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Abstract

Mesenchymal stem/stromal cells (MSCs) are multipotent and self-renewal cells that
are widely used in regenerative medicine. The culture of three-dimensional (3D) spheroid
MSCs more accurately mimics the biological microenvironment. However, it is unclear
which key molecules are responsible for the cell fate control of MSCs during 3D spheroid
formation and their impact on the functional characteristics of these stem cells. Furthermore,
it remains unclear what effects 3D spheroid MSC transplantation has on new bone formation
compared with that of 2D monolayer MSCs. We assessed whether the osteogenerative
potential of 3D spheroid MSCs is greater than that of 2D monolayer MSCs in vitro. In
addition, to elucidate the ability of 3D spheroid MSCs to regenerate bone, we examined the
effects of transplanting wild-type (WT) or knockout (KO) spheroid MSCs on new bone
formation in mice calvarial defect model in vitro.

The 3D spheroid MSC culture dramatically upregulated into stemness markers compared
with the 2D monolayer MSC culture. In contrast, BMP-2 significantly increased the
osteogenesis-related molecules in the 3D spheroid MSCs but, in turn, downregulated the
stemness markers. BMP-2 activated Smadl/5 together with Wnt/B-catenin in 3D spheroid
MSCs. Transplantation of these MSCs into aged mice with calvarial defects promoted new
bone formation compared with that of 2D monolayer MSCs. In contrast, transplantation of
3D or 2D B-catenin knockout MSCs induced little new bone formation. The 3D spheroid
MSC culture had higher stemness compared with the 2D monolayer MSC culture. The
culture of 3D spheroid MSCs rapidly promoted osteoblastogenesis and bone formation
through synergistic activation of the Wnt/B-catenin pathway in vitro. The transformation of
3D spheroid, but not 2D monolayer, MSCs promoted new bone regeneration in vivo.

These results indicate that transplantation of 3D spheroid MSCs in regeneration therapy
contributes to a shorter regenerative healing process, including new bone formation.
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1. Introduction

Mesenchymal stem/stromal cells (MSCs) are multipotent somatic stem cells that can
differentiate into a variety of mesodermal cells, such as osteoblasts, chondrocytes, myocytes,
and adipocytes [1]. Recent studies have demonstrated that cell engineering has been assessed
in clinical trials using MSCs [2,3]. Furthermore, MSCs represent unique opportunities in
cellular therapy owing to their ability to stimulate the regeneration of damaged tissues and
organs.
Because of ease of use, two-dimensional (2D) monolayer conditions have been used as a
standard technique in traditional cultures; however, these present a highly artificial and less
physiological environment because some in vitro characteristics and traits are lost or
compromised, such as self-renewal, replication, colony-forming efficiency, and
differentiation capacity [4,5]. In contrast, three-dimensional (3D) spheroid cultures are
regarded as more physiologically similar to these characteristics, which are then better
preserved [6]. Furthermore, in vitro 3D spheroids have been used in the field of stem cell
research [7], and an organoid culture shows that these stem cells exhibit better tissue-specific
function to faithfully recapitulate the in vivo tissue development and regenerative processes
[8]. Thus, the potential for osteogenesis differentiation using 3D spheroid MSCs is greater in
bone-regenerative medicine. However, it is unclear about 3D spheroid MSCs may promote
osteogenesis compare to 2D monolayer MSCs.

Accordingly, an increasing number of studies have employed spheroid aggregates of
cultured MSCs and have found distinctive patterns of gene expression, increases in cytokine
secretion, or multilineage differentiation compared with those of a 2D monolayer MSC
culture [9]. Despite the increasing interest in 3D spheroid MSCs, it is unclear which key
molecules are responsible for the cell fate control of MSCs during 3D spheroid formation and

their impact on the functional characteristics of these stem cells. Furthermore, it remains



unclear what effects 3D spheroid MSC transplantation has on new bone formation compared
with that of 2D monolayer MSCs.

