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Abstract
Mesenchymal stem cells sheets have been verified as a promising non-scaffold strategy for bone regeneration. Alveolar 
bone marrow mesenchymal stem cells, derived from neural crest, have the character of easily obtained and strong multi-
differential potential. However, the bone regenerative features of alveolar bone marrow mesenchymal stem cells sheets 
in the craniofacial region remain unclear. The purpose of the present study was to compare the osteogenic differentiation 
and bone defect repairment characteristics of bone marrow mesenchymal stem cells sheets derived from alveolar bone 
(alveolar bone marrow mesenchymal stem cells) and iliac bone (Lon-bone marrow mesenchymal stem cells) in vitro and 
in vivo. Histology character, osteogenic differentiation, and osteogenic gene expression of human alveolar bone marrow 
mesenchymal stem cells and Lon-bone marrow mesenchymal stem cells were compared in vitro. The cell sheets were 
implanted in rabbit calvarial defects to evaluate tissue regeneration characteristics. Integrated bioinformatics analysis was 
used to reveal the specific gene and pathways expression profile of alveolar bone marrow mesenchymal stem cells. Our 
results showed that alveolar bone marrow mesenchymal stem cells had higher osteogenic differentiation than Lon-bone 
marrow mesenchymal stem cells. Although no obvious differences were found in the histological structure, fibronectin 
and integrin β1 expression between them, alveolar-bone marrow mesenchymal stem cells sheet exhibited higher mineral 
deposition and expression levels of osteogenic marker genes. After being transplanted in the rabbit calvarial defects area, the 
results showed that greater bone volume and trabecular thickness regeneration were found in bone marrow mesenchymal 
stem cells sheet group compared to Lon-bone marrow mesenchymal stem cells group at both 4 weeks and 8 weeks. Finally, 
datasets of bone marrow mesenchymal stem cells versus Lon-bone marrow mesenchymal stem cells, and periodontal 
ligament mesenchymal stem cells (another neural crest derived mesenchymal stem cells) versus umbilical cord mesenchymal 
stem cells were analyzed. Total 71 differential genes were identified by overlap between the 2 datasets. Homeobox genes, 
such as LHX8, MKX, PAX9, MSX, and HOX, were identified as the most significantly changed and would be potential specific 
genes in neural crest mesenchymal stem cells. In conclusion, the Al-bone marrow mesenchymal stem cells sheet-based tissue 
regeneration appears to be a promising strategy for craniofacial defect repair in future clinical applications.
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Introduction

Craniofacial bone defect is a common disease, which 
would seriously affect the health of patients and brings dif-
ficulties for medical treatment. Currently, autogenous 
bone, autografts and allografts substitutes are the standard 
treatments for bone tissue reconstruction, but with many 
drawbacks. The autogenous bone practical clinical appli-
cation is restricted by both donor site morbidity and the 
limited availability of bone volume.1 Besides, commercial 
bone grafts substitutes have poor efficiency in large bone 
defect reconstruction with the limited osteogenic and oste-
oinductive ability.2 In recent decades, stem cell-based tis-
sue engineering has emerged as a therapeutic approach to 
repair of bone defects.3 The stem cell-based tissue engi-
neering depends on biomaterials and stem cells. Although 
substantial advances have been made, there are many chal-
lenges in craniofacial bone tissue engineering, such as 
complex physiological structures, suitable biomaterials 
and superior osteoinductive stem cells.4

