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Abstract
Stem cells from human exfoliated deciduous teeth (SHED) possess bone regeneration ability and may
have therapeutic applications. CD146, a cell adhesion protein expressed by vascular endothelial cells, is
involved in the osteoblastic differentiation of stem cells. However, the effect of CD146 on SHED-mediated
bone regeneration in vivo remains unknown. Hence, in this study we aimed to establish efficient
conditions for SHED transplantation. SHED were isolated from the pulp of an extracted deciduous tooth
and cultured, and CD146-positive (CD146+) and CD146-negative (CD146−) populations were sorted.
Heterogeneous populations of SHED and CD146+ and CD146– cells were transplanted into bone defects
generated in the skulls of individual immunodeficient mice. Micro-computed tomography was performed
immediately post-transplantation and at 4- and 8-weeks thereafter to evaluate bone regeneration.
Histological and immunohistochemical assessments were also performed at 8 weeks after
transplantation. Micro-computed tomography revealed bone regeneration upon transplantation with
CD146+ and heterogeneous populations of SHED, particularly at 8 weeks after transplantation, with
significantly higher bone regeneration observed following transplantation with CD146+ cells.
Furthermore, histological and immunohistochemical assessments revealed that CD146+ cells promoted
bone regeneration and angiogenesis. Therefore, transplantation of CD146+ SHED into bone defects may
serve as a useful strategy for bone regeneration.

Introduction
Investigations of bone regenerative therapy using mesenchymal stem cells (MSCs) have been actively
conducted in recent years.1-4 Bone regeneration was observed following transplantation of bone marrow
mesenchymal stem cells (BMSCs) into the jaw defects of a beagle dog5,6. However, bone marrow
puncture, which is performed to collect BMSCs, causes pain and gait disturbance in animals7,8. Therefore,
we focused on stem cells from human exfoliated deciduous teeth (SHED) to develop a non-invasive and
efficient bone regeneration treatment strategy. SHED have high proliferative capacity and, like BMSCs,
can differentiate into osteoblasts9-11. Thus, SHED may serve as a useful resource for bone regeneration.
CD146 is a cell adhesion molecule expressed in vascular endothelial cells and smooth muscle cells and
is involved in angiogenesis and the osteoblastic differentiation of stem cells12. CD146+ cells isolated
from a heterogeneous cell population of MSCs exhibit higher bone regeneration capacity than CD146–
cells13-15. Thus, CD146 may promote the bone regeneration capacity of MSCs. However, in vivo
promotion of bone regeneration by CD146 using SHED has not been reported.
Therefore, in this study, we investigated the effect of CD146 on bone regeneration in vivo and optimized
the transplantation conditions for SHED.

Results
2.1. Isolation of CD146+ and CD146– cells
Page 3/16

SHED collected from four patients were cultured, and the cells were sorted to isolate CD146+ and
CD146– cells. The sorted CD146+ cells accounted for 83.5%, 74.1%, 89.1%, and 87.9% of the
heterogeneous SHED population.

2.2. 3D evaluation of regenerated bone by μCT
At t0, no regenerated bone was observed in the bone defects of all groups. At t1 and t2, shrinkage of the
bone defect was observed in the control group; shrinkage of the bone defect with newly regenerated bone
was observed at the center of the bone defect in the other groups (Fig. 1a).
The volume of regenerated bone in each group at t1 was as follows: control group, 0.040 cm3; SHED
group, 0.279 cm3; CD146+ group, 0.289 cm3; and CD146– group, 0.106 cm3. The volume of regenerated
bone at t2 was as follows in each group: control group, 0.053 cm3; SHED group, 0.172 cm3; CD146+
group, 0.317 cm3; and CD146– group, 0.111 cm3 (Fig. 1b).

