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a b s t r a c t

Introduction: Mesenchymal stromal/stem cells (MSCs) are multipotent, self-renewing cells that are
extensively used in tissue engineering. Dedifferentiated fat (DFAT) cells are derived from adipose tissues
and are similar to MSCs. Three-dimensional (3D) spheroid cultures comprising MSCs mimic the bio-
logical microenvironment more accurately than two-dimensional cultures; however, it remains unclear
whether DFAT cells in 3D spheroids possess high osteogenerative ability. Furthermore, it is unclear
whether DFAT cells from 3D spheroids transplanted into calvarial bone defects are as effective as those
from two-dimensional (2D) monolayers in promoting bone regeneration.
Methods: We compared the in vitro osteogenic potential of rat DFAT cells cultured under osteogenic
conditions in 3D spheroids with that in 2D monolayers. Furthermore, to elucidate the ability of 3D
spheroid DFAT cells to promote bone healing, we examined the in vivo osteogenic potential of trans-
planting DFAT cells from 3D spheroids or 2D monolayers into a rat calvarial defect model.
Results: Osteoblast differentiation stimulated by bone morphogenetic protein-2 (BMP-2) or
osteogenesis-inducing medium upregulated osteogenesis-related molecules in 3D spheroid DFAT cells
compared with 2D monolayer DFAT cells. BMP-2 activated phosphorylation in the canonical Smad 1/5
pathways in 3D spheroid DFAT cells but phosphorylated ERK1/2 and Smad2 in 2D monolayer DFAT cells.
Regardless of osteogenic stimulation, the transplantation of 3D DFAT spheroid cells into rat calvarial
defects promoted new bone formation at a greater extent than that of 2D DFAT cells.
Conclusions: Compared with 2D DFAT cells, 3D DFAT spheroid cells promote osteoblast differentiation
and new bone formation via canonical Smad 1/5 signaling pathways. These results indicate that trans-
plantation of DFAT cells from 3D spheroids, but not 2D monolayers, accelerates bone healing.
© 2021, 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

Mesenchymal stem/stromal cells (MSCs) are multipotent so-
matic stem cells that can differentiate into various mesodermal
cells such as osteoblasts, chondrocytes, myocytes, and adipocytes
[1]. MSCs offer unique opportunities for cellular therapy because of
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their ability to stimulate the regeneration of damaged tissues and
organs [2,3]. Adipose tissues are abundant throughout the body and
are known to contain two types of stem/stromal cells, namely,
adipose-tissue-derived MSCs (ASCs) and dedifferentiated fat
(DFAT) cells [4,5]. DFAT cells make a highly homogeneous and
proliferative cell population and possess multilineage potential for
differentiation into mesenchymal tissue lineages under suitable
culture conditions [6,7].

Two-dimensional (2D) monolayers are standard in traditional
in vitro cell culture. However, these conditions have been reported
to adversely affect self-renewal, replication, colony-forming
efficiency, and differentiation capacity [8,9]. In contrast,
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three-dimensional (3D) spheroid cultures are considered physio-
logically more similar to in vivo conditions; therefore, the above-
mentioned behaviors are better preserved when using 3D spheroid
cultures [10e12]. We recently reported that mouse MSCs from 3D
spheroids promote osteogenesis and bone healing via Wnt/beta-
catenin activation at a greater extent than MSCs from 2D mono-
layers [13]. However, whether osteogenesis is promoted at a greater
extent by DFAT cells grown in 3D spheroids or those in 2D mono-
layers remains unclear. Furthermore, it is unclear whether differ-
ences in the two culture conditions affect bone regeneration in
response to the transplantation of DFAT cells into bone defects.

In the present study, we assessed whether the osteogenerative
potential of 3D-spheroid DFAT cells is greater than that of 2D
monolayer DFAT cells in vitro. In addition, to elucidate the ability of
3D MSCs to regenerate bone, we examined the effects of 2D-
monolayer and 3D-spheroid DFAT cells on new bone formation in a
rat calvarial defect model in vivo.

2. Experimental methods

2.1. Isolation and ceiling culture of DFAT cells

All animals were used in accordance with the National Institute
of Health guidelines and the protocols approved by the Animal Care
Committee of the Fukuoka Dental College, Fukuoka, Japan (Certi-
fication Nos. 17004 and 18004).