Recently, cell sheet engineering has been developed as 
a unique, scaffold-free method of tissue regeneration,5 
with the advantage of maintenance of extracellular matrix 
(ECM) and cell-cell junctions, without the impairment 
induce by biomaterial and its degradation.6 Since the mes-
enchymal stem cells (MSCs) sheets were first used for the 
regeneration of osteogenic tissue in 2006,7 more and more 
studies have been made to investigate the function of 
MSC sheet in craniofacial bone regeneration. By being 
used alone or in conjunction with exogenous biomaterials, 
MSCs sheets have been verified effective in bone regen-
eration.8 Bone marrow MSCs (BMSCs), with the charac-
ter of high proliferation and osteogenic capacity, are the 
predominant MSCs used in preclinical and clinical studies 
of cell sheet based craniofacial tissue regeneration.9 
However, several disadvantages of BMSCs have been 
found in the application, such as the invasive and painful 
harvest procedure, impairment of self-renewal and differ-
entiation capacity due to donor age,10 and weak stemness 
maintenance during expansion in vitro, as well as inflam-
mation stimulation.11

Generally, the BMSCs are majorly derived from iliac 
crest bone marrow. They were also discovered in alveolar 
bone, which are named alveolar bone MSCs (Al-BMSCs), 
have the potential of osteogenic, chondrogenic or adipo-
genic differentiation,12 and can effectively regenerate bone 
tissue in vivo.13 Compared with other MSCs, Al-BMSCs 
have the advantage of less invasive and easier harvest pro-
cedures, high proliferation capacity, and stronger bone for-
mation than iliac BMSCs,14 thus have emerged as a 
potential cell source for bone tissue engineering.15 It has 
also been found that Al-BMSCs can be induced to cell 
sheets, and can increase local bone density when trans-
planted into the tooth-extraction site.16 However, although 
several studies have compared the character of Al-BMSCs 

and BMSCs in vitro and in vivo, most studies are in animal 
models, only a few articles are relevant to human study. In 
addition, the difference of Al-BMSCs sheet and BMSCs 
sheet in vitro and the craniofacial bone defect repairment 
features in vivo remain unclear.

The purpose of this study was to compare the histology 
character, osteogenic differentiation, and specific gene 
expression of BMSCs sheets derived from alveolar bone 
(Al-BMSCs) and iliac bone (Lon-BMSCs) in vitro. Then 
to investigate the bone defect repairment characteristics in 
vivo with Al-BMSCs sheet and Lon-BMSCs sheet in a rab-
bit calvarial defect model.

Materials and methods

Rabbit

10 adult female New Zealand white rabbits weighing 
between 3.0 and 3.5 kg were used in this study. The ani-
mal study was approved by the Animal Care and Use 
Committee of Beijing Stomatological Hospital, Capital 
Medical University (Ethical code: KQYY-201812-002). 
The rabbits were purchased from Beijing Fang Yuanyuan 
Laboratory Animal (Beijing, China) and maintained in a 
specific pathogen-free animal facility and kept under 
conventional conditions with free access to water and 
food.

BMSCs derived from iliac bone and alveolar 
bone cultures

BMSCs derived from alveolar bone (Al-BMSCs) were 
cultured from bone marrow complex during the prepara-
tion of the implant hole according to the previous study.17 
Briefly, the bone marrow complex (about 0.1–0.2 mL) 
were obtained from dental implant treatment of five 
healthy male patients (30–50 years old), with their consent 
and approval from the Ethics Committee of China 
Rehabilitation Research Center (No. 2018-094-1). The 
bone marrow complex was put into the centrifugal tubes 
with medium and were grown in alpha-MEM (Invitrogen, 
Carlsbad, CA, USA), supplemented with 15% fetal bovine 
serum (FBS; Invitrogen, Carlsbad, CA, USA), 2 mmol/L 
glutamine, 100 U/mL penicillin, and 100 µg/mL strepto-
mycin (Invitrogen, Carlsbad, CA, USA) in a humidified 
incubator under 5% CO2 at 37°C. The culture medium was 
changed every 3 days.