2.3. Histological evaluation of regenerated bone
2.3.1. H&E and MT staining
Newly formed bone was clearly observed in the CD146+ group, whereas insignificant bone formation was
observed in the SHED group. Large blank areas were observed in the control and CD146– groups (Fig.
2a).
Mature bone was stained as red, whereas collagen fibers and osteoids were stained as blue in all groups.
Only a small amount of mature bone was observed in the control and CD146– groups, whereas in the
SHED and CD146+ groups, mature bone was widely observed (Fig. 2b). The area ratio of mature bone in
each group was as follows: control group, 3.065%; SHED group, 6.654%; CD146+ group, 11.759%; and
CD146– group, 6.098%. The area ratio of mature bone in the CD146+ group was significantly larger than
that in the other groups (**p < 0.01, *p < 0.05) (Fig. 2c).

2.3.2. Immunohistochemistry
Faint brown VEGF-A staining was observed throughout the transplant site in the control and CD146–
groups. In contrast, in the SHED and CD146+ group, dark brown staining was observed around and at the
center of the transplant site (Fig. 3a). The ratio of the area of the VEGF-stained region to the area of the
transplant site was as follows in the different groups: control group, 1.008%; SHED group, 2.662%;
CD146+ group, 6.977%; and CD146– group, 1.158%. For the ratio of the VEGF-stained area, the CD146+
group showed significantly higher values compared to the other groups (**p < 0.01, *p < 0.05). The SHED
group showed significantly higher values than the control group (*p < 0.05) (Fig. 3b).
Furthermore, many CD31+ blood vessels were observed mainly in the SHED group and CD146+ group
(Fig. 4a). The number of CD31+ blood vessels was as follows in the different groups: control group,
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8.933; SHED group, 13.55; CD146+ group, 19.533; and CD146– group, 10.667. The CD146+ group
showed significantly higher values than the control and CD146– group (*p < 0.05) (Fig. 4b).

2.3.4. Fluorescence immunohistochemistry
BMP-2 was weakly expressed in the upper part of the transplant site in the control group. In contrast,
BMP-2 was expressed in the lower part of the transplant site in the SHED group. In the CD146+ group, the
entire transplant site exhibited BMP-2 expression, whereas no expression was observed in the CD146–
group (Fig. 4c).

Discussion
Human dental pulp stem cells and SHED are obtained non-invasively, reducing the physical burden on
patients, and these cells have the same regenerative ability as BMSCs17-20. However, transplantation of
BMSCs does not result in significantly higher bone regeneration compared to autogenous bone graft21,22.
Hence, we focused on CD146 to determine cell transplantation conditions that could improve the bone
regeneration ability of SHED. CD146 contributes to the bone differentiation and regeneration of MSCs
derived from various tissues in vitro, but its effect in vivo remains unclear14,15,23,24. In this study, we
investigated the role of CD146 in SHED in promoting bone regeneration in vivo.
We observed remarkable bone regeneration in the SHED and CD146+ groups, and the CD146+ group
showed significantly higher regeneration than the SHED group. CD146+ cells isolated from MSCs have
been reported to promote bone formation25-27. This study revealed that CD146+ cells from SHED also
contribute to bone regeneration.
In this study, CD146+ cells comprised approximately 74.1–89.1% of the total heterogeneous cell
population in SHED. This indicates that a sufficient number of CD146+ cells can be isolated from a
heterogeneous cell population of SHED. Thus, our approach may be useful for future clinical
applications.
The CD146+ group also exhibited significantly higher expression of VEGF and BMP-2 compared with the
other groups, along with the presence of a large number of CD31+ blood vessels (**p <0.01, *p < 0.05).
VEGF promotes macrophage recruitment, angiogenesis, and osteoblast differentiation in bone
defects27,28. CD31 is an adhesion molecule expressed in platelets and vascular endothelial cells and is a
marker of angiogenesis29. BMP-2 is a bone morphogenetic protein that induces the differentiation of
MSCs into osteoblasts and promotes angiogenesis via VEGF expression30,31. Our results indicated
activation of angiogenesis in the CD146+ group. Interestingly, CD146 functions as a co-receptor for
VEGFR-2 in endothelial cells to enhance VEGF signaling and angiogenesis via nuclear factorκB32,33.Therefore, CD146 may activate VEGF and the nuclear factor-κB signaling pathway to promote
angiogenesis and bone regeneration.
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Additionally, VEGF and BMP-2 interact in bone regeneration via MSCs34,35. The association of BMP with
the BMP receptor results in phosphorylation of Smad1, Smad5, Smad8 and regulates the expression of
target genes such as VEGF and Runx236. In contrast, binding of VEGF to the VEGF receptor activates the
mitogen-activated protein kinase/extracellular signal-regulated kinase pathway, culminating in increased

