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Abstract

Purpose: Mesenchymal stem/stromal cells (MSCs) are multipotent and self-renewing

cells that are extensively used in tissue engineering. Adipose tissues are known to be the

sources of two types of MSCs, namely adipose tissue—derived MSCs (ASCs) and

dedifferentiated fat (DFAT) cells. Although ASCs are sometimes transplanted for clinical

cytotherapy, the effects of DFAT cell transplantation on mandibular bone healing remain

unclear.

Methods: We assessed whether DFAT cells have osteogenerative potential compared

with ASCs in rats in vitro. In addition, to elucidate the ability of DFAT cells to regenerate

the jaw bone, we examined the effects of DFAT cells on new bone formation in a

mandibular defect model in a) 30-week-old rats and b) ovariectomy-induced osteoporotic

rats in vivo.

Results: Osteoblast differentiation with bone morphogenetic protein-2 (BMP-2) or

osteogenesis-induced medium upregulated the osteogenesis-related molecules in DFAT

cells compared with in ASCs. BMP-2 activated the phosphorylation signaling pathways

of ERK1/2 and Smad?2 in DFAT cells, but minor Smad1/5/9 activation was noted in ASCs.

The transplantation of DFAT cells into normal or ovariectomy-induced osteoporotic rats

with mandibular defects promoted new bone formation compared with that of ASCs.



Conclusion: DFAT cells promoted osteoblast differentiation and new bone formation

through ERK1/2 and Smad2 signaling pathways in vitro. The transplantation of DFAT

cells promoted new mandibular bone formation in vivo compared with that of ASCs.

These results suggest that transplantation of ERK1/2-activated DFAT cells shorten the

mandibular bone healing process in cytotherapy.
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Introduction

Mesenchymal stem/stromal cells (MSCs) are multipotent somatic stem cells that can

differentiate into various mesodermal cells, such as osteoblasts, chondrocytes, myocytes,

and adipocytes [1]. MSCs are isolated from bone marrow as well as other connective

tissues, such as adipose tissue, periosteum, synovium, and deciduous teeth [2]. MSCs

represent unique opportunities in cellular regeneration therapy owing to their ability to

stimulate the regeneration of damaged tissues and organs. MSC transplantation has

already been applied in several clinical trials, such as in fracture nonunion, osteogenesis

imperfecta, posterior spinal fusion, distraction osteogenesis, and osteoarthritis [3, 4].

However, the proliferative and differentiation capacities of MSCs are reduced according

to the age and disease state of the host recipients [5]. Furthermore, MSC transplantations

in patients with bone diseases, such as osteoporosis, rheumatoid arthritis, and

osteoarthritis, have been reported to exhibit low proliferative and differentiation

capacities [6, 7]. Alternative types of stem/stromal cells are needed for cellular therapy.

This new type of stem cells is required given that these cells can be isolated easily at large

amounts form targeted connective tissues from elderly patients and patients with bone

disease.

Adipose tissues are abundant in the entire body and are known to contain two types of



stem/stromal cells, namely adipose tissue—derived MSCs (ASCs) and dedifferentiated fat

(DFAT) cells [8, 9]. DFAT cells have been reported to be a highly homogeneous and

proliferative cell population and have a multilineage potential for differentiation into

mesenchymal tissue lineages in appropriate culture conditions [10-13].

Transplantation of DFAT cells into injured tissues have been reported to contribute to

regeneration of some damaged tissues [11, 13-15]. Because DFAT cells can be obtained

and expanded from small amounts of subcutaneous adipose tissues, regardless of age and

disease type, DFAT cells could potentially be used in autologous cell-based therapies

including patients with metabolic disorders. However, it is still unclear whether DFAT

cells contribute to bone regeneration in patients with metabolic bone diseases in vivo,

especially in cytotherapy cases.

The aim of present study was to assess whether the osteogenerative potential,

including that in the activation of signaling pathways, of DFAT cells in vitro is higher

than that of ASCs. In addition, to elucidate the ability of DFAT cells to regenerate bone

in normal patients and patients with osteoporosis, we examined the effects of

transplantation of DFAT cells on new bone regeneration in a mandibular bone defect

model in normal and ovariectomy-induced (OVX) rats in vivo.



Materials and Methods
Isolation and cultures of ASCs

All animals were used in accordance with National Institutes of Health guidelines, and

the Animal Care Committee of the Fukuoka Dental College (Fukuoka, Japan) approved

protocol (Certification Nos. 17004 and 18004).

