  μm 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 α-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 × 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 

of 100,000 cells/mL. Using an 8-channel pipette set to 
10  µL, 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 µl 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  µM L-ascorbic acid phosphate, and 10  mM 
β-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 µM dexamethasone, 0.5 mM 3-isobutyl-1-methyl-
xanthine (Wako), and 10 µg/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 



Page 4 of 17Li et al. Biological Research           (2023) 56:17 

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 μm. 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), βIII 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 IXplore 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 ∆∆Ct 
method, GAPDH was used as a housekeeping gene, and 

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  μm (Fig.  1b). The RT-qPCR 
results showed that AB-MSC spheroids were positive 
for the MSC markers CD51, CD29, CD105, and Sca1 
(Fig. 1c). The expression of Sca1 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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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 

Table 1 primer sequences for PCR

Gene Forward primers (5′‑3′) Reverse primers (5′‑3′)

GAPDH AAC TTT GGC ATT GTG GAA GG ACA CAT TGG GGG TAG GAA CA

CD51 AAG AGT TTG TTG CCG CCT TA CAA TGG CCA CAC ACA GAG AC

CD29 AAC TCC GAC GCC TTT TCT TT CCC CCA TAT TGC AAA CAG AC

CD105 CTT CCA AGG ACA GCC AAG AG GTG GTT GCC ATT CAA GTG TG

Sca1 CTG TGG TGG GGT GCT TTA CT GCC AGT GCA GAA GGG TAG AG

Ki67 AAG AGC AGG TTA GCA CTG TTA TGA A TGC AGA TGC ATC AAA CTT GG

Caspase3 GGG CCT GTT GAA CTG AAA A CCG TCC TTT GAA TTT CTC CA

Oct4 CAG ACC ACC ATC TGT CGC TTC AGA CTC CAC CTC ACA CGG TTCTC 

SSEA1 GCA GGG CCC AAG ATT ACT GAC AAG CGC CTG GGC CTA AGA A

KLF4 AAC ATG CCC GGA CTT ACA AA TTC AAG GGA ATC CTG GTC TTC 

Sox2 GTT CTA AGT GGT ACG TTA GGC GCT TC TCG CCC GGA GTC TAG CTC TAA ATA 

cMyc ACC CTC AAA CTC CTG GTC CT CAG GAT GTA GGC GGT GGC TT

Nanog AAC ATG CCC GGA CTT ACA AA ACC CTC AAA CTC CTG GTC CT

OPG CTG CCT GGG AAG AAG ATC AG TTG TAA GCT GTG CAG GAA C

Runx2 CCC AGC CAC CTT TAC CTA CA TAT GGA GTG CTG CTG GTC TG

DMP1 AGT GAG TCA TCA GAA GAA AGT CAA GC CTA TAC TGG CCT CTG TCG TAGCC 

BSP GAG ACG GCG ATA GTTCC AGT GCC GCT AAC TCAA 

PPARG GAC AGG CAT GGA AAT GGA GT CAG AAA TCC TCC TGC CTC TG

LPL GGG CTC TGC CTG AGT TGT AG CCA TCC TCA GTC CCA GAA AA

NF-M GCC GAG CAG ACC AAG GAG GCC ATT CTG GAT GGT GTC CTG GTA GCT GCT 

NeuN GTA GCG GTC CAT ACC AGG AA CAG CCT GAC TTC AGG GAC TC

GFAP ACC TCG GCA CCC TGA GGC AG CCA GCG ACT CAA CCT TCC TC

HIF-1α TCA AGT CAG CAA CGT GGA G TAT CGA GGC TGT GTC GAC TG

HIF-2α CAG TAC TCC CAC AGG CCT GAC TAA C GAC TGT CAC ACC GCT GCC ATA 

VEGF GCT CTC CAC GAT TTG ACC AT ATC CAC CCA CTA GGC AAC AG

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 μm. 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 Sca1 in spheroids and monolayer was analyzed via RT-qPCR (n = 3, *, p < 0.05; **, p < 0.01; ***, p < 0.001, Student’s t-test, compared to 
the monolayer)

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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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 