BMP-2 expression34,35. Thus, VEGF and BMP-2 interact and contribute to bone regeneration in MSCs. In
this study, advanced bone regeneration was promoted in the CD146 + group through this mechanism.
However, the detailed effect of CD146+ cells in SHED on bone regeneration remains unclear. Therefore, it
is necessary to determine the signal transduction pathways related to CD146+ cells in SHED, VEGF, and
BMP-2. In addition, studies in humans are warranted to confirm the findings observed in the animal
model for future clinical applications.
In conclusion, we demonstrated that CD146+ cells present in SHED are more useful for in vivo bone
regeneration than a heterogeneous population of SHED. Additionally, CD146 and VEGF may be intricately
involved in bone regeneration by SHED, and further studies are required to determine their precise roles.
Our study demonstrates the immense potential for the development and clinical application of SHED
transplantation in bone regeneration therapy.

Methods
4.1. Cell isolation and culture
Pulp tissue was collected from deciduous teeth extracted from patients being treated at the Department
of Orthodontics, Hiroshima University Hospital. SHED were isolated and cultured using previously
described methods16. The guidelines pertaining to epidemiological research at Hiroshima University
Hospital were strictly followed (Approval No. E-20-2). Informed consent was obtained from all
participants.

4.2. Fluorescence-activated cell sorting
A heterogeneous population of the 3rd passage cells obtained from SHED was sorted to isolate CD146+
and CD146– cells using a FACS Aria II cell sorter (BD Biosciences, San Jose, CA, USA). The cells were
stained with PE-conjugated Mouse Anti-Human CD146 (BD Pharmingen, San Jose, CA, USA) or PEconjugated Mouse IgG1, κ Isotype control (BD Biosciences). The numbers of CD146+ and CD146– cells
in SHED were analyzed using FlowJo software (TreeStar, Ashland, OR, USA).

4.3. SHED transplantation into a mouse model of bone defect
CD146+ cells, CD146– cells, and the heterogeneous SHED population were collected from the same
patient and isolated by cell sorting. As SHED were of human origin, 6‐week‐old immunodeficient mice
(BALB/c-nu; Japan Charles River International Laboratories, Inc., Yokohama, Japan) were used to avoid
immunogenic and graft rejections. Non-fluorescent alfalfa-free solid food (D10001; AIN-76A; Research
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Diet, EPS Masuzo, New Brunswick, NJ, USA) was administered for one week before initiating the
experiment. The cells were seeded with an atelocollagen sponge (Mighty®; ⌀ 5.0 × 1.5 mm; Koken, Tokyo,
Japan) and transplanted into mouse skull defects (diameter, 5.0 mm) under general anesthesia in
accordance with a previously described study17. Anaesthesia consisted of midazolam (4 mg/kg;
Sandoz), medetomidine (0.3 mg/kg; Orion Corp.) and butorphanol (5 mg/kg; Meiji Seika Pharma Co.,
Ltd.). The following groups were defined according to the implanted materials: (a) CD146+: CD146+ cells
(105 cells/atelocollagen sponge); (b) CD146–: CD146– cells (105 cells/atelocollagen sponge); (c) SHED:
heterogenous population of SHED (105 cells/atelocollagen sponge); and (d) control: serum‐free α‐
minimum essential medium (25 μL/atelocollagen sponge). In total, 20 mice were used (n=5 per group).
Animal experiments were performed with permission from the Ethics Committee of Animal Experiments
at Hiroshima University (Approval No. A20-81).

4.4. Three-dimensional (3D) evaluation of regenerated bone by micro-computed tomography (μCT)
The transplant site was imaged using a μCT scanner (Skyscan1176; Bruker, Billerica, MA, USA)
immediately after atelocollagen transplantation (t0), as well as at 4 (t1) and 8 weeks after transplantation
(t2). The CT image resolution was 512 × 512 pixels, and the slice width was 35 μm. The transplant site
was indicated in 3D data using ZedView (Lexi, Tokyo, Japan). The volume of regenerated bone was
measured using Rapidform (Inus Technologies, Seoul, Korea) and FreeForm (SensAble Technologies,
Wilmington, MA, USA).

