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Cell transplantation is promising for regenerative medicine.
A combination of a three-dimensional spheroid culture system
with gene transfection was developed to enhance the therapeutic
effects of mesenchymal stem cell (MSC) transplantation. The
spheroid cell culture system is based on micropatterned sub-
strates composed of a regular array of 100-mm-diameter cell-
adhesion areas coated with a temperature-responsive polymer,
poly (N-isopropylacrylamide-co-methacrylic acid), which allows
for spheroid detachment by simply cooling the plates. In this
study, MSC spheroids were transfected with plasmid DNA en-
coding runt-related transcription factor 2 (Runx2) and tested
for their ability to enhance bone regeneration. In vitro analyses
revealed that osteogenic differentiation of the MSCs was
enhanced by forming spheroids and was further promoted by
Runx2 expression. The enhanced osteogenic differentiation was
maintained under pathological conditions, such as hypoxia and
inflammation. Transplanting Runx2-transfectedMSC spheroids
into bone defects on rat femurs induced significantly faster bone
regeneration compared with nontransfected MSC spheroids or
genetically modified MSCs from conventional monolayer cul-
ture. MSC migration into the bone defect area was enhanced
by upregulation of cell-migration-related genes. In conclusion,
genetically modified MSC spheroids are effective for enhancing
bone regeneration, providing a promising option for cell trans-
plantation therapy in the fields of regenerative medicine.

INTRODUCTION
Cell transplantation is widely used in the field of regenerative medi-
cine. Among the various cell sources available, mesenchymal stem
cells (MSCs) attract much attention because of their capacity for dif-
ferentiation into mesodermal tissues, including those of the musculo-
skeletal system, blood vessels, and lymphatic and fibrous tissue.1–3 In
addition, MSCs can exert a paracrine effect by producing various
secretory factors that can affect the neighboring cells and enhance
new tissue formation.4

For enhancing the therapeutic effects of MSC transplantation, we es-
tablished a three-dimensional (3D) spheroid culture system. 3D cell
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culture maintains cell-to-cell interactions similarly to in vivo condi-
tions, which can improve cell survival and function.5,6 Our system
is based on micropatterned plates composed of a regular array of
100-mm-diameter cell-adhesion areas surrounded by non-adhesive
polyethylene glycol (PEG)-coated areas.7 The cell adhesion areas
are coated with a temperature-responsive polymer, poly (N-isopro-
pylacrylamide-co-methacrylic acid) (PIPAAm), which allows for
detachment of the spheroids while maintaining spheroid architecture,
using a simple procedure of cooling the plates to below 25�C.
Compared with other conventional methods for spheroid formation,
this system has the advantage of allowing for collection of equal-
diameter spheroids at the same time.8,9

To further improve the cell’s regenerative capacity, we combined the
use of the spheroid culture system with gene introduction. Although
lipid-based transfection reagents are likely to induce disruption of
spheroids, we found that our original polymer-based gene carrier,
poly (N’-[N-(2-aminoethyl)-2-aminoethyl] aspartamide) (PAsp
[DET]), enabled gene introduction without disrupting the spheroid
structure.10 Using this combined system for transplantation of genet-
ically modified spheroid cells, we achieved preservation of hepatocyte
function for more than 1 month after transplantation into the body.
In addition, transplantation of brain-derived neurotrophic factor
(BDNF)-expressing MSC spheroids promoted excellent motor func-
tion recovery in a mouse model of spinal cord injury (SCI), along with
a high preservation of myelinated axons in the SCI region.9

The purpose of this study is to apply our combined system involving
genetically modified MSC spheroids for bone regeneration and
to perform in-depth analysis of the mechanisms that could affect
the therapeutic outcomes. In the case of SCI treatment, as reported
18 ª 2018 The Authors.
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Figure 1. Evaluation of Osteogenic Differentiation after Introduction of

Runx2-Encoded pDNA into MSC Spheroids or MSCs from Monolayer

Culture

Twenty-four hours after Runx2 and GFP introduction, MSC spheroids or MSCs

from monolayer culture were cultured with osteogenic medium and osteogenic
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previously, it is strongly suggested that transplanted MSCs affect host
cells via many secretory growth factors, as well as by enhanced BDNF
secretion, and that these therapeutic molecules synergistically exert
neuroprotective effects on damaged axons in the acute phase of
SCI.9 In contrast, bone regeneration would involve longer term pro-
cesses. We hypothesized that MSCs would be involved in bone matrix
production rather than paracrine effects and that cell survival and
localization after transplantation would be closely correlated with
the outcome of bone regeneration.