Fig. 2 Analysis of cell proliferation and apoptosis in AB-MSC spheroids. a Immunofluorescence was used to assess the expression of cell 
proliferation marker Ki67 (red) and apoptosis marker Caspase3 (green) in spheroids. Scale bars = 100 μm. DAPI, 4’,6-diamidino-2- phenylindole. b 
RT-qPCR analysis of Ki67 and Caspase3 expression in spheroids during 120 h culture (n = 3, ***, p < 0.001, ANOVA test). c Cell viability of spheroids 
and monolayer was measured by CCK-8 (n = 3, ***, p < 0.001, Student’s t-test, compared to the monolayer)

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 μm. DAPI, 4’,6-diamidino-2- phenylindole. b The expression of 
pluripotency markers and ESC markers (SSEA1 and Nanog) in spheroids and monolayer was analyzed via RT-qPCR (n = 3). *, p < 0.05; **, p < 0.01; ***, 
p < 0.001, Student’s t-test, compared to the monolayer

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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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). 

Fig. 4 Osteogenic and adipogenic capability of AB-MSC spheroids. a After 14 d of osteogenic induction, ALP staining and ALP activity assay were 
used to evaluate ALP activity in spheroids and monolayer (n = 3). b The expression of osteogenic markers was analyzed via RT-qPCR on days 7 
and 14 of osteogenic induction (n = 3). c Differences in osteogenic capacity between AB-MSC spheroids and bone marrow MSCs were compared 
by using RT-qPCR after 14 d of osteogenic differentiation (n = 3). d Oil-red O staining was used to assess lipid droplets after 10 d of adipogenic 
induction in spheroids and monolayers. The expression of adipogenic markers was analyzed via RT-qPCR (n = 3). Scale bars = 100 μm. *, p < 0.05; **, 
p < 0.01; ***, p < 0.001, Student’s t-test, compared to the monolayer
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After induction, spheroid-derived cells were stained posi-
tively for neurogenic markers NF-M, βIII 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  μm. 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 μm. 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. 6c).

Fig. 5 Neurogenic capability of AB-MSC spheroids. a Neurogenic differentiation of spheroids and monolayer for 14 d. Immunofluorescence 
showed positive staining for neurogenic markers NF-M (green), βIII tubulin (green), NeuN (red), and GFAP (green) in spheroid-derived cells. Scale 
bars = 50 μm. DAPI, 4’,6-diamidino-2- phenylindole. (b) The RT-qPCR analysis of mRNA expression levels of NF-M, NeuN, and GFAP in spheroids and 
monolayer (n = 3). *, p < 0.05; **, p < 0.01, Student’s t-test, compared to the monolayer
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Effect of HIF‑1/2α on stemness maintenance of AB‑MSC 
spheroids
The expression levels of HIF-1α and HIF-2α were sig-
nificantly higher in spontaneous spheroids than in 
monolayer cells (Fig.  7a). The CCK-8 assay was used 

to determine the working concentrations of the inhibi-
tors (Fig.  7b). Although 10  μM topotecan (HIF-1α 
inhibitor) and 1  μM PT-2385 (HIF-2α inhibitor) had 
no effect on cell viability, the RT-qPCR results showed 
that HIF-1α and HIF-2α mRNA expression were 

Fig. 6 Comparison of stemness between spontaneous and mechanical spheroids. a Morphological observation of spontaneous and mechanical 
spheroids (1000 cells) at 24 and 72 h. Scale bars = 100 μm. b The mRNA expression levels were analyzed between spontaneous and mechanical 
spheroids (n = 3). c RT-qPCR analysis of the expression of pluripotency markers in floating spheroids and adherent cells in low-adherence specific 
culture plates (n = 3). *, p < 0.05; **, p < 0.01; ***, p < 0.001, Student’s t-test, compared to mechanical spheroids or the adherent cells

Fig. 7 Effect of HIF-1/2α inhibition on AB-MSC spheroids formation. a Analysis of HIF-1α and HIF-2α expression in spheroids and monolayer 
by RT-qPCR (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-1/2α specific inhibitor (topotecan) and HIF-2α specific inhibitor (PT-2385) (n = 3, ***, p < 0.001, 
ANOVA test). c RT-qPCR was used to assess the expression of HIF-1/2α following HIFs inhibitor treatment (n = 3, ***, p < 0.001, ANOVA test). d After 
HIF-1/2α inhibitors treatment, the formation of spheroids was observed at 24 h. Scale bars = 100 μm. e The number and diameter of spheroids were 
evaluated after HIFs inhibition (n = 20, ***, p < 0.001, ANOVA test)

(See figure on next page.)
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successfully suppressed after treatment with the inhib-
itors (Fig. 7c). Moreover, HIF-1α or HIF-2α 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-1/2α co-inhibition (Fig. 7e).