We isolated DFAT cells from abdominal adipose tissue following
the protocol reported in a previous report [14]. In brief, approxi-
mately 1 g of abdominal adipose tissue was collected from a male
rat (24e30-week-old, Kyudo Co., Tosu, Japan). The tissue was
minced into fine pieces and digested with 0.1% collagenase solution
(Collagenase Type I, Koken Co., Ltd., Tokyo, Japan) and was incu-
bated in a container at 37 �C for 1 h. After filtration and low-speed
centrifugation at 1400 rpm for 1 min, the floating layer at the top
that contained the isolated adipocytes was collected. Approxi-
mately three drops of mature adipocytes were dropped into a flask
containing Dulbecco's Modified Eagle's Medium (DMEM, Fuji Film
Wako, Japan) with 20% fetal bovine serum (FBS, SigmaeAldrich Co.,
St. Louis, MO, USA). The cells floated and attached to the top of the
flask. After 7 days, the medium was removed and the flask was
turned upside down so that the cells were at the bottom. After
allowing the adherent cells to grow to approximately 80% conflu-
ence, they were either replated into monolayer cultures or used to
form spheroids. DFAT cells were used for experiments before they
reached the fifth passage. DFAT cells were used to generate spher-
oids based on the protocol described by Itaka et al. [15]. The cells
(4 � 105 cells/ml) were added to Cell able® low cell-binding surface
24-well plates (Toyo Gosei, Tokyo, Japan) and incubated in DMEM
at 37 �C for up to 48 h. After replating the 3D spheroid DFAT cells in
culture dishes, they were cultured in DMEM supplemented with
10% FBS. In some experiments, the 2D monolayer or 3D spheroid
DFAT cells were cultured in DMEM with bone morphogenetic
protein-2 (BMP-2) (30 ng/ml, Pepro Tech. Inc., NJ, USA) or
osteogenesis-inducing medium (OIM) with b-glycerophosphate
(10 mM, Sigma) and ascorbic acid (50 mg/mL, Sigma). In some ex-
periments, the DFAT cells were cultured with BMP-2 in the pres-
ence or absence of ERK1/2 inhibitor (U0126, Merck Co. Ltd.).

2.2. RNA isolation and quantitative reverse transcription
polymerase chain reaction

Total RNA was extracted from cells using TRIzol reagent. First-
strand complementary DNA (cDNA) was synthesized from 3 mg
total RNA using SuperScript II reverse transcriptase according to the
manufacturer's instructions (Invitrogen Carlsbad, CA, USA). To
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detect mRNA expression, we selected specific primers based on the
nucleotide sequence of the resultant cDNA (Table 1). RelativemRNA
expression was normalized as the ratio of targeted mRNAs to b-
actin expression levels. All reactions were executed in hexaplicate.

2.3. Western blot analyses

Cells were lysed in the TNT (0.1M Tris.HCl, pH 7.5; 0.15M NaCl;
0.05% Tween-20; Roche, Basel, Switzerland) buffer. Protein content
was measured using a protein assay kit (Pierce, Hercules, CA, USA).
Of each protein, 20 mg were subjected to 10.0% sodium dodecyl
sulfate polyacrylamide gel electrophoresis, and the separated pro-
teins were electrophoretically transferred to a polyvinylidene
fluoride membrane at 100 V and 4 �C for 1.5 h. The membrane was
incubated with antibodies against alkaline phosphatase (ALP;
Abcam Co. Ltd, Cambridge, England; Cat. No. ab108337), Runx2
(Cell Signaling Technology [CST], Tokyo, Japan; Cat. No. ab22552),
Osterix (Abcam; Cat. No. ab22552), p-Smad1/5 (CST; Cat. No.
#13820), p-Smad2 (CST; Cat. No. #3108), p-ERK1/2 (CST; Cat. No.
#4370), Smad1 (CST Cat. No. #6944), Smad2/3 (CST; Cat. No.
#8685), ERK1/2 (CST; Cat. No. #4695), and b-actin (SigmaeAldrich
Co., Tokyo, Japan; Cat. No. A5441) diluted 1:500 in tris-buffered
saline with tween (TBST: 10 mM triseHCl, 50 mM NaCl, 0.25%
Tween-20) plus 0.01% azide and 5% skimmilk overnight at 4 �C. The
blots were washed in TBST and incubated for 1 h with horseradish
peroxidase-conjugated antirabbit or antimouse immunoglobulin-G
secondary antibodies. The antibodies were diluted (1:2000) in 5%
skim milk TBST and were developed using an enhanced chemilu-
minescent system (GE Healthcare, Tokyo, Japan).