To isolate ASCs and adipocytes from abdominal adipose tissue, we performed the

following protocol. Approximately 1 g of abdominal adipose tissue was collected from

male rat (age, 24-30 weeks; 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) in a container at 37°C for 1 h. After centrifugation at 1,400 rpm for 3 min,

the precipitate was collected as stromal vascular fraction including ASCs. ASCs were

cultured with Dulbecco’s Modified Eagle’s Medium (DMEM,; Fuji Film Wako, Japan)

that contained 20% fetal bovine serum (Sigma—Aldrich Co., St. Louis, MO, USA). After

80% confluence was attained, the cells were cultured in DMEM with or without

supplementation with BMP-2 (20 ng/ml, Pepro Tech. Inc., NJ, USA) or osteogenesis-

induced medium (OIM) with B-glycerophosphate (10 mM, Sigma) and ascorbic acid (50

pg/mL, Sigma).

Isolation and ceiling cultures of DFAT cells
In parallel preparation, after the digested adipose tissue was centrifugated at 100 g for 1

6



min, the floating top layer that contained isolated mature adipocytes was collected.

Approximately three drops of mature adipocytes were dropped into the culture medium.

The cells floated and attached on the top surface inside the top part of the flask. After 7

days, the medium was removed and the flask was turned upside down so that the cells

faced the bottom side. The cells were used for experiments before they reached passage

5. After 80% confluence was attained, the cells were cultured in DMEM with or without

BMP-2 or OIM. In some experiments, the ASCs and DFAT cells were cultured with

BMP-2 in the presence or absence of U0126.

RNA isolation and quantitative reverse transcription polymerase chain reaction

Total RNA was extracted from the cells using the TRIzol reagent. First-strand

complementary deoxyribonucleic acid (cDNA) was synthesized from 3 g total RNA

using Super Script Il reverse transcriptase according to the manufacturer’s instructions

(Invitrogen Carlsbad, CA, USA). To detect mRNA expression, we selected specific

primers based on the nucleotide sequence of the resultant cDNA. Relative messenger

RNA (mRNA) expression was normalized as the ratio of targeted mRNAs to B-actin

expression levels.



Western blot analyses

Cells were lysed in TNT [0.1 M Tris-HCI (pH, 7.5), 0.15 M NacCl, 0.05% Tween-20;

Roche, Basel, Switzerland] buffer. The protein content was measured with a protein assay

kit (Pierce, Hercules, CA, USA). Then, 20 pg of each protein were subjected to 12.5%

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 antibodies against ALP, Runx2,

Osterix (OSX), p-Smadl/5, p-Smad2, p-ERK1/2, Smadl/5, Smad2/3, ERK1/2, YY1

(Cell Signaling Technology, Tokyo, Japan), and B-actin (Sigma—Aldrich Co.) diluted

(1:500) in 5% skimmed milk Tris-buffered saline with Tween 20 (TBST; 10 mM Tris-

HCI, 50 mM NaCl, 0.25% Tween-20) plus 0.01% azide overnight at 4°C. The blots were

washed in TBST and incubated for 1 h with horseradish peroxidase conjugated antirabbit

or anti-mouse immunoglobulin-G secondary antibodies. The antibodies were diluted

(1:2000) in 5% skimmed milk TBST and were developed using an enhanced

chemiluminescent system (GE Healthcare, Tokyo, Japan).

Flow cytometry analyses

Fluorescence-activated cell sorting (FACS) was performed to characterize the ASCs and



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 IgGal isotype control (BD Bioscience, CA, USA). The labeled

cells were analyzed by 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. In some experiments,

marker-positive MSCs were sorted and collected using FACS.

Alizarin red staining

After culturing with or without OIM, the cells were washed twice with phosphate-

buffered saline 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 mins. The cell lysates were then

collected and quantified using plate reader at an absorbance of 405 nm (ARVO MX,

Perkin Elmer, MA, USA).