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

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 Sca1, 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 Sca1 expression was higher in sphe-
roids than in monolayers. Sca1 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 

Fig. 8 Effect of HIF-1/2α inhibition on stemness of AB-MSC spheroids. Expression levels of pluripotency markers in spheroids were analyzed by 
using RT-qPCR 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.

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‑1/2α 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-1/2α in 
maintaining stemness in AB-MSC spheroids. The expres-
sion of HIF-1α and HIF-2α 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-1α increased in a time-dependent 
manner. HIF-2α expression in the spheroids gradually 
decreased after 24 h. It is conceivable that the regulation 
of HIF-2α 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-1/2α 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-1/2α co-inhibition most severely 
affected the stemness of AB-MSC spheroids. Similar to 
human ESCs, HIF-2α silencing can reduce the protein 
expression of Oct4, Sox2, and Nanog [26]. Our results 
indicate that HIF-1/2α can be upstream genes that regu-
late the expression of pluripotency markers in AB-MSC 
spheroids. HIF-1/2α can mediate SOX2 mRNA dem-
ethylation to inhibit the proliferation and stemness in 
cancer stem cells [44]. HIF-1/2α also regulates EMT in 
cancer stem cells to promote cell progression and metas-
tasis [45]. Therefore, HIF-1/2α 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-1α blockade. HIF-1α 
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-
1/2α. However, the mechanism of activation and stabi-
lization of HIFs in spheroids requires further study. The 
results showed that AB-MSC spheroids showed greater 

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-1/2α 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.

Abbreviations
3D  Three-dimensional
2D  Two-dimensional
AB-MSCs  Alveolar bone-derived mesenchymal stromal cells
RT-qPCR  Reverse transcription quantitative polymerase chain reaction
ALP  Alkaline phosphatase
HIFs  Hypoxia-inducible factor
MSCs  Mesenchymal stem cells
ESC  Embryonic stem cell
FBS  Fetal bovine serum
bFGF  Basic fibroblast growth factor
CCK-8  Cell counting kit-8
EMT  Epithelial-mesenchymal transition

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40659- 023- 00421-w.

Additional file 1: Figure S1. The results from flow cytometry of AB-MSCs 
for mesenchymal stem cell markers. (a-d) AB-MSCs were positive for CD29, 
CD51 and Sca-1 and negative for CD45.

Acknowledgements
Not applicable.

Author contributions
NL, XD performed experiments, collected data, analyzed data, and completed 
manuscript writing. FY, YS, XW, QZ collected some data and conducted data 
analysis. KC, JS, WB helped with design, financial support and manuscript 
review. LS, YY provided conception and design, financial support, manuscript 
writing and final approval of the manuscript. All authors read and approved 
the final manuscript.

Funding
This work was supported by National Natural Science Foundation of China 
(Grant No. 82170990 and No. 81870793).

Availability of data and materials
Contact to the corresponding author for availability.

https://doi.org/10.1186/s40659-023-00421-w
https://doi.org/10.1186/s40659-023-00421-w


Page 16 of 17Li et al. Biological Research           (2023) 56:17 

Declarations

Ethics approval and consent to participate
The animal experiments were approved by the Animal Research Committee of 
Zhongshan Hospital, Fudan University, Shanghai, China (2016-128).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Shanghai University of Medicine and Health Sciences Affiliated Zhoupu Hos-
pital, Shanghai, China, 201318. 2 The College of Medical Technology, Shanghai 
University of Medicine and Health Sciences, Shanghai, China 201318. 3 Depart-
ment of Stomatology, Zhongshan Hospital, Fudan University, Shanghai, 
China,  180 Fenglin Road,  200032. 4 Department of Stomatology, Shanghai 
Jing’an District Dental Clinic, Shanghai, China, 15 Pingxingguan Road,  200040. 
5 Department of Stomatology, Shanghai Tenth People’s Hospital, Tongji Univer-
sity School of Medicine, Shanghai, China  200072. 