In this study, we used MSC spheroids for a bone defect model of the
rat femur. The genetic modification was performed using a transcrip-
tional factor, runt-related transcription factor 2 (Runx2).11–14 This is
a strong activator of osteogenic differentiation and osteogenesis.
We focused on the cell behavior after transplantation, including cell
differentiation and migration into the site of the bone defect. The
genetically modified MSC spheroids induced greater bone regenera-
tion, osteogenic differentiation, and chemotactic activity than the
controls, including nontransfected MSC spheroids or genetically
modified MSCs from conventional monolayer culture.

RESULTS
Efficacy of Runx2-Transfected MSC Spheroids In Vitro

MSC spheroids were prepared on the micropatterned substrate, on
which the cells formed spheroids with 100-mm diameter. We previ-
ously reported that differentiation-inducing stimulants are more
effective at converting MSCs into mature osteoblasts in spheroid cul-
ture than in monolayer culture.15 To confirm that gene introduction
would be effective for differentiation, we evaluated the osteogenic
markers by measuring alkaline phosphatase (ALP) levels using a
cellular enzyme assay based on the conversion of para-nitrophenyl-
phosphate (p-NPP) to para-nitrophenol and osteocalcin expression
levels by real-time qPCR after transfection of Runx2-encoded plasmid
DNA (pDNA) into MSC spheroids or MSCs frommonolayer culture.

The ALP and osteocalcin levels in MSC spheroids are both signifi-
cantly higher than those in MSCs from monolayer culture (Figure 1).
This is consistent with a previous study indicating that spheroid for-
mation augments the capacity of MSCs for osteogenic differentia-
tion.15 Runx2 introduction led to a further increase in both levels
compared to their nontransfected counterparts. This increase was
not induced after GFP introduction. However, a significant difference
differentiation was evaluated by osteogenic markers (alkaline phosphatase [ALP]

and osteocalcin). (A) ALP activity was measured using a cellular enzyme assay after

14 days of osteogenic differentiation. ALP activity was shown by measuring the

absorbance at 405 nm. (B) Osteocalcin expression levels were measured by real-

time qPCR after 28 days of osteogenic differentiation. (C) Cell proliferation of MSC

spheroids and MSCs from monolayer culture at 14 or 28 days after osteogenic

differentiation was evaluated with (CCK)-8 solution. Cell proliferation was shown

by measuring the absorbance at 450 nm. Data are presented as the mean ± SEM

(n = 7, A; n = 5, B; n = 8 [2 weeks] and n = 12 [4 weeks], C). Asterisks indicate

significant differences (*p < 0.05; **p < 0.01; ***p < 0.001) determined by two-tailed

Student’s t test.
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Figure 2. Procedure to Make MSC Spheroids and Transplant Them to Bone

Defects

MSC spheroids were prepared by culturing MSCs on specially coated thermo-

sensitive plates. Spheroids were recovered by placing the plates on ice, which in-

duces a phase transition to convert the PIPAAm polymer from a hydrophobic state

to a hydrophilic state, releasing the spheroids into the media. Spheroids were then

concentrated by centrifugation. The supernatant was removed by aspiration, and

the cell pellets were resuspended in 50 mL PBS. MSC spheroids were then added to

4-mm-diameter collagen-based scaffolds, and the scaffolds were placed on the

bone defect site.

Molecular Therapy: Methods & Clinical Development
was found only between osteocalcin expression in MSC spheroids
with Runx2 introduction and those without and between ALP in
MSCs from the monolayer with Runx2 introduction and those
without. Nevertheless, these data strongly suggest that spheroid for-
mation and Runx2 transfection can interdependently enhance the
capacity of MSCs for osteogenic differentiation. Besides, the ALP
and osteocalcin levels in MSC spheroids are both significantly higher
than those in MSCs from monolayer culture. The high expression of
osteogenic markers in spheroids was thought to be caused by not only
an enhanced capacity of MSCs for osteogenic differentiation but also
improved cell proliferation in spheroid culture compared to mono-
layer. Therefore, cell proliferation in spheroid andmonolayer cultures
was evaluated, but no significant difference in cell proliferation
between spheroid and monolayer was found (Figure 1C). This result
strongly suggested that spheroid formation can enhance the capacity
of MSCs for osteogenic differentiation.