Transplantation of cells into mandibular bone defect model in normal rats and

ovariectomy (OVX) rats



The normal (30-week-old male Sprague—Dawley rats) and OV X rats (12-week-old male

Sprague—Dawley rats) were likely to use as each type of model for low-turnover and high-

turnover in bone metabolism. Thirty-week-old rats were anesthetized by inhaling

isoflurane (Escaine, Pfizer, USA). After the onset of anesthesia, the area around the

mandible was shaved and disinfected with 70% ethanol. A single incision was made on

the skin, the internal muscle was peeled off, and a bone defect model was prepared with

a 5-mm trephine bar after the mandibular body was clearly marked. Three groups were

studied: a) control group (n =4) with 5-mm collagen sponges after bone defect preparation,

b) ASC transplantation group (n = 5) with collagen sponges coated with ASC cells, and

c) DFAT cell transplantation group (n = 5) with collagen sponges coated with DFAT cells.

In parallel experiments, ovariectomy (OVX) was performed on female Sprague—

Dawley rats (age, 8 weeks). After the onset of anesthesia with isoflurane, the area around

the posterior lumbar spine was shaved and disinfected with 70% ethanol. A skin incision

was made at bilateral abdomen, the muscles around both kidneys were incised in two

small areas on the left and right, and the ovaries were extracted together with the fat. The

junction with the uterus was ligated with mosquito forceps, sectioned, and excised. To

confirm the presence of osteoporosis 1 month after the ovariectomy, the bone mineral

densities of the femurs of the studied rats were measured. Cells were also transplanted in
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OVX rats.

Microcomputed tomography analyses

Microcomputed tomography (u-CT) images were acquired with in vivo p-CT equipment
(Skyscan-1176, Bruker, Belgium) at 50 kV and 500 mA. Each p-CT slice had a thickness
equal to 35 um. The percentage of new bone formation in the bone defect area was
calculated from each u-CT image as the area of the newly formed bone/area of the original
defect created by trephination in accordance with the procedures described in our
previous manuscript [16]. First, the newly formed bone areas in the sagittal u-CT images
were quantified in two dimensions (2D) using WINROOF (Mitani Corporation, Tokyo,
Japan). On each u-CT image slice, 5-mm diameter circles were drawn for analyses. A
series of 10 u-CT images that showed the areas with the highest amounts of new bone
formation were used for one sample analysis. The percentage of new bone formation in
the defect (% of new bone) was calculated as the total area of new bone formed per 5 p-
CT images x 100.

Before measurements, images were adjusted so that the second molar was positioned in
the vertical plane. Edited images were stored and analyzed using CT-An image analysis
software (Bruker, Belgium). The section with the most complete view of the second molar

and alveolar bone was used as the standard section, with 20 additional sections on the
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buccal and lingual sides used to measure bone mineral density (BMD). The regions of
alveolar bone surrounding the mesial and distal roots were analyzed. In some experiments,
the BMD in bone surgical regions after transplantation were analyzed in two types of

model rats with alveolar bone defects.

Hematoxylin and eosin (HE) staining

Rat alveolar bone were collected at 12 weeks after transplantation. 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 performed using 3 um-thick
sections by routine procedures. The paraffin embedded sections were stained with HE to
evaluate any histological changes. The border line between the new formed bones and
old bones were evaluated the difference in the staining intensity of eosin (Supplemental
file). All sections were histologically observed with a Nikon Eclipse fluorescence

microscope (Nikon, Tokyo, Japan).

Statistical analyses

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

values of <0.05 were considered significant.

Results

Osteogenesis-induced stimulation significantly upregulated the osteogenesis-related

molecules in DFAT cells compared with ASCs

To characterize the ASCs and DFAT cells, FACS was first performed in the cells

collected from the adipose tissues. Almost all ASCs (>80%) were positive for

mesenchymal stem marker (CD40, CD90, and CD29; Figure 1A). In contrast, DFAT cells

yielded the expressions of CD40" and CD90" markers (>80%), whereas the expressions

of CD29" were <70% among all mesenchymal stem cell markers.

To clarify the ability of calcium deposition between ASCs and DFAT cells, both types

of cells were cultured with OIM. The cells were fixed in 4% paraformaldehyde and then

stained with alizarin red on days 0, 1, 3, 7, 14, and 21 after culture with osteogenesis

stimulation. The intensity of alizarin red staining was increased on day 7 after

osteogenesis induction in ASCs and on day 3 in the case of DFAT cells (Figure 1B).