Received: 6 October 2022   Accepted: 27 February 2023

References
 1. Nguyen PK, Rhee JW, Wu JC. Adult stem cell therapy and heart failure, 

2000 to 2016: a systematic review. Jama Cardiol. 2016;1(7):831–41.
 2. Trounson A, Mcdonald C. Stem cell therapies in clinical trials: progress 

and challenges. Cell Stem Cell. 2015;17(1):11–22.
 3. Kuntin D, Genever P. Mesenchymal stem cells from biology to therapy. 

Emerg Topic Life Sci. 2021;5(4):539–48.
 4. Wilson AJ, Rand E, Webster AJ, Genever PG. Characterisation of mesen-

chymal stromal cells in clinical trial reports: analysis of published descrip-
tors. Stem Cell Res Ther. 2021;12(1):1–15.

 5. Guadix JA, Zugaza JL, Gálvez-Martín P. Characteristics, applications 
and prospects of mesenchymal stem cells in cell therapy. Med Clin. 
2017;148(9):408–14.

 6. Hu Y, Lou B, Wu X, Wu R, Wang H, Gao L, et al. Comparative study on 
in vitro culture of mouse bone marrow mesenchymal stem cells. Stem 
Cells Int. 2018. https:// doi. org/ 10. 1155/ 2018/ 67045 83.

 7. Ylostalo JH. 3D stem cell culture. Cells. 2020;9(10):2178.
 8. Reynolds BA, Weiss S. Generation of neurons and astrocytes from 

isolated cells of the adult mammalian central nervous system. Science. 
1992;255(5052):1707–10.

 9. Shen FH, Werner BC, Liang H, Shang H, Yang N, Li X, et al. Implications of 
adipose-derived stromal cells in a 3D culture system for osteogenic dif-
ferentiation: an invitro and in vivo investigation. Spine J. 2013;13(1):32–43.

 10. Haycock JW. 3D cell culture: a review of current approaches and tech-
niques. Methods Mol Biol. 2011;695:1–15.

 11. Li X, Li N, Chen K, Nagasewa S, Yoshizawa M, Kagami H. Around 90° 
contact angle of dish surface is a key factor in achieving spontaneous 
spheroid formation. Tissue Eng Part C Method. 2018;24(10):578–84.

 12. Paşca AM, Sloan SA, Clarke LE, Tian Y, Makinson CD, Huber N, et al. Func-
tional cortical neurons and astrocytes from human pluripotent stem cells 
in 3D culture. Nat Methods. 2015;12(7):671–8.

 13. Gurumurthy B, Bierdeman PC, Janorkar AV. Spheroid model for functional 
osteogenic evaluation of human adipose derived stem cells. J Biomed 
Mater Res A. 2017;105(4):1230–6.

 14. Li N, Li X, Chen K, Dong H, Kagami H. Characterization of spontaneous 
spheroids from oral mucosa-derived cells and their direct comparison 
with spheroids from skin-derived cells. Stem Cell Res Ther. 2019;10(1):184.

 15. Chen K, Li X, Dong H, Zhang Y, Yoshizawa M, Kagami H. Spontaneously 
formed spheroids from mouse compact bone-derived cells retain highly 
potent stem cells with enhanced differentiation capability. Stem Cell Int. 
2019. https:// doi. org/ 10. 1155/ 2019/ 84690 12.

 16. Sodek J, Mckee MD. Molecular and cellular biology of alveolar bone. Peri-
odontol. 2010;24:99–126.

 17. Balic A, Thesleff I. Tissue interactions regulating tooth development 
and renewal. Curr Top Dev Biol. 2015;115:157–86.

 18. Chen C, Tarlé S, Kaigler D. Characterization of the immunomodulatory 
properties of alveolar bone-derived mesenchymal stem cells. Stem Cell 
Res Ther. 2020;11(1):102.

 19. Akintoye SO. The distinctive jaw and alveolar bone regeneration. Oral 
Dis. 2018;24(1–2):49–51.

 20. Liu Y, Wang H, Dou H, Tian B, Li L, Jin L, et al. Bone regeneration capaci-
ties of alveolar bone mesenchymal stem cells sheet in rabbit calvarial 
bone defect. J Tissue Eng. 2020. https:// doi. org/ 10. 1177/ 20417 31420 
930379.