Bone Regeneration Induced by MSC Transplantation

MSC spheroids, with or without Runx2 transfection, were used for
treating bone defects. Spheroids were collected from micropatterned
substrates and seeded in collagen-based scaffolds and placed on the
bone defect that wasmade on rat femur (Figure 2). MSCs frommono-
layer culture, with or without Runx2 transfection, were used as con-
trols. The new bone formation in the bone defect was evaluated using
quantitative micro-computed tomography (mCT) over time. Fig-
ure 3A shows representative three-dimensional images of the femur
on day 7 and day 35, in which bone regeneration appears to be pro-
moted in the defect receiving transplantation of Runx2-transfected
MSC spheroids. On the basis of CT images, the mean bone intensity
360 Molecular Therapy: Methods & Clinical Development Vol. 9 June 20
of the defect area was quantified to calculate the percent of the inten-
sity compared to the intensity of normal cortex over 35 days (Figures
3B and 3C). Bone regeneration seems to be promoted in Runx2-
transfected MSC spheroids over the course of the observation. To
perform a more detailed analysis of bone regeneration, bone volume
(BV) (mm3) and bone volume fraction (BV/TV) (%) were evaluated
as indicators of new bone formation (Figure 3D). On day 7, a signif-
icant increase in BV was observed in Runx2-transfected MSC spher-
oids compared to nontransfected MSC spheroids, MSCs from mono-
layer culture (with or without Runx2), and control. Similarly, BV/TV
showed significant increases in Runx2-transfected MSC spheroids
group compared to other groups. In contrast, significant increases
in BV and BV/TV were not observed in MSCs from monolayer cul-
ture with Runx2 compared to those without Runx2. In addition,
BV and BV/TV increased significantly in MSC spheroids compared
to MSC monolayer, regardless of transfection. These results suggest
that, consistently with the in vitro results of osteogenic differentiation
of MSCs (Figure 1), spheroid formation and Runx2 transfection
interdependently enhanced the capacity of transplanted cells for
bone regeneration. In contrast, on day 35, a significantly higher value
of BV and BV/TV was observed in Runx2-transfected MSC spheroids
compared to nontransfected MSC spheroids, MSCs from monolayer
culture (with or without Runx2), and control. However, there were
almost no significant differences among the groups except Runx2-
transfected MSC spheroids, although all groups showed remarkable
bone regeneration with the increase in the BV and BV/TV values
over time.

For in-depth analysis of the behavior of transplanted cells in the bone
defect, cell survival was evaluated using real-time qPCR of SRY gene,
a Y-chromosome-specific gene. The MSCs to be used for transplanta-
tion were collected from male rats and were transplanted into the fe-
mur bone defect of female rats. The survival rates of the transplanted
cells were analyzed by distinguishing them from the host cells. Con-
trary to expectations, there were no significant differences between
the survival rates of MSC spheroids and MSCs from monolayer cul-
ture (Figure 4A). In addition, we evaluated the levels of transgene
expression in MSCs after transplantation. MSCs (spheroids or mono-
layer) were prepared with transfection of luciferase-encoded pDNA
and transplanted subcutaneously into nude mice, and luciferase
expression level in host tissue was measured using the IVIS imaging
system. We did not find a significant difference between the luciferase
expression levels of the two groups (Figure 4B). Therefore, we
concluded that the enhanced induction of bone regeneration by
Runx2-transfected MSC spheroids (Figure 3) would not be due to
the increased cell survival or transgene expression levels after
transplantation.

Cell Migration into the Bone Defect Area

Another possibility is that cell migration is enhanced by the spheroid
formation.16 We evaluated the migration of GFP-expressing MSCs
(spheroids or monolayer), followed by immunohistological examina-
tion of the bone defect area. At 14 days after transplantation, sec-
tions of the bone defect were stained with anti-GFP antibody as well
18



Figure 3. Evaluation of Bone Regeneration in Bone Defect on Rat Femur

After transplantation of MSC spheroids and MSCs from monolayer culture with or

without Runx2, the defect area was imaged using micro-CT. (A) Representative

images of micro-CT on day 7 and day 35 are shown. (B) Quantification of bone

regeneration in bone defects from day 0 to day 35 is shown, represented by the

percent of the intensity compared to normal cortex. (C) Extracted data of day 7 and

35 from (B) are shown. (D) Analysis of bone volume (mm3) and bone volume fraction

(%) at day 7 and day 35 is shown.