2.4. Flow cytometry analyses

Fluorescence-activated cell sorting (FACS) was performed to
characterize the DFAT cells. The following antibodies conjugated
with fluorescein isothiocyanate (FITC) or phycoerythrin (PE) were
used as MSC markers: anti-CD29-PE, anti-CD44-FITC, anti-CD90-
PE, and mouse IgGa1 isotype control (BD Bioscience, CA, USA).
The labeled cells were analyzed through flow cytometry using the
On-chip system (On-chip Biotechnologies Co., Ltd., Tokyo, Japan).
The ratio of each antibody-positive cell to the total cells was
quantified using the associated analysis software.

2.5. Alizarin red staining

After culturing with or without OIM, the cells were washed
twice with PBS and fixed in 4% paraformaldehyde for 10 min. The
cells were then stained with 1% alizarin red solution for 5 min. To
quantify alizarin red staining, the stained cells were lysed in 5%
formic acid at room temperature for 10 min. The cell lysates were
then collected and were quantified at an absorbance wavelength of
450 nm using a plate reader (ARVO MX, PerkinElmer, MA, USA).

2.6. Transplantation of cells into a rat model of calvarial bone
defects

All surgeries were performed under general anesthesia induced
by 2% isoflurane (Abbott Laboratories, Abbort Park, IL, USA) using
an airegas mixing machine (Anesthesia machine SF-B01; MR
Technology, Inc., Tsukuba, Ibaraki, Japan). All efforts were made to
minimize animal suffering. A circular bone defect (full-thickness,
8 mm diameter) was created in the calvarial bone with a trephine
drill and irrigated with saline to remove any bone debris. Controls
for the transplant experiments included calvarial defects trans-
planted with an absorbable collagen sponge (CS; Zimmer Biomet
Holdings, Inc., Warsaw, USA) of the type used as a wound dressing



Table 1
Quantitative RT-PCR primers.

Genes Forward and reverse primers (50-30) position Product size (bp) Acc No

ALP 50-ACGAGGTCACGTCCATCCT 586e604 71 NM_013059
50-CCGAGTGGTGGTCACGAT 656e639

Runx2 50-GGCCCTGGTGTTTAAATGG 75e93 54 NM_001278483
50-AGCACTCACTGACTCGGTTG 147e128

OSX 50-CCCAACTGTCAGGAGCTAGA 808e827 61 NM_001037632
50-GATGTGGCGGCTGTGAAT 885e868

b-actin 50-CCCGCGAGTACAACCTTCT 20e38 69 NM_031144
50-CGTCATCCATGGCGAACT 88e71
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in dental surgery. The rats were divided into five groups: a) the
control group with 8 mm CSs in the bone defects (n ¼ 5), b) the 2D
monolayer DFAT cell transplantation group (n ¼ 5), c) the osteo-
genic 2D monolayer DFAT cell transplantation group in which
osteogenesis had been induced by incubation with OIM for 7 days
(n ¼ 5), d) the 3D spheroid DFAT cell transplantation group (n ¼ 5),
and e) the 3D spheroid DFAT cell transplantation group in which
osteogenesis had been induced (n ¼ 5).
2.7. Microcomputer tomography analyses

Microcomputed tomography (m-CT) images (Skyscan-1176,
Bruker, Belgium) were obtained in vivo at 50 kV and 500 mA. Each
m-CT slice had a thickness of 35 mm. The percentage of new bone
formation in the bone defect was calculated from each m-CT image
as the area of the newly formed bone relative to the area of the
original defect as described in our previous report [16]. First, the
areas of newly formed bone in sagittal m-CT images were quantified
in two dimensions using WINROOF (Mitani Corporation, Tokyo,
Japan). On each m-CT image, 8-mm circles were drawn for analysis.
A series of 10 m-CT images that showed the areas with the highest
amounts of new bone formation were used for the analysis of each
sample. The percentage of new bone formation in the defect (% of
new bone) was calculated as the total area of new bone formed in
five m-CT images, � 100. Before measurements, images were
adjusted so that the top of calvaria was positioned in the vertical
plane. Edited images were stored and analyzed using CT-An image
analysis software (Bruker, Belgium). The 30 sections with the
calvaria bone were used and analyzed to measure the bone mineral
density (BMD) used in bone surgical regions after transplantation
in a rat model of calvarial bone defects.
2.8. Hematoxylin and eosin staining