 21. LingE L, Zhang R, Li C, Zhang S, Ma X, Xiao R, et al. Effects of rhBMP-2 
on bone formation capacity of rat dental stem/progenitor cells 
from dental follicle and alveolar bone marrow. Stem Cells Dev. 
2021;30(8):441–57.

 22. Han J, Okada H, Takai H, Nakayama Y, Maeda T, Ogata Y. Collection and 
culture of alveolar bone marrow multipotent mesenchymal stromal cells 
from older individuals. J Cell Biochem. 2009;107(6):1198–204.

 23. Millman JR, Tan JH, Colton CK. The effects of low oxygen on self-renewal 
and differentiation of embryonic stem cells. Curr Opin Organ Transplant. 
2009;14(6):694–700.

 24. Yeo CD, Kang N, Choi SY, Kim BN, Park CK, Kim JW, et al. The role of 
hypoxia on the acquisition of epithelial-mesenchymal transition and 
cancer stemness: a possible link to epigenetic regulation. Korean J Intern 
Med. 2017;32(4):589–99.

 25. Bhagat M, Palanichamy JK, Ramalingam P, Mudassir M, Irshad K, Choosdol 
K, et al. HIF-2α mediates a marked increase in migration and stemness 
characteristics in a subset of glioma cells under hypoxia by activating an 
Oct-4/Sox-2-mena (INV) axis. Int J Biochem Cell Biol. 2016;74:60–71.

 26. Zhang S, Zhao L, Wang J, Chen N, Yan J, Pan X. HIF-2α and Oct4 have 
synergistic effects on survival and myocardial repair of very small 
embryonic-like mesenchymal stem cells in infarcted hearts. Cell Death 
Dis. 2017;8(1):e2548.

 27. Lin W, Li Q, Zhang D, Zhang X, Qi X, Wang Q, et al. Mapping the immune 
microenvironment for mandibular alveolar bone homeostasis at single-
cell resolution. Bone Res. 2021;9(1):17.

 28. Zhang Y, Xu Y, Zhou K, Kao G, Yan M, Xiao Y. Hypoxia-inducible transcrip-
tion factor-1α inhibition by topotecan protects against lipopolysaccha-
ride-induced inflammation and apoptosis of cardiomyocytes. Biomed 
Eng Online. 2021;20(1):88.

 29. Xu J, Zheng L, Chen J, Sun Y, Lin H, Jin R, et al. Increasing AR by HIF-2α 
inhibitor (PT-2385) overcomes the side-effects of sorafenib by suppress-
ing hepatocellular carcinoma invasion via alteration of pSTAT3, pAKT and 
pERK signals. Cell Death dis. 2017;8(10):e3095.

 30. Aghali A. Craniofacial bone tissue engineering: current approaches and 
potential therapy. Cells. 2021;10(11):2993.

 31. Lv FJ, Tuan RS, Cheung K, Leung V. Concise review: the surface mark-
ers and identity of human mesenchymal stem cells. Stem Cells. 
2014;32(6):1408–19.

 32. Morcos MNF, Schoedel KB, Hoppe A, Behrendt R, Basak O, Clevers HC, 
et al. Sca-1 expression level identifies quiescent hematopoietic stem and 
progenitor cells. Stem Cell Rep. 2017;8(6):1472–8.

 33. Pealosa-Ruiz G, Mulder KW, Veenstra G. The corepressor NCOR1 and OCT4 
facilitate early reprogramming by suppressing fibroblast gene expression. 
PeerJ. 2020;8:e8952.

 34. Karagiannis P, Takahashi K, Saito M, Yoshida Y, Okita K, Watanabe A, et al. 
Induced pluripotent stem cells and their use in human models of disease 
and development. Physiol Rev. 2019;99(1):79–114.

 35. Solis-Castro OO, Boissonade FM, Rivolta MN. Establishment and neural 
differentiation of neural crest-derived stem cells from human dental pulp 
in serum-free conditions. Stem Cells Transl Med. 2020;9(11):1462–76.

 36. Santos JM, Camões SP, Filipe E, Cipriano M, Barcia RN, Filipe M, et al. 
Three-dimensional spheroid cell culture of umbilical cord tissue-derived 
mesenchymal stromal cells leads to enhanced paracrine induction of 
wound healing. Stem Cell Res Ther. 2015;6(1):90.