Furthermore, the intensity of alizarin red staining in DFAT cells significantly was stronger

than that in ASCs on days 14 and 21 after osteogenesis-induced stimulation (Figure 1C).
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Treatment with BMP-2 (20 ng/mL) increased the expression of osteogenesis-related

genes, such as ALP, OSX, and Runx2 (mRNAs), compared with those in the control

(without BMP-2) in both types of cells (Figure 2A). Furthermore, the mRNA expressions

after BMP-2 treatment were significantly upregulated in DFAT cells in a time-dependent

manner compared with that in ASCs. The mRNA expressions after BMP-2 treatment

were noted on day 3 in ASCs and on day 1 in DFAT cells. Similar results were obtained

after they were stimulated with OIM.

Both osteogenesis stimulations using OIM or BMP-2 also upregulated the expressions of

osteogenesis-related molecules proteins, such as ALP, Runx2, and OSX, compared with

those in control (only with DMEM) in both cell types (Figure 2B). The expressions of

their proteins during osteogenesis stimulations were upregulated in dominant and time-

dependent manners in DFAT cells compared with ASCs. Similar results were obtained in

comparisons between the sorted CD40"/CD90* DFAT cells and those of ASCs after BMP-

2 treatment. The data indicated that DFAT cells were more potent in osteoblast

differentiation than ASCs.

Furthermore, BMP-2 was upregulated greatly and activated its downstream molecules

and the phosphorylation and expressions of Smad1/5 in ASCs. However, these effects

were not noted in DFAT cells. In contrast, BMP-2 activated considerably the expression
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and phosphorylation of ERK1/2 and Smad2 in DFAT cells, and their expressions were

then increased significantly in DFAT cells compared with that in ASCs during

osteogenesis (Figure 3A). Furthermore, to determine whether these transcription factors

localize on the nucleus during osteogenesis in both types of cells, we examined the

expressions of their molecules on nuclear proteins after BMP-2 treatment (Figure 3B).

The translocation of p-ERK1/2 and p-Smad2, but not p-Smad1/5, increased significantly

in DFAT cells compared with the corresponding expressions in ASCs.

To clarify whether ERK1/2 activation promotes osteogenesis, especially in DFAT cells,

we examined the effects of U0126, an ERKZL/2 inhibitor, on the expression of

osteogenesis-related molecules in both types of cells in the present experiments.

As U1206 has mainly known to suppress the phosphorylation of ERK1/2 via the inhibition of

catalytic activity of an upstream enzyme MEK1/2 [17], the incubation with U0126 in both type

of cells decreased the expression of ERK1/2 mRNAs, phosphorylated ERK1/2 proteins, and total

ERK1/2 proteins including phosphorylated and non-phosphorylated ERK1/2 proteins. The

long incubation (7 days) may gradually be suppressed the phosphorylated ERK1/2 in

early phase, and its continuous treatment completely suppressed their phosphorylation in

late phase, suggesting in decrease in total amount of ERK1/2 proteins.
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BMP-2 continually upregulated the expression of osteogenesis-related molecules, such

as ALP, Runx2, and OSX, in the presence or absence of U0126 (10 uM) in ASCs. In

contrast, the treatment of U0126 continually downregulated these molecules on day 1 and

then slightly upregulated them in DFAT cells (compared with ASCs) after BMP-2

treatment (Figures 3C and 3D).

Transplantation with DFAT cells significantly promoted new bone formation in normal

and OVX rats with mandibular defects

To clarify whether DFAT cells could potentiate new bone formation at a higher rate than

ASCs in vitro, we transplanted a collagen sponge scaffold (control) with ASCs or DFAT

cells into 30-week-old rats with a mandibular bone defect (Figures 4). Previous reports,

including ours, have suggested that calvarial bone defects in rats >30 weeks old do not

heal spontaneously during bone regeneration [16, 18]. Two weeks after transplantation,

u-CT images revealed no differences in the rat mandibular defects among the control,

ASC transplantation, and DFAT cell transplantation groups. Twenty weeks after

transplantation, new bone was formed around the defect in the rats transplanted with

ASCs or DFAT cells at rates higher than those noted in the control groups (Figures 4A

and 4B). Furthermore, the new bone formation significantly increased in the

transplantation of DFAT cells compared with those of ASCs at 12 weeks after the
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transplantation. However, there was no significant difference in BMD between DFAT

transplantation and ASC transplantation on 12 weeks after surgery, suggesting that the

bone in surgical regions may be osteoid with immature calcification. Consistent with the

data that used p-CT analysis, histological analysis of hematoxylin and eosin (HE)-stained

sections showed that new bone regeneration increased in rats transplanted with DFAT

cell compared with the levels of regeneration in the control or ASCs transplantation

groups at 12 weeks after transplantation (Figure 4C).