In the present study, we assessed whether the osteogenerative potential of 3D spheroid
MSCs is greater than that of 2D monolayer MSCs in vitro. In addition, to elucidate the ability
of 3D MSCs to regenerate bone, we examined the effects of transplanting wild-type (WT) or
knockout (KO) spheroid MSCs on new bone formation in an aged mice calvarial defect

model in vitro.

2. Materials and Methods
2.1. Cell culture

Mouse bone marrow stromal precursor D1 ORL UVA cells (ATCC® CRL-12424
Manassas, VA, USA) were cultured in D-MEM (Fuji Film Wako, Japan) containing 10%
FBS (Sigma-Aldrich Co., St. Louis, MO, USA) at 37 °C and 5% CO,. The 3D MSCs
formation was used for generation of spheroid MSCs as described by Itaka [10]. MSCs (4%
10° cells/ml) were added to Cell able® low cell binding plates (Toyo Gosei, Tokyo, Japan)
and incubated up to 48 h. After re-plated 3D spheroid MSCs in culture dishes, the MSCs
were cultured in medium supplemented with or without BMP-2 (20 ng/ml, Pepro Tech. Inc.,

NJ, USA).

2.2. Generation of B-catenin knockout (Ctnnb KO) cell MSCs

We used CRISPR/Cas9 design tool with CRISPR/Cas9 vector (px330-U6-CBh- hSpCas9,
Addgene, Cambridge, MA, USA) for genome editing. The vector was linearized by Bbsl, and
guide oligos were cloned into the vector using DNA ligase. The plasmids were transfected
into the cells using Lipofectamine® 3000 (Thermo Fisher Sci., Tokyo, Japan). The next day,

single cells were sorted into 96-well plates. After 2 weeks, colonies emerged, and single



colonies were expanded into 6-well plates. The Ctnnb KO cells and parent (WT) cells were

selected using Western blot analysis.

2.3. RNAisolation and gRT-PCR

Total RNA was extracted from the cells using the TRIzol reagent. First-strand cDNA was
synthesized from 3 pg total RNA using SuperScript Il reverse transcriptase (Invitrogen,
Thermo Fisher Scientific, MA, USA). To detect mRNA expression, we selected specific
primers based on the nucleotide sequence of the resultant cDNA. The gRT-PCR analyses of
targeted mMRNAs were performed using SYBR Prime Script RT-PCR kit and Bio-Rad C
system (Bio-Rad, Hercules, CA, USA). Reaction conditions were: an initial step at 95 °C for
30 s, followed by 40 cycles of denaturation at 95 °C for 5 s, annealing at 60 °C for 10 s and
extension at 72 °C for 35 s. The threshold cycle (Ct) was defined as the fractional cycle
number. The gene expression level was expressed relative to that of GAPDH that provides an
internal standard for the amount of RNA isolated from a specimen. The delta (delta Ct)
method was used to calculate the fold change for each sample. The relative Ct was

normalized by the value before BMP-2 (day0).

2.4. Western blot analysis

Cells were then lysed in TNT buffer (Roche, Basel, Switzerland). The protein content was
measured using a protein assay kit (Pierce, Hercules, CA, USA). Twenty micrograms
proteins were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis,
and the separated proteins were electrophoretically transferred to a polyvinylidene fluoride
membrane at 75 V and 4°C for 1.5 h. The membrane was incubated with the targeted and
internal control antibodies in 5% skim milk TBST (10 mM tris-HCI, 50 mM, NaCl 0.25%

Tween-20) overnight at 4 °C. The blots were washed in TBST and incubated for 1 h with



horseradish peroxidase conjugated secondary antibodies in 5% skim milk TBST and
developed using chemiluminescent system (GE Healthcare, Tokyo, Japan). The signal
intensity of chemiluminescence was quantitatively analyzed with ImageJ software (NIH,

Bethesda, MD).