Rat calvarial bone was collected at 12 weeks after trans-
plantation. The samples were fixed in 4% (w/v) paraformaldehyde/
phosphate buffer (pH 7.4), decalcified with 0.24M ethylenediamine
tetra-acetic acid solution, dehydrated with a graded alcohol series,
cleared in xylene, and embedded in paraffin. Staining was per-
formed using 3 mm-thick sections following standard protocols. The
paraffin-embedded sections were stained with hematoxylin and
eosin (HE) and toluidine blue to evaluate any histological changes.
The border line between the newly formed bones and old bones
were evaluated based on the difference in the staining intensity of
eosin. All sections were histologically observed with a Nikon
Eclipse fluorescence microscope (Nikon, Tokyo, Japan).
2.9. Statistical analyses

Data are expressed as mean ± standard error of the mean. Dif-
ferences were analyzed using one-way analysis of variance and
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Scheffe's multiple comparisons test. P-values of <0.05 were
considered significant.
3. Results

3.1. Osteogenic stimulation significantly upregulated osteogenesis-
related molecules in DFAT cells

To characterize DFAT cells as stem/stromal-like cells, FACS was
first performed using the cells collected from the adipose tissues.
Almost all DFAT cells (>85%) were positive for mesenchymal stem
markers (CD44, CD90, and CD29; Fig. 1A).

We examined morphological changes in cultured 2D monolayer
and 3D spheroid DFAT cells. Although both types of DFAT cells
proliferated and spread in a time-dependent manner, there
remained a small number of spheroids even through day 7 in cul-
ture (Fig. 1B). Furthermore, no cytological changes such as
apoptosis or necrosis were observed in either 2D monolayer or 3D
spheroid DFAT cells. To assess the differences in calcium secretion
between 2D monolayer and 3D spheroid DFAT cells, both types of
cells were cultured with OIM. Alizarin red staining increased on day
14 after the induction of osteogenesis in 2D monolayers and on day
7 in 3D spheroids (Fig. 1C). Furthermore, the extent of alizarin red
staining was higher in 3D DFAT cells than in 2D culture on days 14
and 21 after the induction of osteogenesis.

Treatment with BMP-2 (30 ng/mL) increased the expression of
mRNA from osteogenesis-related genes such as ALP (Alpl), Runx2
(Runx2), and OSX (Sp7), compared with those in the control
(without BMP-2) in both 2D and 3D cell culture (data not shown).
Furthermore, after BMP-2 treatment, the expression of these
mRNAs was significantly more upregulated in 3D DFAT cells in a
time-dependent manner than in 2D DFAT cells (Fig. 2A). Although
ALP, Runx2, and OSX mRNA expression in response to BMP-2
treatment increased by day 3 in both types of DFAT cells, the in-
crease was greater in 3D than in 2D DFAT cells. Similar results were
obtained after the cells were stimulated with OIM.

Consistent with the increased mRNA levels, osteogenic stimu-
lation by BMP-2 upregulated osteogenesis-related proteins such as
ALP, Runx2, and OSX in a dominant and time-dependent manner
that was more marked in 3D than in 2D DFAT cells (Fig. 2B). The
data indicated that the 3D DFAT cells were stimulated more than
the 2D cells toward osteoblast differentiation.

Furthermore, BMP-2 mainly activated the expression and
phosphorylation of ERK1/2 and Smad2 in 2D-monolayer DFAT cells.
In 3D DFAT cells, however, BMP-2 mainly phosphorylated Smad1/5
but not Smad2 and there was a greater reduction in total Smad1/5
protein levels in the 3D DFAT cells than in the 2D DFAT cells during
osteogenesis (Fig. 2C). The phosphorylation of ERK1/2 also
increased at a greater extent in 3D than in 2D DFAT cells.