Furthermore, to clarify the effect of cellular transplantation on mandibular bone healing

in osteoporosis, we examined the cellular transplantation with or without ASC or DFAT

cells in the mandibular defects of OV X rats (Figures 5A, 5C, and 5D). One month after

OVX, the BMD was significantly decreased in mandibular bone of OV X rats compared

with those of sham rats (Figure 5B). Two weeks after cell transplantation in OV X, u-CT

images revealed no differences in the rat mandibular defects among the control, ASCs

transplantation, and DFAT cell transplantation groups (Figures 5A and 5C). Four weeks

after transplantation, new bone in the ASC or DFAT cell-transplanted rats was formed at

higher rates than those in the control rats. The increase in new bone formation and the

BMD of DFAT-transplanted rats was approximately equal to that of ASC-transplanted

rats at 12 weeks after transplantation (Figures 5C). Furthermore, the Consistent with the
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u-CT analysis data, histological analysis of HE-stained sections showed that the new bone

regeneration increased in DFAT cell transplantation group at a rate higher than that in the

control or ASCs transplantation group 12 weeks after transplantation (Figure 5D). The

results indicated that the bone healing ability following transplantation with DFAT cells

was slightly higher in normal rats with low-turnover in bone metabolism than that of

ASCs and was approximately equal in OV X rats with high-turnover in bone metabolism .

The results are suggesting that the therapeutic cytotherapy with transplantation of DFAT

cells may be more effective on the patients with senile osteoporosis than that of

postmenopausal osteoporosis.

Discussion

Bone regenerative therapy has been frequently performed for autografting. However,

improvements are needed because of the increased impairment and infection in donors.

Recently, the alternative cytotherapy using MSCs or somatic stem cells has been shown

to be the most promising.

Adipose-derived stem cells have been classified as ASCs and DFAT cells. ASCs have

been reported to be the potential source of stem cells and to be useful for cytotherapy [19,

20]. Although DFAT cells as well as ASCs have also been suggested as candidate MSCs
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for cytotherapy, it is unclear whether the cells are useful and suitable for bone

regeneration, especially in dental therapy for patients with metabolic bone diseases.

In the present study, we compared the potentials of osteoblast differentiation and new

bone formation in DFAT cells and ASCs. We found that DFAT cells have a higher

osteogenic differentiation potential and bone repair capacity than ASCs. Although the

proliferation rates of DFAT cells were similar to those of ASCs, BMP-2 and OIM rapidly

upregulated the expressions of osteogenesis-associated molecules, such as ALP, Runx2,

and OSX in DFAT cells compared with ASCs. The ability of calcium deposition in DFAT

cells was higher than that of ASCs, as demonstrated by alizarin red staining. Furthermore,

the transplantation of DFAT cells promoted new bone formation in jaw bone defects in

30-week-old or OVX rats compared with that of ASCs. Therefore, DFAT cells have an

advantage compared with ASCs in stem cells for cytotherapy because DFAT cells are

more effective than ASCs.

The various TGF-B supper-families including BMP-2 has been well known are leading

to ligand-specific modulation of the downstream signaling cascade at all cellular levels,

such as Smad1/5/8 and smad2/3 complex [21]. BMPs have also been well known to

induce canonical SmadZ1/5/9 phosphorylation [22]. It has been postulated that the p-Smad

1/5/9 pathways converge at the Runx2 gene and control the fate of critical bone formation
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[23]. Additionally, OSX is indispensable for bone formation as it is required for the

differentiation of preosteoblasts into mature osteoblasts [24]. In the present experiments,

BMP-2 mainly activated the canonical pathway via Smad1/5 in ASCs. In contrast, we

first found that BMP-2 greatly upregulated the phosphorylation of ERK1/2 and Smad2 in

DFAT cells, a little effect in ASCs. The ERK/MAPK pathway was reported to regulate

the osteoblast differentiation in MSCs and was associated with MAPK activity and Runx2

phosphorylation [25]. In contrast, the inhibition of ERK1/2 in ST2, a MSC line induced

adipogenesis but led to decreased osteoblast differentiation. Furthermore, Runx2 has been

reported to be regulated by ERK-dependent phosphorylation and has been shown to lead

to increased transcriptional Runx2 activity [26]. In present experiments, a dominant

activation of the ERK-Smad2 pathway of DFAT cells was documented compared with

minor activation of ASCs.