Data are presented as the mean ± SEM (n = 4). Asterisks indicate significant

differences (*p < 0.05; **p < 0.01; ***p < 0.001) determined by two-tailed Student’s

t test.

www.moleculartherapy.org

Molecu
as anti-type 1 collagen antibody to confirm new bone formation.Many
GFP-positive MSCs were found in the area stained by anti-type 1
collagen antibody (Figure 5A) in mice that received spheroid MSCs.
There were almost no GFP-positive cells in the bone defect after the
transplantation of MSCs from monolayer culture, strongly suggesting
that the enhancedmigration ofMSC spheroids from the scaffold to the
bone defect is correlated with the enhanced new bone formation in the
bone defect. When we examined sections of both the bone defect area
and the scaffolds 5 days after the transplantation of MSC spheroids,
there were a considerable number of GFP-positive cells in both the
bone defect area and scaffolds. In contrast, when using MSCs from
the monolayer, the number of GFP-positive cells in the bone defect
area wasmuch lower than that in the scaffold (Figure 5B). Considering
that cell survival was similar between MSC spheroids and MSCs from
monolayer culture (Figure 4), it is reasonable to assume that the differ-
ence in the cell number in the bone defect area would be due to the dif-
ference in cell migration from the scaffold. Indeed, analyses of the
expression levels of cell-migration-related genes, CXCR4 and integ-
rin-a2, revealed that both genes showed significantly higher values in
MSC spheroids than in MSCs from monolayer culture (Figure 6).
The upregulation of these genes in spheroid cells was previously re-
ported, and the current results were consistent.17,18

Effect of Pathological Conditions on Transplanted Cells

We evaluated the effect of spheroid formation and/or Runx2 gene
introduction on the tolerance to pathological conditions, such as hyp-
oxia and inflammation. The conditions were mimicked by adding de-
feroxiamine (DFx) or inflammatory cytokines (tumor necrosis factor
alpha [TNF-a] or interleukin-1b [IL-1b]) into the culture medium
(see Materials and Methods). For both hypoxia and inflammation,
MSC spheroids showed greater levels of ALP activity than did
MSCs from monolayer culture (Figure 7). In contrast, the effect of
Runx2 gene introduction was unclear. Thus, tolerance to pathological
conditions was likely enhanced because of maintenance of cell-to-cell
interaction by spheroid formation.

DISCUSSION
This study shows the usefulness of transplantation of genetically
modified MSC spheroids for bone regeneration. The combination
of two technologies for spheroid formation, that is, use of micropat-
terned culture plates and Runx2 gene introduction using polymer-
based gene carriers, remarkably enhanced the therapeutic effects
and bone regeneration after MSC transplantation.
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Figure 4. Analyses on Cell Behavior after Transplantation

(A) The percentage of transplanted MSCs (spheroids or monolayer) was measured

by real-time qPCR. MSCs from male rats were transplanted into bone defects on

femurs of female rats. At 1 day or 5 days after transplantation, the collagen scaffolds

were removed from the transplantation site, and total DNA was extracted from the

scaffold. The number of SRY gene copies was evaluated with real-time qPCR. The

percentage of surviving cells was calculated by assuming that the initial 2,400,000

transplanted cells were 100%. Data are presented as the mean ± SEM (n = 5). (B)

Luciferase expression in host tissue after transplantation was evaluated by quan-

tification of luminescence intensity. MSCs in spheroid or monolayer culture were

transfected with luciferase expressing plasmid DNA. At 24 hours post-transfection,

MSCswere added to collagen scaffolds and transplanted subcutaneously into nude

mice. The level of luciferase expression wasmeasured with IVISTM imaging system.

Data are presented as the mean ± SEM (n = 8).

Figure 5. Immunofluorescent Staining of GFP

MSCs were taken from GFP-expressing transgenic rat and transplanted into non-

GFP rats to analyze the movement of transplanted cells in the host tissue. (A) Double

staining of GFP and type 1 collagen at 14 days after cell transplantation is shown.

Frozen sections of bone defect area were stained using the Zenon technique (blue,

nucleus; green, GFP-expressing MSCs; red, type 1 collagen) and observed by

fluorescence microscope. a, spheroid; b, monolayer. Scale bars represent 10 mm.