2.5. Transplantation of 2D or 3D spheroid MSCs into calvarial bone defect model mice
Animal studies were conducted in accordance with the protocols approved by the Animal
Care and Use Committee of Fukuoka Dental College (No. 17025). All surgeries were
performed under general anesthesia induced 2% isoflurane using an air mixture gas machine
(SF-B01, MR Technology, Inc., Ibaraki, Japan). A circular bone defect (4 mm diameter) was
created in the calvarial bone with a trephine drill. Controls transplanted with a collagen
sponge (CS; Zimmer Biomet Holdings, Inc., Warsaw, USA). The mice were divided into
three groups: (a) control, (b) transplated 2D MSCs and CS (c) transplated 3D spheroid MSCs
and CS. Some experiments, Ctnnb KO cells instead of wild type cells transplanted into

calvarial bone defects.

2.6. Microcomputed tomography analysis

Microcomputed tomography (u-CT) images were taken using pu-CT equipment (Skyscan-
1176; Bruker, Belgium). The percentage of new bone formation was calculated from each p-
CT image as the area of new formed bone/area of the original defect, in accordance with our
previous paper [11]. The percentage of new bone formation in the defect (% of new bone)

was calculated as the total area of new bone formation per 5 u-CT images x 100.

2.7. Statistical analyses



Data are expressed as the mean + standard error of the mean (SEM). Differences were
analyzed by one-way analysis of variance and Scheffe’s multiple comparison tests.

P-values < 0.05 were considered to be significant.

3. Results
3.1. Expression of stemness-associated genes was upregulated in the 3D spheroid MSC
and decreased during osteogenesis

First, we conducted mRNAs in 3D spheroid MSCs and compared them with those in
2D monolayer MSCs during osteogenesis. Quantitative reverse transcription polymerase
chain reaction analysis showed that the basal expression levels of stemness-associated genes,
such as Nanog, Oct4, KlIf4 and Sox2 mRNAs, were also upregulated in the culture of 3D
spheroid MSCs without BMP-2 treatment compared with those in the 2D monolayer MSCs
(Fig. 1A). BMP-2 significantly downregulated the stemness-related genes in the 3D spheroid
MSCs in a time-dependent manner but remained constant or was slightly increased on these
genes in 2D monolayer MSCs, which was consistent with DNA microarray data (Fig. 1B).
The culture of 3D spheroid MSCs also upregulated the expression of OCT4A and Nanog
proteins compared with the 2D monolayers MSCs, and BMP-2 downregulated these in 3D

spheroid MSCs but had little effect on them in 2D monolayer MSCs.

3.2. BMP-2 significantly upregulated the expression of osteogenesis-related molecules in
3D spheroid MSCs compared with that in 2D monolayer MSCs

BMP-2 increased the expression of osteogenesis-related genes, such as ALP, Runx2,
and OSX mRNAs, compared with those in the control (without BMP-2) in both types of
culture (Fig. 1C). The expression of their mMRNAs and proteins after BMP-2 treatment was

significantly upregulated in 3D spheroid MSCs in a time-dependent manner compared with



that in 2D monolayer MSCs (Fig. 1C and Fig. 2A). The peak time for expression of mMRNAs
after BMP-2 treatment was 5 d in 2D monolayer MSCs and 3 d in 3D spheroid MSCs.
Furthermore, BMP-2 significantly activated its downstream molecules, such as p-Smad1/5, p-
p38, and p-ERK, in 3D spheroid MSCs compared with those in 2D monolayer MSCs (Fig.

2A).