4.5. Histological evaluation of regenerated bone
Eight weeks after atelocollagen transplantation, the immunodeficient mice were euthanized and the
parietal bone was extracted. The tissue specimens were decalcified using 14%
ethylenediaminetetraacetic acid, embedded in paraffin, and sectioned (thickness, 7 μm) along the sagittal
plane. Staining was performed as described by Hiraki et al17. After staining, tissues were imaged and
observed using a BZ-X800 fluorescence microscope (Keyence, Osaka, Japan).

4.5.1. Hematoxylin and eosin (H&E) and Masson’s trichrome (MT) staining
Tissue sections were deparaffinized and dehydrated, and then subjected to H&E staining and MT
staining. MT staining was performed to detect mature bone. A section with atelocollagen (diameter, 5.0
mm) was used as the center of the transplant site. Using the BZ-II image analysis application (Keyence),
the ratio of the area of mature bone to the area of the transplant site was calculated.

4.5.2. Immunohistochemistry
Immunostaining for vascular endothelial growth factor (VEGF) and CD31 was performed to examine
angiogenesis using a slice from the center of the transplant site. The ratio of the area of the VEGF-Astained region to the area of the transplant site and number of CD31+ blood vessels was calculated using
the BZ-II image analysis application.
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4.5.3. Fluorescence immunohistochemistry
Fluorescence immunohistochemistry was performed to detect the expression of bone morphogenetic
protein-2 (BMP-2). Tissue sections were incubated with rabbit polyclonal anti-BMP-2 (1:250; Abcam,
Cambridge, UK) at 4°C for 24 h. Alexa FluorTM 594 goat anti-rabbit IgG (Thermo Fisher Scientific,
Waltham, MA, USA) and 4′,6-diamidino-2-phenylindole (DAPI; Wako Pure Chemical Industries Ltd., Osaka,
Japan) were added to the sections before observation.

4.6. Statistical analysis
All data are presented as the mean ± standard deviation. Significant differences among groups were
analyzed using the Bonferroni method in BellCurve® for Excel (SSRI; Tokyo, Japan). Results with p < 0.05
and p < 0.01 were considered statistically significant.

Declarations
Data Availability
The data that support the findings of this study are available from the corresponding author, upon
reasonable request.
Ethical approval
All procedures performed in studies involving human participants were in accordance with the ethical
standards of the institutional research committee and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards.
This study involving live animals follows the recommendations in the ARRIVE guidelines (PLoS Bio 8(6),
e1000412,2010).
Informed consent
Informed consent was obtained from all individual participants included in the study.
Author contributions
K.R. conceived the study. R.K., Y.Y., K.N., T.H. contributed to the study design. K.R., R.K., Y.Y wrote the main
manuscript text. K.R., N.P. performed all the experiments and data analysis. Y.T., T.A., K.A., Y.H., H.N., K.T.
gave critical comments on the draft of the manuscript. All authors reviewed the manuscript.
Competing interests
The authors declare no competing interests.
Additional information
Page 8/16

Correspondence and requests for materials should be addressed to R.K.
Acknowledgements
This work was supported by Grants-in-Aid for Research Activity Start Up [grant numbers 19K21368;
20K23055] and Grants-in-Aid for Scientific Research (C) [grant number 19K10384; 20K10226] from the
Japan Society for the Promotion of Science.