To clarify whether an upstream enzyme ERK1/2 activation
further promotes osteogenesis in 2D DFAT cells, little 3D DFAT cells,
we examined the effects of U0126, an ERK1/2 inhibitor (Fig. 2D), on



Fig. 1. Flow cytometric analysis and representative images of cultured and alizarin redestained 2D monolayer and 3D spheroid dedifferentiated fat (DFAT) cells. (A) Ratio of
positive cells in CD44, CD29, and CD90 stemness markers in DFAT cells. Mouse IgGa1was used as the control. (B) Phase contrast images of cultured 2D monolayer and 3D spheroid
DFAT cells. Scale bar ¼ 100 mm. (C) Alizarin red staining showed calcium deposition in OIM-treated 2D monolayer and 3D spheroid DFAT cells. Scale bar ¼ 100 mm. Calcium
deposition rates were calculated at 14 and 21 weeks in alizarin red staining after OIM stimulation. Data shown are the means from three wells (mean ± standard error of the mean).
Symbol ** denotes p < 0.01 in 2D vs. 3D DFAT cells.
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the expression of osteogenesis-related molecules in the present
study. BMP-2 incubation with U0126 dramatically suppressed the
expression of osteogenesis-related genes in 2D DFAT cells but
partially suppressed the expression in 3D DFAT cells, suggesting
that the expression of BMP-2-induced genes was activated in 2D
DFAT cells, but less in 3D DFAT cells, through the ERK1/2-Smad2/3
signaling pathway.

3.2. Transplantation with 3D DFAT cells significantly promoted new
bone formation in a rat model of calvarial bone defects

To clarify whether the promotion of new bone formation occurs
at a higher rate in 3D DFAT cells than in 2D DFAT cells, we trans-
planted a CS scaffold (control) or 2D/3D DFAT cells into rats with a
calvarial bone defect (Fig. 3A and B). In parallel experiments, both
types of DFAT cells were transplanted after osteogenic stimulation
for 7 days. After 2 weeks from transplantation, m-CT images
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revealed no differences in the rat calvarial bone defects among the
control animals and those transplanted with 2D or 3D DFAT cells.
After 12 weeks from transplantation, new bone formed around the
defects in rats transplanted with 2D or 3D DFAT cells at rates higher
than those in the control groups. Furthermore, osteogenic stimu-
lation of 2D and 3D DFAT cells before transplantation promoted the
formation of new calvarial bone beyond that observed with unsti-
mulated cells. Bone formationwas stimulated to a greater extent by
3D than by 2D DFAT cells whether or not they had experienced
osteogenic stimulation. Consistent with the m-CT data, histological
analysis of HE-stained sections and toluidine blue-stained showed
that new bone regeneration at 12 weeks after the transplantation
was significantly greater in rats transplanted with 3D DFAT cells
than in the control rats or those transplanted with 2D DFAT cells
(Fig. 3C). The transplantation of either 2D or 3D DFAT cells that had
experienced osteogenic stimulation increased the formation of new
calvarial bone slightly more than the transplantation of



Fig. 2. Effects of BMP-2 stimulation on the expression of osteogenesis-related molecules in 2D monolayer and 3D spheroid DFAT cells. (A) DFAT cells in 2D and 3D cultures
were treated with BMP-2 (30 ng/mL). Expression of the osteogenesis-related genes Alpl (ALP), Runx2, and Sp7 (Osterix) increased in cells from both types of cultures following
incubation with BMP-2. Samples were analyzed by quantitative reverse transcription polymerase chain reaction and were normalized to b-actin mRNA. Data shown are the means
from six culture wells (mean ± standard error of the mean). Symbols * and **, respectively, indicate p < 0.05 and p < 0.01 in 2D vs. 3D DFAT cells. (B) 2D and 3D DFAT cells were
treated with BMP-2 (30 ng/mL). Western blotting was performed using targeted and b-actin antibodies in 2D and 3D DFAT cells. Similar results were obtained in three independent
experiments. (C) DFAT cells were treated with BMP-2 (20 ng/mL). The expression of BMP receptor downstream the signaling molecules such as ERK1/2, Smad1/5, and Smad2/3 and
their phosphorylated proteins following BMP-2 incubation. Samples were analyzed using Western blot analysis and normalized to b-actin proteins. Similar results were obtained in
four independent experiments. (D) Two- and three-dimensional DFAT cells were treated with BMP-2 in the presence or absence of U106 (10 mM), an ERK1/2 inhibitor. The
expression of osteogenesis-related genes in DFAT cells following BMP-2 (20 ng/mL) incubation. Samples were analyzed using quantitative reverse transcription polymerase chain
reaction and normalized to b-actin mRNA. Data shown are the means from five culture wells (mean ± standard error of the mean). Symbols ** indicates p < 0.01 in 2D monolayer vs.
3D spheroid DFAT cells.
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unstimulated cells. Furthermore, toluidine blue staining results
revealed that the newly formed areas comprised layered bone in
the lateral side and sponged-like bone in the medial side. The new
bone area in 3D DFAT transplantation was higher calcification than
that of 2D DFAT.