DFAT cells have been reported to have a higher osteogenesis potential than ASCs

following their transplantations in young rats [27, 28]. Both ASCs and DFAT cells have

been well known to secrete several cytokines associated with bone formation, anti-

inflammation, and angiogenesis [29, 30].There are some reports on differentiation of

donor DFAT cells into mesodermal cells in recipient animals. Namely, the green

fluorescent protein-labeled DFAT cells have been reported to be differentiated into
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various cells including green fluorescent protein-positive cells, such as vascularized fat

pads and smooth muscle [31, 32]. We found that the ability of osteoblastogenesis is higher

in DFAT cells than in ASCs in the present in vitro experiments. Furthermore, new bone

formation is likely to be induced in the edge of defect in present in vivo experiments,

suggesting migration of the recipient osteoblast and/or DFAT cells and healing of the

defect area.

DFAT cells have been reported to be isolated from donors regardless of age (range, 4—

81 years) [10]. Furthermore, DFAT cells can also be prepared from patients with

metabolic bone diseases, such as osteoporosis and rheumatoid arthritis. In the present

experiments, BMP-2 can induce osteogenesis-related molecules in DFAT cells derived

from elder fat tissues even though the rats were only 12 months old. Furthermore, the

transplantation of DFAT cells formed new mandibular bone in more than 30-week-old

and OV X-induced osteoporotic rats. These findings, together with the present study,

suggest that DFAT cells can be used for autologous transplantation in patients at various

ages, including elderly patients with or without metabolic bone diseases.

The homogenous ASCs have known to need a very large amount of adipose tissue for

clinical therapy because ASCs are heterogeneous cell populations derived from stromal

vascular fractions and typically include various types of cells [33, 34]. In contrast, DFAT
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cells can be isolated from homogenous cells from a very small amount of adipose tissue

because of dedifferentiated cells from pure mature adipocyte population. Highly

homogenous DFAT cells can then be obtained through a less invasive surgical or

liposuction procedure, thus leading to effects that are safer and more reproducible in

clinical therapy. Although there are approaches that can be used to improve the tissue

engineering efficiency using various MSCs, DFAT cells have advantages in optimal

therapeutic protocols. These results suggest the need for alternative cell characteristics

that can be easily prepared and expanded. Therefore, to achieve a more effective bone

regenerative therapy, it is suggested that these patients must be transplanted with

autologous DFAT cells in their constitutive active forms to induce ERK1/2-Smad2/3

signaling pathways.

Conclusion

DFAT cells greatly promoted osteoblast differentiation and calcium deposition in vitro

compared with ASCs. DFAT cells also promoted new bone regeneration in normal or

OVX-induced osteoporotic rats in vivo. These results indicate that transplantation of

DFAT cells in cytotherapy leads to a shorter regenerative healing process, including new

bone formation.
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Figure legends

Fig 1. Flow cytometric analysis and representative images with alizarin red

staining in adipose tissue—derived MSCs (ASCs) and dedifferentiated fat (DFAT)

cells.

(A) Ratio of positive cells in CD44, CD29, and CD90 stemness markers in ASCs and

DFAT cells. Mouse IgGalwas used as the control.

(B) Phase contrast images and alizarin red staining in ASCs and DFAT cells.

Scale bar = 200 pm. Alizarin red staining showed calcium deposition in bone

morphogenetic protein-2 (BMP-2) treated ASC and DFAT cells. Scale bar =5 pm.

(C) Calcium deposition rates were calculated at 14 and 21 weeks in alizarin red staining

after OIM stimulation. Data shown are the means from four wells (mean + SEM).

Symbol ** denotes p < 0.01 in ASCs vs. DFAT cells.

Fig 2. Effects of osteogenesis stimulation with BMP-2 or osteogenesis-induced
medium (OIM) on the expression of osteogenesis-related molecules in ASCs and

DFAT cells.

(A) Cells were treated with or without BMP-2 on ASCs and DFAT cells. Expressions of

osteogenesis-related genes ALP, OSX (Osterix), and Runx2 in both types of cells

following BMP-2 (20 ng/mL) incubation. Samples were analyzed by quantitative
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reverse transcription polymerase chain reaction (QRT-PCR), and were normalized to

[-actin messenger ribonucleic acid (MRNA). Data shown are the means from six culture

wells (mean + standard error from the mean (SEM)). Symbols * and ** respectively

indicate p < 0.05 and p < 0.01 in ASCs vs. DFAT cells.