(B) GFP staining at 5 days after cell transplantation is shown. Frozen section of

scaffold and bone defect area were stained for GFP, respectively, and observed by

fluorescence microscope. a, bone defect area of spheroid; b, bone defect area of

monolayer; c, scaffold of spheroid; d, scaffold of monolayer. Scale bars represent

50 mm.
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The increase in osteogenesis is thought to be a result of interdepen-
dent contribution of multiple factors. The first is enhanced osteogenic
differentiation of MSCs in the spheroids, in which the sensitivity
to various differentiation stimuli increases. In addition, osteogenic
differentiation was further promoted by introduction of the Runx2
gene. Eventually, the greatest increase in bone regeneration in the
bone defect area was observed after transplantation of the Runx2-
transfected MSC spheroids.

Well-differentiated MSCs can perform multiple functions, including
production of bone matrix in the bone defect area and providing a
paracrine effect by acting on host cells. Regarding the latter, we
recently obtained early motor function recovery in a mouse spinal
cord injury model by transplantation of genetically modified MSC
spheroids into the injured region. The secretion of various growth
and trophic factors, such as hepatocyte growth factor and leukemia
362 Molecular Therapy: Methods & Clinical Development Vol. 9 June 20
inhibitory factor, had a neuroprotective effect on the damaged neural
cells.9 It is reasonable to assume that the enhanced secretion of these
factors may stimulate the migration of the host stem cells to the site of
osteogenesis and promote bone formation.

Furthermore, the study shows that MSCs in the spheroids have
enhanced chemotaxis-related gene expression that is consistent
with the high capacity to migrate to the bone defect area. These fea-
tures are thought to significantly contribute to both increased bone
matrix production by the transplanted cells themselves and enhance-
ment of the paracrine effect at the bone defect area. Although it is
difficult to strictly determine how much each of these two factors
contributed to bone formation, and the detailed mechanism in the
long-term benefits by the spheroids is not fully elucidated, it is
18



Figure 6. Expression Levels of Cell-Migration-Related Genes

Expression levels of CXCR4 and integrina2 evaluated by real-time qPCR after 3-day

incubation of MSCs after forming spheroids or in monolayer. Data are presented

as the mean ± SEM (n = 5). Asterisks indicate significant differences (*p < 0.05;

***p < 0.001) determined by two-tailed Student’s t test.

www.moleculartherapy.org
strongly suggested that these factors acted interdependently to pro-
mote bone formation at the bone defect area.

The problems faced during cell transplantation therapy are the low
survival rate of transplanted cells and the difficulty in maintaining
the cell function.2,6,19 The combined system of spheroid formation
and gene introduction has the potential of overcoming these prob-
lems. Among the three important elements of regenerative medicine,
that is, cell source, signal control, and scaffolds, this system can effec-
tively control the first two simultaneously, providing high practical
value for clinical use.

In conclusion, bone formation could be promoted in the rat bone
defect model by transplanting genetically modified MSC spheroids
with the Runx2 gene, as compared to that in controls with non-
transfected MSC spheroids or genetically modified MSCs obtained
from conventional monolayer culture. The enhanced osteogenic dif-
ferentiation and chemotactic activity of the MSCs contributed to
enhanced bone regeneration. Thus, this system provides a promising
Molecu
option for cell transplantation therapy in various fields of regenerative
medicine.

MATERIALS AND METHODS
Materials

pcDEF3 pDNA expressing Flag-tagged mouse Runx2 were generous
gifts from K. Miyazono (The University of Tokyo, Tokyo, Japan). For
constructing GFP or luciferase-expressing plasmid DNA (pDNA),
the protein-expressing segment of the pAcGFP or pGL4.13 plasmid
(Promega, Madison, WI, USA) was cloned into the pCAG-GS
plasmid (Riken, Tokyo, Japan) to obtain expression under the CAG
promoter/enhancer. These pDNAs were amplified in competent
DH5a Escherichia coli and purified using a NucleoBond Xtra Maxi
Plus kit (Takara Bio, Shiga, Japan).