The human BMSCs extracted from iliac bone marrow 
(Lon-BMSCs) were obtained from the Department of 
Experimental Hematology, Beijing Institute of Radiation 
Medicine. The Lon-BMSCs and Al-BMSCs were 
expanded by detachment with 0.5% trypsin- ethylenedi-
aminetetraacetic acid (EDTA) solution when the respec-
tive cultures reached 80% confluence. All the cells at 
passages 3–5 were used in subsequent experiments.
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Stem cell sheet induction and histological 
observation

To induce the cell sheets, Lon-BMSCs and Al-BMSCs at 
third passages were sub-cultured in 10 cm dishes with 2 × 
105cells/well, and cultured in complete medium contain-
ing 20 µg/mL vitamin C.18 About 10 days later, the cells on 
the edge of the dishes wrapped, indicating that cell sheets 
had formed. After detaching the cell sheets were fixed with 
4% formalin and then embedded in paraffin. Sections 
(8-µm) were prepared, deparaffinized, and stained with 
hematoxylin-eosin (HE).

Osteogenesis potential detection

To evaluate the osteogenic differentiation potential, Lon-
BMSCs and Al-BMSCs or Lon-BMSCs and Al-BMSCs 
sheets were incubated in the osteogenic medium 
(Invitrogen). The medium was changed every 2 days. On 
day 5 after induction, cells or cell sheets were fixed with 
4% paraformaldehyde for alkaline phosphatase (ALP) 
staining following the manufacturer’s protocol (Sigma-
Aldrich). On day 14 after induced for osteogenic induc-
tion, cells or cell sheets were fixed with 70% ethanol, and 
stained with solution contained 2% Alizarin Red (Sigma-
Aldrich). ALP and Alizarin Red staining were measured 
by using the Image-Pro Plus 6.0 program (Media 
Cybernetics, Rockville, MD, USA).

Real-time PCR for assessing gene expression

Cells or cell sheets were treated with Trizol (Invitrogen). 
Total mRNA was extracted by RNAprep pure Cell  
Kit (TIANGEN, Beijing, China). Then cDNA was synthe-
sized with FastQuant RT Kit (TIANGEN, Beijing,  
China). We obtained GAPDH primer, forward 5’- 
CGGACCAATACGACCAAATCCG -3,’ reverse 5’- 
AGCCACATCGCTCAGACACC -3’; OPN primer, 
forward 5’- ATGATGGCCGAGGTGATAGT-3,’ reverse 
5’- ACCATTCAACTCCTCGCTTT-3’; OCN primer, for-
ward 5’- AGCAAAGGTGCAGCCTTTGT-3,’ reverse 5’- 
GCGCCTGGGTCTCTTCACT-3’; Runx2 primer, forward 
5’- TCTTAGAACAAATTCTGCCCTTT-3,’ reverse 5’- 
TGCTTTGGTCTTGAAATCACA-3’; BSP primer, for-
ward 5’- CAGGCCACGATATTATCTTTACA-3,’ reverse 
5’- CTCCTCTTCTTCCTCCTCCTC-3,’ from Primer 3. 
Real-time polymerase chain reaction (PCR) reactions were 
performed with the SuperReal PreMix Plus SYBR Green 
PCR kit (TIANGEN, Beijing, China).

Cell sheets transplantation in Rabbit Calvarial 
Bone Defect model

Ten rabbits were anesthetized via intramuscular injection 
with 7.5 mg/kg tiletamine-zolazepam (Zoletil 50, Virbac, 

Carros Cedex, France) and 2 mg/kg xylazine hydrochlo-
ride (Sumianxin II, Jilin Huamu, Changchun, China). The 
rabbit calvarial bone defect was created according to the 
previous study.19 After midline skin incision, muscle dis-
section, and periosteal elevation, the calvarial bone was 
carefully exposed. Two symmetrical round defects, each 
5 mm in diameter and 2 mm in depth, were prepared in the 
calvaria using a trephine bur under the copious irrigation 
of sterile saline. Two experimental modalities were ran-
domly allocated to the 20 defects, as follows: (1) Lon-
BMSCs sheet and (2) Al-BMSCs sheet. Cell sheets were 
collected and immediately implanted into the bone defects. 
After incision closed, the animals received 30 mg/kg peni-
cillin by intramuscular injection to prevent infection. The 
animals had free access to food and water and were moni-
tored daily for any complications or abnormal behaviors 
during the healing period.