References
[1] Oryan, A.. Kamali, A., Moshirib, A. & Eslaminejad, M. B. Role of mesenchymal stem cells in bone
regenerative medicine: What is the evidence? Cells Tissues Organs204, 59–83 (2017).
https://doi.org/10.1159/000469704.
[2] Gromolak, S., Krawczenko, A., Antończyk, A., Buczak, K., Kiełbowicz, Z. & Klimczak, A. Biological
characteristics and osteogenic differentiation of ovine bone marrow derived mesenchymal stem cells
stimulated with FGF-2 and BMP-2. Int. J. Mol. Sci. 21, 9726, (2020).
https://doi.org/10.3390/ijms21249726.
[3] Lee, Y. C., Chan, Y. H., Hsieh, S. C., Lew, W. Z. & Feng, S. W. Comparing the osteogenic potentials and
bone regeneration capacities of bone marrow and dental pulp mesenchymal stem cells in a rabbit
calvarial bone defect model. Int. J. Mol. Sci. 20, 5015, (2019). https://doi.org/10.3390/ijms20205015.
[4] Rosset, P., Deschaseaux, F. & Layrolle, P. Cell therapy for bone repair. Orthop. Traumatol. Surg. Res. 100,
S107–S112 (2014). https://doi.org/10.1016/j.otsr.2019.11
[5] Tanimoto, K. et al. Experimental tooth movement into new bone area regenerated by use of bone
marrow-derived mesenchymal stem cells. Cleft Palate-Craniofacial J. 52, 386–394 (2015).
https://doi.org/10.1597/12-232.
[6] Yoshioka, M. et al. Bone regeneration in artificial jaw cleft by use of carbonated hydroxyapatite
particles and mesenchymal stem cells derived from iliac bone. Int. J. Dent. 2012, 352510 (2012).
https://doi.org/10.1155/2012/352510.
[7] Kurz, L. T., Garfin, S. R. & Booth, R. E. Harvesting autogenous iliac bone grafts: A review of
complications and techniques. Spine (Phila. Pa. 1976). 12, 1324–1331 (1989).
https://doi.org/10.1097/00007632-198912000-00009.
[8] Dimitriou, R., Mataliotakis, G. I., Angoules, A. G., Kanakaris, N. K. & Giannoudis, P. V. Complications
following autologous bone graft harvesting from the iliac crest and using the RIA: A systematic review.

Injury42 Suppl 2, S3–15 (2011). https://doi.org/10.1016/j.injury.2011.06.015.
[9] Miura, M. et al. SHED: Stem cells from human exfoliated deciduous teeth. Proc. Natl. Acad. Sci. U. S. A.
100, 5807–5812 (2003). https://doi.org/10.1073/pnas.0937635100.
Page 9/16

[10] Honda, M. J., Imaizumi, M., Suzuki, H., Ohshima, S., Tsuchiya, S. & Satomura, K. Stem cells isolated
from human dental follicles have osteogenic potential. Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
Endod. 111, 700–708 (2011). https://doi.org/10.1016/j.tripleo.2010.08.004.
[11] Wei, X., Ling, J., Wu, L., Liu, L. & Xiao, Y. Expression of mineralization markers in dental pulp cells. J.
Endod. 33, 703–708 (2007). https://doi.org/10.1016/j.joen.2007.02.009.
[12] Paduano, F., Marrelli, M., Palmieri, F. & Tatullo, M. CD146 expression influences periapical cyst
mesenchymal stem cell properties. Stem Cell Rev. Rep. 5, 592–603 (2016).
https://doi.org/10.1007/s12015-016-9674-4.
[13] D’Aquino, R. et al. Human mandible bone defect repair by the grafting of dental pulp stem/progenitor
cells and collagen sponge biocomplexes. Eur. Cells Mater.18, 75–83 (2009).
https://doi.org/10.22203/eCM.v018a07.
[14] Harkness, L., Zaher, W., Ditzel, N., Isa, A. & Kassem, M. CD146/MCAM defines functionality of human
bone marrow stromal stem cell populations. Stem Cell Res. Ther. 7, 4 (2016).
https://doi.org/10.1186/s13287-015-0266-z.
[15] Wang, X. T., Rao, N. Q., Fang, T. J., Zhao, Y. M. & Ge, L. H. [Comparison of the properties of CD146
positive and CD146 negative subpopulations of stem cells from human exfoliated deciduous teeth].
Beijing Da Xue Xue Bao Yi Xue Ban50, 284–292 (2018).
[16] Gronthos, S., Mankani, M., Brahim, J., Robey, P. G. & Shi, S. Postnatal human dental pulp stem cells
(DPSCs) in vitro and in vivo. Proc. Natl. Acad. Sci. U. S. A. 97, 13625–13630 (2000).
https://doi.org/10.1073/pnas.240309797.
[17] Hiraki, T. et al. Stem cell-derived conditioned media from human exfoliated deciduous teeth promote
bone regeneration. Oral Dis. 26, 381–390 (2020). https://doi.org/10.1111/odi.13244.
[18] Nakajima, K. et al. Comparison of the bone regeneration ability between stem cells from human
exfoliated deciduous teeth, human dental pulp stem cells and human bone marrow mesenchymal stem
cells. Biochem. Biophys. Res. Commun. 497, 876–882 (2018).
https://doi.org/10.1016/j.bbrc.2018.02.156.
[19] Kunimatsu, R. et al. Comparative characterization of stem cells from human exfoliated deciduous
teeth, dental pulp, and bone marrow-derived mesenchymal stem cells. Biochem. Biophys. Res. Commun.
501, 193–198 (2018). https://doi.org/10.1016/j.bbrc.2018.04.213.
[20] Nakajima, K. et al. Success rates in isolating mesenchymal stem cells from permanent and
deciduous teeth. Sci. Rep. 9, 16764 (2019). https://doi.org/10.1038/s41598-019-53265-4.
[21] Behnia, H., Khojasteh, A., Soleimani, M., Tehranchi, A. & Atashi, A. Repair of alveolar cleft defect with
mesenchymal stem cells and platelet derived growth factors: A preliminary report. J. Craniomaxillofac.
Page 10/16