(B) ASCs and DFAT cells were treated with BMP-2 (20 ng/mL) or OIM. Western

blotting was conducted using targeted and B-actin antibodies in ASCs and DFAT cells.

Similar results were obtained in four independent experiments.

Fig 3. BMP-2 dramatically activated the ERK1/2-Smad2/3 signaling pathway in
DFAT cells, but only a minor activation was noted in ASCs.

(A) ASC and DFAT cells were treated with BMP-2 (20 ng/mL). Expressions of BMP
receptor downstream signaling molecules, such as ERK1/2, Smad1/5, and Smad2/3, and
their phosphorylated proteins following BMP-2 incubation. Samples were analyzed by
Western blot analysis and normalized to B-actin proteins. Similar results were obtained
in four independent experiments.

(B) ASCs and DFAT cells were treated with BMP-2 (20 ng/mL). Their nuclear proteins
were collected from the total cellular proteins. Western blotting was conducted using
targeted and B-actin antibodies in ASCs and DFAT cells. Similar results were obtained
in three independent experiments.

(C) ASCs and DFAT cells were treated with BMP-2 in the presence or absence of U106

(10 uM), an ERK1/2 inhibitor. Expression of osteogenesis-related genes in both types



of cells following BMP-2 (20 ng/mL) incubation. Samples were analyzed by gRT-PCR
and normalized to B-actin mRNA. Data shown are the means from six culture wells
(mean + SEM). Symbols * and ** respectively indicate p < 0.05 and p < 0.01 in ASCs
vs. DFAT cells.

(D) ASCs and DFAT cells were treated with BMP-2 in the presence or absence of U106.
Western blotting was conducted using targeted and B-actin antibodies in ASCs and

DFAT cells. Similar results were obtained in three independent experiments.

Fig. 4. Transplantation with DFAT cells promoted new mandibular bone
formation in normal rats.

(A) Sagittal microcomputed tomography (u-CT) images of two types of cells
transplanted at 2, 4, 8, and 12 weeks after mandibular bone surgery in rats (40 weeks
old). The images on the left represent collagen sponge scaffold (control)
transplantations, the central images represent the collagen sponge scaffold with ASCs
transplantations, and the images on the right represent the collagen sponge scaffold with
DFAT cell transplantations. The white dashed circles indicate mandibular bone defects
(5 mm in diameter).

(B) Calculated new bone deposition rates at 2, 4, 8, and 12 weeks after mandibular bone
surgery. The percentage of new bone mineral deposition was calculated from the bony
tissue in the white dashed line in three types of grafting rats. Bone mineral density was
calculated in the surgical regions (white dashed circles) at 12weeks after each
transplantation. Data shown are the means from five rats (mean = SEM). Symbol *
denotes p < 0.05, and ** denotes p < 0.01 in control (day 0) vs. each transplantation

group and in ASCs vs. DFAT cells at 12 weeks. (C) Schema of the location in

3



mandibular defects in 30-week-old rats. Histological coronal images of mandibular
bone tissues at 12 weeks after the surgery. Symbols B and N indicate the original and

new bones, respectively, and C indicates connective tissues. Scale bar = 500 pum.

Fig 5. Transplantation with DFAT cells promotes new mandibular bone
regeneration in ovariectomy (OVX) rats. (A) Sagittal microcomputer tomography
(u-CT) images of two types of cells transplanted at 2, 4, 8, and 12 weeks after
mandibular bone surgery in OVX rats. The white dashed circles indicate mandibular
defects observed just after the surgery (5 mm in diameter). (B) Confirmation of
decreased bone mineral density of mandibular bone in OVX and sham operation 1
month after ovariectomy in female rats (8 weeks old). The white dashed squares
indicate measured areas in bone mineral density (C) Calculated new bone deposition
rated at 2, 4, 8, and 12 weeks after transplantations. The percentage of new bone
mineral deposition was calculated from the bony tissue in the white dashed line in three
types of grafting rats. Data shown are the means from five rats (mean £ SEM). Symbol
** denotes p < 0.01 control vs. each transplantation group. Bone mineral density
was calculated in the surgical regions (white dashed circles) at 12weeks after
each transplantation. (D) Histological coronal images of mandibular tissues 12 weeks
after surgery. Symbols B and N indicate the original and new bones, respectively,

and C indicates connective tissues. Scale bar = 500 pum.
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