3.3. BMP-2 simultaneously induced Wnt/B-catenin and Hippo-associated molecules in
the 3D spheroid MSC culture

BMP-2 transiently upregulated the expression of B-catenin mMRNAs and proteins, and
its expression was significantly increased in 3D spheroid MSCs than in 2D MSCs during
osteogenesis (Fig. 1D and Fig. 2B). Similar results were obtained after being stimulated with
osteogenesis-induced medium. Furthermore, the upregulation of GSK3-B, a [-catenin
suppressor, conversely decreased the expression of 3-catenin proteins after BMP-2 treatment
in both types of culture (Fig. 2B). Transcriptional coactivator YAP and transcriptional
coactivator with PDZ-binding motif (TAZ) and Hippo-signaling molecules have recently
been implicated as regulators of osteoblast differentiation [12-14]. To clarify whether 3D
spheroid MSCs activate YAP/TAZ during osteogenesis, we examined the effect of BMP-2
treatment on the expression of YAP/TAZ in 3D spheroid MSCs in the present experiments.
BMP-2 transiently downregulated YAP/TAZ expression on day 1 and then upregulated it
more in 3D spheroid MSCs than in 2D monolayer MSCs. Furthermore, to determine whether
these transcriptional factors localize to the nucleus during osteogenesis in 3D spheroid MSCs,
we examined the expression of their proteins on nuclear proteins after BMP-2 treatment (Fig.
2C). The translocation of [-catenin and YAP/TAZ, as well as p-Smad 1/5/9, significantly

increased in 3D spheroid MSCs compared with those in 2D MSCs.



3.4. BMP-2 did not induce osteogenesis and bone regeneration in p-catenin knockout 3D
spheroid MSCs

To clarify the potential role of Wnt/B-catenin and its related molecules that were
activated in 3D spheroid MSCs during osteogenesis, we generated KO MSCs targeted to 3-
catenin (Ctnnb KO MSCs) using the CRISP/Cas9 vector. Expression of only [B-catenin
protein but not the other osteogenesis- and Hippo-related proteins was effectively inhibited in
Ctnnb KO MSCs compared with those in the parent MSCs (Fig. 3A and Supplemental Fig. 1).
BMP-2-induced upregulation of the osteogenesis-related mRNAs and proteins in 2D
monolayer Ctnnb KO MSCs was similar to that of parent WT 2D monolayer MSCs (Fig. 3A
and Fig. 3B); however, BMP-2 had nearly no effect on osteogenesis-related mRNAs and
proteins in 3D spheroid Ctnnb KO MSCs. In addition, the nuclear translocation of
osteogenesis-related molecules was partially suppressed in 3D spheroid Ctnnbl KO MSCs,

but not in 2D monolayer Ctnnb KO MSCs (Fig. 3C).

3.5. Implantation with 3D spheroid MSCs promoted new bone formation in aged mice
with a calvarial defect

To clarify whether 3D spheroid MSCs could potentiate new bone formation more
than 2D monolayer MSCs in vitro, we transplanted a collagen sponge scaffold (control) with
3D spheroid MSCs or 2D monolayer MSCs into 40-week-old mice with a calvarial bone
defect (Fig. 4A). Previous reports, including ours, have suggested that calvarial defects in
mice >30 weeks old do not heal spontaneously during bone regeneration [11, 15]. Two weeks
after transplantation, u-CT images revealed no difference in the mouse calvarial defects
among the control, transplantation with 2D MSCs, and transplantation with 3D spheroid
MSCs groups (Fig. 4A and Fig. 4B). Four weeks after transplantation, the small peninsulas of

new bone formed in the MSC-transplanted mice with higher rates noted in the mice



transplanted with 3D spheroid transplantation than in the mice in the control or 2D
transplantation groups. This trend continued for up to 12 weeks. Consistent with the data
using p-CT analysis, histological analysis of hematoxylin and eosin (HE)-stained sections
showed that new bone regeneration significantly increased in mice transplanted with 3D
spheroid MSCs compared with that in the control or 2D monolayer MSC groups 12 weeks
after transplantation (Fig. 4C).

To clarify furthermore whether 3D spheroid Ctnnb KO MSCs suppress new bone
formation, we transplanted a collagen sponge scaffold (control) with 3D spheroid Ctnnb1l KO
MSCs or 2D monolayer Ctnnb KO MSCs into 40-week-old mice with calvarial bone defects
Surprisingly, pu-CT analysis and HE staining showed little new bone formation in the
calvarial bone in any of the three types of transplantation, which indicated that the
upregulation of B-catenin and its related molecules in 3D spheroid MSCs promoted bone

regeneration in calvarial defects more than in 2D monolayer MSCs.