Surg. 40, 2–7 (2012). https://doi.org/10.1016/j.jcms.2011.02.003.
[22] Gimbel, M. et al. Repair of alveolar cleft defects: Reduced morbidity with bone marrow stem cells in a
resorbable matrix. J. Craniofac. Surg. 18, 895–901 (2007).
https://doi.org/10.1097/scs.0b013e3180a771af.
[23] Sacchetti, B. et al. Self-renewing osteoprogenitors in bone marrow sinusoids can organize a
hematopoietic microenvironment. Cell131, 324–336 (2007). https://doi.org/10.1016/j.cell.2007.08.025.
[24] Tsang, W. P. et al. CD146+ human umbilical cord perivascular cells maintain stemness under hypoxia
and as a cell source for skeletal regeneration. PLoS One8, e76153 (2013).
https://doi.org/10.1371/journal.pone.0076153.
[25] De Mendonça Costa, A. et al. Reconstruction of large cranial defects in nonimmunosuppressed
experimental design with human dental pulp stem cells. J. Craniofac. Surg. 19, 204–210 (2008).
https://doi.org/10.1097/scs.0b013e31815c8a54.
[26] Pilz, G. A. et al. Human term placenta-derived mesenchymal stromal cells are less prone to
osteogenic differentiation than bone marrow-derived mesenchymal stromal cells. Stem Cells Dev. 20,
635–646 (2011). https://doi.org/10.1089/scd.2010.0308.
[27] Stopp, S. et al. Expression of the melanoma cell adhesion molecule in human mesenchymal stromal
cells regulates proliferation, differentiation, and maintenance of hematopoietic stem and progenitor cells.
Haematologica. 98, 505–513 (2013). https://doi.org/10.3324/haematol.2012.065201.
[28] Street, J. et al. Vascular endothelial growth factor stimulates bone repair by promoting angiogenesis
and bone turnover. Proc. Natl. Acad. Sci. U. S. A. 99, 9656–9661 (2002).
https://doi.org/10.1073/pnas.152324099.
[29] Newman, P. J. & Newman, D. K. Signal transduction pathways mediated by PECAM-1: New roles for
an old molecule in platelet and vascular cell biology. Arterioscler. Thromb. Vasc. Biol. 23, 953–964
(2003). https://doi.org/10.1161/01.ATV.0000071347.69358.D9.
[30] Yang, W. et al. Bmp2 in osteoblasts of periosteum and trabecular bone links bone formation to
vascularization and mesenchymal stem cells. J. Cell Sci. 126, 4085–4098 (2013).
https://doi.org/10.1242/jcs.118596.
[31] Marupanthorn, K., Tantrawatpan, C., Kheolamai, P., Tantikanlayaporn, D. & Manochantr, S. Bone
morphogenetic protein-2 enhances the osteogenic differentiation capacity of mesenchymal stromal cells
derived from human bone marrow and umbilical cord. Int. J. Mol. Med.39, 654–662 (2017).
https://doi.org/10.3892/ijmm.2017.2872.
[32] Zeng, Q. et al. Impaired tumor angiogenesis and VEGF-induced pathway in endothelial CD146
knockout mice. Protein Cell5, 445–456 (2014). https://doi.org/10.1007/s13238-014-0047-y.
Page 11/16