BMD increased in the surgical site of the transplantation of 3D
DFAT cells compared with that of the transplantation of 2D DFAT
cells at 12 weeks after the transplantation (Fig. 3D). Furthermore,
the BMD in osteogenic stimulation of 3D DFAT cells before trans-
plantation significantly increased compared with the control.
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However, no significant difference was noted in the BMD of 3D
DFAT transplantation with or without osteogenic stimulation at 12
weeks after the surgery, suggesting that the bone in surgical re-
gions may be incomplete calcification.

4. Discussion

The 3D cultures of MSCs have been reported to allow the cells to
adapt to their native shape, upregulate cell-to-cell contacts, and
interact with the extracellular matrix [15,17]. In the present



Fig. 3. Transplantation with 3D spheroid DFAT cells promoted new calvarial bone formation in rats. (A) Vertical microcomputed tomography (m-CT) images of bone defects in
rats (age: 10 weeks) transplanted with cells from both 2D and 3D cultures. The images on the left show cases where a CS scaffold (control) was transplanted, the central images
show cases where CS scaffolds containing 2D DFAT cells were transplanted, and the images on the right show CS scaffolds containing 3D DFAT cells with or without prior
osteogenesis stimulation (OGS) with osteogenesis-inducing medium for 7 days. The white dashed circles indicate calvarial bone defects (8 mm in diameter). (B) Calculated new
bone deposition rates at 12 weeks after transplantation with or without OGS. The percentage of new bone mineral deposition was calculated from the bony tissue within the white
dashed circles in the five types of grafts. Data shown are from five rats (mean ± standard error of the mean). Symbol * denotes p < 0.05, and ** denotes p < 0.01 in the control vs.
each transplantation group and in 3D vs. 2D DFAT cells at 12 weeks. (C) Histological images of the sagittal sections of calvarial bone tissues at 12 weeks after transplantation.
Symbols B, N, and C indicate original, new bone, and connective tissues, respectively. Scale bar ¼ 1 mm. (D) Bone mineral density (BMD) was calculated in the surgical regions
(white dashed circles) at 12 weeks after each transplantation. Data shown are the means from five rats (mean ± standard error of the mean). Symbol * denotes p < 0.05 in control vs.
each transplantation group in DFAT cells at 12 weeks.
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experiments, we provide evidence to support the hypothesis that
3D spheroid DFAT cells enhance osteogenic potential and promote
bone regeneration more than 2D monolayer DFAT cells: the
expression of osteogenesis-related molecules was upregulated in
3D spheroid DFAT cells and new bone formation was promoted
after transplanting 3D spheroid MSCs into a rat model of calvarial
bone defects. The transplantation of osteoinduced 3D spheroid
477
DFAT cells further increased new bone formation in rat calvarial
bone defects.

DFAT cells have been reported to have a higher osteogenesis
potential than ASCs after transplantation into a young rat model of
calvarial bone defects [18,19]. In the present study, transplantation
with only CSs resulted in large increases in the connective tissue
but less new bone in defect areas, as noted in histological analysis.
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In our study, we observed significantly greater bone regeneration
following the transplantation of 3D spheroid or 2Dmonolayer DFAT
cells using the rat model of calvarial bone defects. Functional repair
of the calvarial bone requires an optimal biochemical response, and
on the basis of the data obtained from alizarin staining, 3D spheroid
DFAT cells possessed a greater capacity to deposit calcium than 2D
monolayer DFAT cells. Furthermore, BMP-2 and OIM upregulated
osteogenesis-associated molecules more in 3D spheroid DFAT cells
than in 2D monolayer DFAT cells. These results suggest that the
osteogenic potential of 3D spheroid DFAT cells is higher than that of
2D monolayer DFAT cells.