4. Discussion

3D spheroid MSC cultures have some advantages over the standard 2D monolayer
MSC cultures. The 3D spheroid MSC culture allows the cells to adapt to their native shape,
the upregulation of cell-to-cell contacts, and the interaction between the cells and the
extracellular matrix [10, 16]. In the present experiments, we demonstrated three lines of
evidence to support the conclusion that 3D spheroid MSCs enhance osteogenic potential and
promote bone regeneration compared with 2D monolayer MSCs as follows: 1) 3D spheroid
MSCs exhibited increased stemness molecules, 2) the expression of osteogenesis-related
molecules was upregulated in 3D spheroid MSCs together with the activation of Wnt/j-

catenin signaling, and 3) new bone regeneration was activated after transplanting WT 3D
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spheroid MSCs into the bone defect model mice but little was activated after transplanting
Ctnnb (B-catenin) KO spheroid MSCs.

The culture of 3D spheroid MSCs enhanced the expression of other desirable
phenotypes, such as improved MSC stemness and increased survival after transplantation [6].
MSCs retain their physiological behaviour longer in cultures of 3D spheroid MSCs compared
with that of 2D monolayer MSCs [17]. The transplantation of 3D spheroid MSCs into
animals induces these cells to differentiate into the tissues that are nearly indistinguishable
from those of native organs [18].

In our in vitro experiments, the 3D spheroid MSCs was upregulated stemness marker
expression, and the osteogenesis differentiation capacity was higher than that in 2D
monolayer MSCs. Moreover, the transplantation of 3D spheroid MSCs, but not 3D spheroid
Ctnnb KO MSCs, in vivo promoted new bone formation in the calvarial defect in aged mice,
which suggested a key pathway in 3D-activated Wnt/B-catenin signaling.

Whnt signalling is known as a major developmental signalling pathway that is
particularly critical in stem cell maintenance and differentiation; however, no Wnt signalling
activation was detected during osteogenic differentiation in 2D monolayer hTERT MSCs,
which indicated that active Wnt signalling is not a biological requirement in 2D monolayer
MSCs [19]. Furthermore, Wnt signalling has been reported to distinctively regulate MSCs in
a biphasic manner, exhibiting proliferation and self-renewal under low Wnt/B-catenin
signalling and enhancement of osteoblastogenesis with priming to osteoblast lineages under
high Wnt/B-catenin signalling [20]. In the present study, the environment of the 3D spheroid
MSC culture is more closely recaptured in very simplistic terms in vivo, which activates
Whnt/B-catenin signalling in 3D spheroid MSCs compared with that in 2D monolayer MSCs.
In contrast, BMP-2 induces p-Smad1/5 nuclear translocation in both 3D spheroid Ctnnb KO

MSCs. Similar results were observed in the present in vivo experiments by transplanting 3D
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spheroid MSCs into the calvarial defect mouse model. These findings indicated that the
culture of 3D spheroid MSCs activated Wnt/p-catenin as well as Smad signalling, which
resulted in synergistic osteogenesis effects on bone regeneration in vivo.

On the other hand, MSCs have been reported to express several different secretomes
during 3D spheroid MSC culture, such as increased wound-healing features and angiogenesis
cytokines [21, 22]. MSCs must be primed with proinflammatory cytokines to acquire their
anti-inflammatory properties [23, 24], and spheroid MSCs are self-stimulated by autocrine
interleukin-1 signalling to have enhanced anti-inflammatory effects [25]. Furthermore, 3D
spheroid MSCs were upregulated the expression of CXCR4 [26, 27], resulting in restore cell
adhesion and nitche area to stem cell homing. We found that the ability of osteoblastogenesis
is higher in 3D spheroid MSCs than in 2D MSCs in vitro present experiments. Furthermore,
the small peninsulas of new bone were formed in around centre of the defect in the MSC-
transplanted mice, suggesting the transplanted MSCs kept in the defect area and
differentiated into osteoblastic lineage. The calvarial bone repairs are suggested to cause by
not only promotion in some released regulator factors but also promotion in osteoblastic
differentiation from 3D spheroid MSCs.