[33] Jiang, T. et al. CD146 is a coreceptor for VEGFR-2 in tumor angiogenesis. Blood120, 2330–2339
(2012). https://doi.org/10.1182/blood-2012-01-406108.
[34] Wozney, J. M. & Seeherman, H. J. Protein-based tissue engineering in bone and cartilage repair. Curr.
Opin. Biotechnol. 15, 392–398 (2004). https://doi.org/10.1016/j.copbio.2004.08.001.
[35] Matsubara, H. Hogan, D. E., Morgan, E. F., Mortlock, D. P., Einhorn, T. A. & Gerstenfeld, L. C. Vascular
tissues are a primary source of BMP2 expression during bone formation induced by distraction
osteogenesis. Bone51, 168–180 (2012). https://doi.org/10.1016/j.bone.2012.02.017.
[36] Bai, Y. et al. BMP-2, VEGF and bFGF synergistically promote the osteogenic differentiation of rat bone
marrow-derived mesenchymal stem cells. Biotechnol. Lett. 35, 301–308 (2013).
https://doi.org/10.1007/s10529-012-1084-3.

Figures

Page 12/16

Figure 1
Regenerated bone evaluation by micro-computed tomography. No notable difference was detected
between groups at t0. In the control- and CD146-group, a small reduction in the bone defect and
regenerated bone was observed. In the SHED- and CD146+ group, several regenerated bones were found
in the center of the bone defect (a). The SHED and CD146+ groups exhibited significantly higher
regenerated bone mass compared to the control- and CD146– groups in the t0–t1 and t1–t2 periods.
During the t1–t2 period, the CD146+ group showed significantly higher regenerated bone mass than the
SHED group (b). (n = 5 for each group, ** p < 0.01, * p < 0.05).
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Figure 2
Histological evaluation of regenerated bone. H&E staining showed calcified-like tissue in the CD146+
group but not in the control group (a). Masson’s Trichrome staining revealed intensely stained sites
showing mature bone in the SHED and CD146+ groups compared to in the control and CD146– groups
(b). The proportion of areas stained red by Masson’s Trichrome staining was significantly higher in the
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CD146+ group than in all other groups (c). (n = 5 for each group, ** p < 0.01, * p < 0.05). Scale bars = 500
μm.

Figure 3
Immunohistochemical analysis of VEGF expression. VEGF immunohistochemical staining was extensive
and stronger in the SHED- and CD146+ groups than in the control and CD146– groups. In the CD146+
group, many stained sites were found around atelocollagen and in the lower central region (a). The
proportion of VEGF-stained area was significantly higher in the CD146+ group than in all other groups (b).
(n = 5 for each group, ** p < 0.01, * p < 0.05). Scale bars = 500 μm.
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Figure 4
Analysis of CD31 and BMP-2 expression. Blood vessels stained using the anti-CD31 antibody were
observed in all groups. Several large blood vessels were observed in the CD146+ group (a). The number
of CD31+ blood vessels was high in the CD146+ group (b). Representative section depicting
immunostaining with BMP-2 alone (upper panel), and co-staining with BMP-2 and DAPI (lower panel). A
few sites were stained with BMP-2 in the control and CD146– groups. In the SHED group, only the lower
center of the transplant site exhibited BMP-2 expression, whereas the entire transplant site in the CD146+
group showed BMP-2 expression (c). (n = 5 for each group, * p < 0.05). Scale bars = 500 μm.
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