Animals

BALB/c nude mice (female mice; age, 7 weeks) and F344 rats (male
rats: ages, 5 weeks and 9 weeks; female rats: age, 7 weeks) were
purchased from Charles River Laboratories (Yokohama, Japan).
Transgenic Sprague-Dawley rats (male rats; age, 5 weeks) expressing
EGFP in all tissues under the control of CAG promoter/enhancer
(EGFPe Sprague-Dawley rats) were purchased from Japan SLC
(Shizuoka, Japan). All animal studies were conducted with the
approval of the Animal Care and Use Committee of the University
of Tokyo, Tokyo, Japan.

Preparation of MSC Spheroids

For in vivo analyses, thermoresponsive micropatterned plates
that were constructed on thermoresponsive culture plates (Upcell;
CellSeed, Tokyo, Japan) were used.8,20 A micropatterned plate with
the same construction but without thermoresponsiveness (Cell-able;
Toyo Gosei, Tokyo, Japan) was used for in vitro analyses. Human
MSCs (hMSCs) were purchased from Lonza (Allendale, NJ, USA)
and cultured with MSCGM-CD BulletKit MSC culture medium
(Lonza, Basel, Switzerland). To obtain rat MSCs (rMSCs), F344 rats
(male rats; age, 5 weeks) and transgenic Sprague-Dawley rats (male
rats; age, 5 weeks) expressing EGFP in all tissues were anesthetized
with 1 mL of 5� diluted somnopentyl (200 mL somnopentyl +
800 mL normal saline). The bone marrow was collected from the
femurs and tibias by inserting a 22G needle into the shaft of the
bone and flushing it out with 10 mL of PBS. The cells were collected
by filtration through a 100-mm nylon mesh (BD Falcon, Bedford,
MA) and seeded onto 10-cm culture dishes using DMEM (Sigma-
Aldrich, Saint Louis, MO, USA) containing 10% fetal bovine serum
(FBS) (Life Technologies Japan, Tokyo, Japan) and 1% penicillin/
streptomycin (Sigma-Aldrich). MSCs from passage five were seeded
onto micropatterned plates for spheroid culture and onto conven-
tional plates for monolayer culture at 400,000 cells/well in 12-well
plates and 40,000 cells/well in 96-well plates, respectively.

Transfection

PAsp(DET) homopolymer was synthesized as previously reported;
the polymerization degree of the PAsp(DET) segment was found
to be 57 by 1H-NMR.21–23 For gene transfection, PAsp(DET)
lar Therapy: Methods & Clinical Development Vol. 9 June 2018 363
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Figure 7. Effects of Spheroid Formation and Runx2

Gene Introduction for Enhancing Tolerance to

Pathological Conditions

Twenty-four hours after Runx2 introduction, MSC

spheroids or MSCs frommonolayer culture were cultured

with osteogenic medium. ALP activity was measured

using a cellular enzyme assay 14 days after osteogenic

differentiation. (A) TNF-a (10 ng/mL), IL-1b (100 ng/mL),

and (B) deferoxiamine (DFx) (10 mM) were added to the

medium to mimic pathological conditions. ALP activity is

shown as percent of controls without TNF-a, IL-1b, or

DFx. The data are presented as themean ± SEM (n = 4, A;

n = 5, B). Asterisks indicate significant differences

(*p < 0.05; **p < 0.01; ***p < 0.001) determined by

two-tailed Student’s t test.
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polymer and pDNA were separately suspended in 10 mM HEPES
buffer (pH 7.3) and mixed at total amino groups in polymer
(N)/total phosphate groups in pDNA (P) ratio of 5. In the
12-well plates, 10 mg pDNA was added to 1 mL of culture medium
for each well. The transfection was performed 2 days after seeding
of MSCs onto the plates.

Evaluation of Osteogenic Differentiation

hMSCs were used in in vitro experiments by considering the future
clinical application using hMSCs. hMSCs were seeded onto micropat-
terned plates for spheroid culture and onto conventional plates for
monolayer culture at 400,000 cells/well in 12-well plates and 40,000
cells/well in 96-well plates, respectively. At twenty-four hours after
Runx2 and GFP transfection, the MSCs were cultured in osteogenic
medium (50 mg/mL ascorbic acid phosphate [AsAP], 10 mM b-glyc-
erophosphate [b-GP], and 0.1 mM dexamethasone [Dex], DMEM
[high glucose]-containing 10% FBS, and 1% penicillin/streptomycin).
At 14 days after incubation with osteogenic medium, the ALP activity
of MSCs in the 96-well plates was assayed using the TRACP&ALP
Assay Kit (Takara Bio) according to the manufacturer’s protocol.
364 Molecular Therapy: Methods & Clinical Development Vol. 9 June 2018
The kit uses p-NPP as a phosphatase substrate,
which turns yellow when dephosphorylated by
ALP. ALP activity was measured by the absor-
bance at 405 nm after color formation. At
28 days after incubation with osteogenic me-
dium, total mRNA was extracted from the
MSCs in the 12-well plates using RNeasy Mini
Kits (QIAGEN), according to the manufac-
turer’s protocol. Then, osteogenic differentia-
tion was evaluated by real-time qPCR for
osteocalcin.