Interestingly, the high activation of Wnt/B-catenin pathways in 3D spheroid MSCs
in the current study was characterized by the promotion of bone formation with osteoblast
differentiation. Namely, the upregulation of 3-catenin in 3D spheroid MSCs is caused by the
promotion of new bone formation that is not observed in 2D monolayer MSCs. Wnt10b
transgenic mice have been reported to have increased bone mass with Wnt10b in osteoblasts
from the osteocalcin promoter [28], led to the identification of Wnt10b as a stimulator [29].
These findings suggest that the Wnt10b secreted from 3D spheroid MSCs are self-activated
by Wnt/B-catenin and its downstream pathways in an autocrine mode, which results in

enhanced differentiation into osteoblast lineages.
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YAP/TAZ molecules have recently been recognized as key factors in
mechanotransduction and cell polarity [30-33] when activated together with Runx2 and
Smads in MSCs during osteogenesis [13, 14]. The recruitment of TAZ to Runx2 target genes
has been reported to enhance the osteogenic transcriptional process [34]. TAZ knockdown in
bone marrow MSCs led to an absence of calcium deposition. On the other hand, the BMP-2
in the present experiments transiently downregulated the expression of TAZ in 3D spheroid
MSCs and then upregulated it during osteoblastogenesis, resulting in differentiation of
osteoblast lineages differentiated from 3D spheroid Ctnnb KO MSCs. Similar to these data, it
has been reported that YAP/TAZ in osteoblast progenitors play a negative role in regulating
osteoblastogenesis, indicating that YAP/TAZ has opposite effects at different stages during
osteoblastogenesis.

There are various approaches to improve MSC efficiency, and 3D spheroid MSCs
have advantages in optimal therapeutic protocols. MSCs derived from osteoporosis patients
exhibit low proliferating and differentiating activity during osteogenesis [35]. These results
suggest the need for alternative cell characteristics that can be easily prepared and expanded,
especially in elderly patients with metabolic disorders; therefore, to acquire more effective
bone-regenerative therapy, it is suggested that these patients be transplanted autologous 3D

spheroid MSCs in their constitutive active form for Wnt/B-catenin signaling.
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Figure legends

Fig 1. 3D MSC formation rapidly increases stemness markers, and BMP-2 significantly
upregulated the expression of osteogenesis and Wnt/beta-catenin markers.

Basal and BMP-2 induced expression of stemness (A and B), osteogenesis, and Wnt/beta-
catenin genes using 2D MSC or 3D MSC cultures. Data shown are mean + SEM. ** indicates
p <0.05and p <0.01 vs. day 0 (before BMP-2 treatment). The relative level of protein

expression was normalized by the value before BMP-2 treatment (day 0).

Fig. 2. The 3D MSC simultaneously upregulated the expression of Wnt/beta-catenin and
Hippo-signaling molecules.
Treatment with BMP-2 was analyzed total proteins (A and B) or their nuclear proteins(C) by

Western blotting and normalized to internal control.

Fig.3. BMP-2 induced little osteogenesis in 3D spheroid Ctnnb KO MSCs.
Treatment with BMP-2 was analyzed total proteins (A and B) or their nuclear proteins(C) in

Ctnnb KO 2D and 3D MSC by Western blotting and normalized to internal control.

Fig. 4. Transplantation with 3D and 2D WT and Ctnb KOMSCs induced little bone
repair with calvarial bone defects.

(A and B) Micro-CT images of implantation at 2, 4, 8, and 12 weeks after surgery in 40-
week-old mice. (C) Histological calvarial tissues at 12 weeks after surgery. B and N indicate
the original and new bone, respectively; C indicates connective tissues. Scale bar represents

500 pm.
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Supplemental Fig.1
(A) protocel of 2D and 3D spheroid formation culture using D1 ORL UVA a mouse mesenchymal stem (MSCs) line
(B) Construction and selection of p-catenin (Ctnnb) KO MSCs
(C) ALP and Alizarin red staining in parents (WT) and p-catenin (Ctanb) <O during ostecgeness
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