 37. Frith JE, Thomson B, Genever PG. Dynamic three-dimensional culture 
methods enhance mesenchymal stem cell properties and increase thera-
peutic potential. Tissue Eng Part C Method. 2010;16(4):735–49.

 38. Jaukovi A, Abadjieva D, Trivanovi D, Stoyanova E, Kostadinova M, Pashova 
S, et al. Specificity of 3D MSC spheroids microenvironment: impact on 
MSC behavior and properties. Stem Cell Rev Rep. 2020;16(5):853–75.

https://doi.org/10.1155/2018/6704583
https://doi.org/10.1155/2019/8469012
https://doi.org/10.1177/2041731420930379
https://doi.org/10.1177/2041731420930379


Page 17 of 17Li et al. Biological Research           (2023) 56:17  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 39. Guo L, Zhou Y, Wang S, Wu Y. Epigenetic changes of mesenchymal 
stem cells in three-dimensional (3D) spheroids. J Cell Mol Med. 
2014;8(10):2009–19.

 40. Jeon S, Lee HS, Lee GY, Park G, Kin T, Shin J, et al. Shift of EMT gradient in 
3D spheroid MSCs for activation of mesenchymal niche function. Sci Rep. 
2017;7(1):6859.

 41. Li S, Ding C, Guo Y, Zhang Y, Wang H, Sun X, et al. Mechanotransduction 
regulates reprogramming enhancement in adherent 3D keratocyte 
cultures. Front Bioeng Biotechnol. 2021;9:709488.

 42. Cheema U, Brown RA, Alp B, MacRobert AJ. Spatially defined oxygen 
gradients and vascular endothelial growth factor expression in an engi-
neered 3D cell model. Cell Mol Life Sci. 2008;65(1):177–86.

 43. Dou L, Yan Q, Liang P, Zhou P, Zhang Y, Ji P. iTRAQ-based proteomic analy-
sis exploring the influence of hypoxia on the proteome of dental pulp 
stem cells under 3D culture. Proteomics. 2018. https:// doi. org/ 10. 1002/ 
pmic. 20170 0215.

 44. Chen G, Liu B, Yin S, Li S, Guo Y, Wang M, et al. Hypoxia induces an endo-
metrial cancer stem-like cell phenotype via HIF-dependent demethyla-
tion of SOX2 mRNA. Oncogenesis. 2020;9(9):81.

 45. Yeo CD, Kang N, Choi SY, Kim BN, Park CK, Kin JW, et al. The role of hypoxia 
on the acquisition of epithelial-mesenchymal transition and cancer 
stemness: a possible link to epigenetic regulation. Korean J Intern Med. 
2017;32(4):589–99.

 46. Bhang SH, Cho SW, La WG, Lee TJ, Yang KS, Sun AY, et al. Angiogenesis 
in ischemic tissue produced by spheroid grafting of human adipose-
derived stromal cells. Biomaterials. 2011;32(11):2734–47.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/pmic.201700215
https://doi.org/10.1002/pmic.201700215

	Spontaneous spheroids from alveolar bone-derived mesenchymal stromal cells maintain pluripotency of stem cells by regulating hypoxia-inducible factors
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cell culture
	Spontaneous spheroid formation
	Mechanical spheroid formation
	Cell viability
	Multi-differentiation capability
	Osteogenic differentiation
	Adipogenic differentiation
	Neurogenic differentiation

	Alkaline phosphatase staining and activity assay
	Oil-red O staining
	Immunofluorescence staining
	Reverse transcription quantitative polymerase chain reaction
	HIF-1a or HIF-2a inhibition
	Statistical analysis

	Results
	Spontaneous spheroid formation from AB-MSCs
	Cell proliferation and apoptosis analysis in AB-MSC spheroids
	Pluripotency analysis of AB-MSC spheroids
	Evaluation of the multi-differentiation ability of AB-MSC spheroids
	Stemness differences between spontaneous and mechanical spheroids
	Effect of HIF-12α on stemness maintenance of AB-MSC spheroids

	Discussion
	Pluripotency characteristics of AB-MSC spheroids
	Multi-differentiation capacity of AB-MSC spheroids
	Advantages of spontaneous spheroids compared to mechanical spheroids
	Effect of HIF-12α on stemness maintenance in AB-MSC spheroids

	Conclusions
	Anchor 36
	Acknowledgements
	References