Cell Proliferation

hMSCs were seeded on micropatterned plate
or conventional monolayer culture plate at
40,000 cells/well in 96-well plates and cultured
with osteogenic medium for 14 or 28 days.
10 mL (CCK)-8 solution (Dojindo Laboratories,
Kumamoto, Japan) was added into each well, and the absorbance at
a wavelength of 450 nm was detected after two hours incubation.

Bone Defect and MSC Transplantation

F344 rats (male rats; age, 9 weeks) were anesthetized with 3% isoflur-
ane (Abbott Japan, Tokyo, Japan). The surgical site on the thigh
(around the femur) was shaved. The skin, subcutaneous layer, and
fascia were incised, and the biceps femoris muscles were separated.
The femur was exposed, with the periosteum being preserved.
A 4-mm-diameter monocortical defect was created at the center of
the femur using round dental steel bars. Immediately after creating
the bone defect, rMSCs derived from F344 rat were transplanted, as
described below, after washing with saline. MSC spheroids were
recovered by placing the plates on ice twenty-four hours after gene
transfection. The recovered spheroids were concentrated by centrifu-
gation at 100 g for 3 min. Monolayer culture MSCs were recovered by
trypsinization. MSCs were added to collagen-based scaffolds (Integra;
Integra Life Science, NJ, USA) of 4 mm in diameter, which were then
placed in the bone defect site; 2,400,000 cells were transplanted per
bone defect. The scaffold was composed of collagen-GAG matrix
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with three-dimensional porous structure. It helps the cells to invade
and migrate into the scaffold. Then, the muscles over the femur
and skin were closed with 4e0 nylon sutures. We used inbred rat
in vivo experiments to avoid transplantation immunity.

Micro-CT Analysis

Micro-CT scanning of the bone defect sites was performed using the
microfocus X-ray computed tomography system CosmoScan FX
(Rigaku, Tokyo, Japan) under the following conditions: tube voltage,
90 kV and tube current, 110 mA. The three-dimensional construction
software was used for quantitative analysis. The mean bone intensity
of the defect area was quantified by measuring CT values in the bone
defect area in a time-dependent manner. We measured the mean CT
values in the bone defect area. The percentage of bone regeneration
was calculated with the mean CT values of bone defect area when
the CT value of background was assumed 0 and the CT value of
bone was assumed 100. BV and BV/TV were analyzed by a three-
dimensional segmentation algorithm using the imaging analysis
software ImageJ (NIH, MD, USA). The micro-CT datasets were
transferred into a three-dimensional structure, and BoneJ plugin
was used for three-dimensional imaging and quantification of the
BV and BV/TV in the bone defect area.

Quantification of Transplanted Cells in Host Tissue

Implanted collagen scaffolds were removed from bone defects at
twenty-four hours or at 5 days after rMSCs derived from F344 rat
transplantation into F344 rats (female rats; age, 6 weeks). The total
DNA of transplanted cells that remained in the scaffold was extracted
from the transplantation site using DNeasy Blood and Tissue Kits
(QIAGEN), according to the manufacturer’s protocol. Real-time
qPCR was performed in 96-well PCR plates containing the 10 mL of
FastStart Universal SYBR Green Master (ROX) mix (Roche, Basel,
Switzerland), 0.6 mL of each primer (10 mM), 2 mL of cDNA, and
6.8 mL of sterile water. Real-time PCR reactions in a ABI Prism
7500 Sequence Detector (Applied Biosystems, Foster City, CA,
USA) were initiated by heating to 95�C for 10 min, followed by
40 cycles of 95�C (10 s) and 60�C (40 s). The relative quantification
of gene expression was performed using the standard curve method.
The standard curve for the number of cells that expressed SRY gene
was constructed. Because MSCs from male rats were transplanted
into female mice, the number of transplanted cells in the host tissue
was proportional to the copy number of SRY genes on Y chromo-
somes, which was amplified using the following primer pair: forward,
50-CATCGAAGGGTTAAAGTGCCA-30 and reverse, 50-ATAGTGT
GTAGGTTGTTGTCC-30.