MSCs have been reported to generate various secretomes
during 3D spheroid MSC culture, such as angiogenic cytokines
and proteins associated with increased wound-healing [8,20].
Furthermore, MSCs must be primed with proinflammatory cyto-
kines to acquire their anti-inflammatory properties [21,22], and
3D spheroid MSCs are self-stimulated by autocrine interleukin-1
signaling to have enhanced anti-inflammatory properties [23].
Furthermore, DFAT cells have also been reported to secrete
several cytokines associated with bone formation and angio-
genesis [24].

Transplanted green fluorescent proteinelabeled DFAT cells have
been observed at the transplant sites in the areas of newly formed
bones [19,24]. The transplanted DFAT cells were detected at the
injection site 5 weeks after transplantation. In the present study, 3D
spheroid DFAT cells showed greater in vivo potential for calvarial
bone regeneration than 2D monolayer DFAT cells at 8 weeks after
the transplantation regardless of osteogenic stimulation. The
findings suggest that some DFAT cells were at least partially grafted
onto the transplanted calvarial bone and contributed to osteo-
genesis directly via the differentiation into osteoblasts and/or
indirectly via the secretion of osteogenic cytokines.

A previous study used 2D monolayer DFAT cells cultured with
OIM before transplantation into mandibular lesions [25]. Following
the transplantation of the cells, they observed a small amount of
cementum on exposed root surfaces in the lesions as well as in
periodontal ligaments and soft tissues. In the present study, we
found that the transplantation of osteoinduced DFAT cells stimu-
lated thicker calvarial bone formation and higher BMD at the sur-
gical site than nonosteoinduced or 2D DFAT cells. These findings
suggest that DFAT cells are a promising source of osteoblasts for
calvarial bone regeneration.

The various TGF-b superfamilies, including BMP-2, are well
known to lead ligand-specific modulation of downstream signaling
at all cellular levels such as the Smad1/5/8 and Smad2/3 complexes
[26]. The BMP receptor has mainly been known to activate Smad1/
5/9 phosphorylation in canonical downstream pathways that
converge at the Runx2 gene [27,28]. Furthermore, Runx2 tran-
scriptional activity has also been reported to be regulated by ERK-
dependent phosphorylation [29]. In the present study, we found
that BMP-2 phosphorylated Smad1/5 and ERK in 3D DFAT cells but
only Smad2 in 2D DFAT cells. The ERK/MAPK pathway has been
reported to control the differentiation of osteoblast progenitors and
MSCs in response to changes in the levels of hormones, cytokines,
and morphological proteins [30]. Therefore, the ERKeSmad1/5
pathway in 3D DFAT cells activated the promotion of osteoblast
differentiation via the transcriptional activation of Runx2 in 3D
DFAT cells.

Furthermore, the cell shape in the culture was regulated to
activate downstream signaling pathway during osteogenesis in
present study. One possibility is that cell aggregation in 3D
spheroid is a natural shape observed into the body but 2D mono-
layer cells is an artificial shape, resulting in different downstream
signaling between canonical pathway in Smad 1/5 in 3D DFAT cells
and noncanonical pathway in Smad 2/3 in 2D DFAT cells.
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Autograft transplantation suffers from an insufficient supply of
donor material and significant morbidity at the donor tissue site
[31]. Allografts and xenografts have inherent risks such as immu-
nogenic response and transmission of disease from donor to
recipient. Furthermore, synthetic bone scaffolds used in bone tissue
engineering have usually induced insufficient osteogenesis [32].
Cytotherapy, however, has been expected to provide synergistic
effects on cell differentiation and cytokine secretion from trans-
planted cells. Therefore, 3D DFATcells, which were grown in amore
natural biological microenvironment, are suggested to be more
suitable as cell sources for cytotherapy. Combining 3D spheroid
DFAT cells, particularly in the presence of osteogenesis induction,
and scaffolds made from bone biomaterials would offer all these
advantages and provide for more effective dental cytotherapy.
5. Conclusions

3D DFAT spheroid cells promote more osteoblast differentiation
and new bone formation via canonical Smad 1/5 signaling path-
ways than 2D DFAT cells.
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