In Vivo Measurement of Luciferase Expression

rMSCs derived from F344 rat in either spheroid or monolayer culture
were transfected with luciferase-expressing plasmid DNA. At twenty-
four hours post-transfection, MSCs were added to 4-mm collagen
scaffolds at 2,400,000 cells each. MSC scaffolds were then subcu-
taneously transplanted into BALB/c nude mice. In vivo luciferase
expression after transplantation was measured using an IVIS Imaging
System (Xenogen, Alameda, CA, USA) after intravenous injection of
Molecu
d-luciferin (150 mg/kg; Sumisho Pharmaceuticals International,
Tokyo, Japan).

Histological Analyses

At 5 or 14 days after transplantation of EGFP-expressing MSCs
derived from Sprague-Dawley rat, the tissues of the bone defect site,
including the scaffold and neighboring tissues, were excised en
bloc. The tissues were fixed by overnight incubation in 4% parafor-
maldehyde at 4�C, decalcified, and frozen in optimal cutting temper-
ature (OCT) compound (Sakura Finetek, Torrance, CA, USA). Trans-
verse 10-mm-thick sections were prepared. For samples from day 5
after transplantation, cells expressing GFP were immunostained by
incubation with anti-GFP rabbit immunoglobulin G (IgG) antibody
(1:300 dilution; Invitrogen, Carlsbad, CA, USA) and with Alexa 488
goat anti-rabbit IgG secondary antibody (1:300 dilution; Invitrogen).
For samples from day 14 after transplantation, cells expressing GFP
were immunostained by incubation with anti-GFP rabbit IgG anti-
body (1:300 dilution; Invitrogen) and with Zenon Alexa 488 rabbit
IgG labeling antibody (Invitrogen), and collagen type I was immuno-
stained using anti-collagen-I rabbit antibody (1:100 dilution; Cosmo
Bio, Tokyo, Japan) and Zenon Alexa Fluor 647 rabbit IgG labeling
antibody (Invitrogen). The nuclei were stained with Hoechst 33342
(1:100 dilution; Dojindo, Kumamoto, Japan). The sections were
observed under an Axiovert 200 fluorescence microscope (Carl Zeiss,
Jena, Germany).

Analyses of Cell-Migration-Related Gene Expression

hMSCs were seeded onto micropatterned plates for spheroid culture
and onto conventional plates for monolayer culture, at 400,000 cells/
well in 12-well plates. At 3 days after incubation, total mRNA was
extracted using RNeasy Mini Kits (QIAGEN), according to the
manufacturer’s protocol. Gene expression was evaluated by real-
time qPCR.

Gene Expression Analysis with Real-Time qPCR

Quantitative relative gene expression was analyzed by real-time
qPCR with an ABI Prism 7500 Sequence Detector (Applied Bio-
systems) and TaqMan Gene Expression Assays (Applied Biosystems;
Hs01587814_g1 for osteocalcin, Hs00607978_s1 for C-X-C chemo-
kine receptor type 4 [CXCR4], Hs00158127_m1 for integrin-a2,
and Hs01060665_g1 for b-actin). For quantitative analysis, 2 mL
cDNA was used for each reaction. Data were analyzed according
to the DDCt method, as per manufacturer’s instructions (Applied
Biosystems).

Evaluation of ALP Activity under Pathological Conditions

hMSCs were seeded onto the micropatterned plates for spheroid cul-
ture and onto conventional plates for monolayer culture, at 40,000
cells/well in 96-well plates. After Runx2 transfection, MSCs were
cultured for twenty-four hours in osteogenic medium containing
10 ng/mL TNF-a (Wako Pure Chemicals Industries, Osaka, Japan)
and 100 ng/mL IL-1b (Wako) for mimicking inflammatory condi-
tions and in 10 mM DFx (Sigma-Aldrich) for mimicking ischemic
conditions. After 14-day incubation, ALP activity was assayed using
lar Therapy: Methods & Clinical Development Vol. 9 June 2018 365
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the TRACP&ALP Assay Kit (Takara Bio) according to the manufac-
turer’s protocol.
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