Sequential fluorescent labeling

According to the time of execution, the experimental ani-
mals were divided into two groups (n = 5). In the 4-week 
group, the animals were intramuscularly injected with 
90 mg/kg Xylenol orange (Sigma, USA), 20 mg/kg calcein 
(Sigma, USA), and 30 mg/kg alizarin red S (Sigma, USA), 
respectively, at 1, 2, and 3 weeks after the operation. In the 
8-week group, the time point was 2, 4, and 6 weeks.

Micro-computed tomography measurements

After 4 and 8 weeks of healing, the rabbits were sacrificed. 
The skull bones were harvested and fixed in 10% neutral 
buffered formalin, the samples were processed and scanned 
with a micro-CT (Siemens Inveon, Siemens, Germany) 
running at a voltage of 80 kV, an electric current of 500 
mA, exposure time of 2000 ms and a pixel resolution of 15 
µm with a 0.5 mm aluminum filter. Three-dimensional 
(3D) image models were reconstructed using Inveon 
Research Workplace 4.2 (Siemens, Germany). A 5 mm 
diameter circular region was placed in the center of the 
initial defect area and was defined as the region of interest 
(ROI). The optimal threshold for discriminating between 
the bone and grafting materials was determined as 615. 
Finally, the bone volume density (BV/TV %) within the 
ROI, was determined and expressed as mean ± standard 
deviation (M ± SD).

Histology analysis

For hard tissue slices examination, samples were dehy-
drated with ethanol of ascending concentrations, embed-
ded in polymethylmethacrylate (PMMA) and cut into 
sections using a microtome (LEICA SP1600, Germany). 
The fluorescent labeling was observed using the Stereo 
Microscope and Laser Scanning Confocal Microscope 
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(OLYMPUSFV1000, Japan). The area of three fluorescent 
stained bone was quantified by Image-Pro Plus 6.0 soft-
ware. For HE staining, the samples were decalcified in 
10% EDTA (pH 7.0) for 21 days, stained with HE (Sigma, 
St. Louis, MO) following standard protocols, and observed 
using a standard light microscope Leica DM 4000 micro-
scope (Leica, Germany).

Immunofluorescence analysis

For fluorescent immunohistochemistry (IHC) of fibronec-
tin and integrin β1, deparaffinized slides were subjected to 
antigen retrieval in boiled sodium citrate buffer solution 
(pH 6.0) for 10 min, then blocked for 20 min in blocking 
buffer (5% bovine serum albumin and 0.01% Triton X-100 
in phosphate buffer solution (PBS; Sigma). After blocking, 
samples were incubated with rabbit polyclonal anti-
fibronectin (Abcam, ab2413, 1:300) and rabbit polyclonal 
anti-integrin β1 (Abcam, ab183666, 1:300) overnight at 
4°C. Alexa Fluor 594 goat anti-rabbit IgG (Life 
Technologies, USA, 1:500) were used to detect primary 
antibodies, and then counterstained with 4′,6-diamidino-
2-phenylindole (DAPI; Invitrogen). Immunofluorescent 
images were captured using a Leica TCS SP5 confocal 
microscope (Leica). The expression intensity was meas-
ured using the Image-Pro Plus 6.0 program (Media 
Cybernetics, Rockville, MD, USA).

Bioinformatics analysis gene expression profile 
of Lon-BMSCs and Al-BMSCs

Gene expression dataset GSE58474 was downloaded from 
the Gene Expression Omnibus(GEO) database, which 
compared the gene expression between human Al-BMSCs 
and Lon-BMSCs. More gene expression data were derived 
from S Yu et al.,20 which compared the gene expression 
between human periodontal ligament mesenchymal stem 
cells (PDLSCs) and umbilical cord MSCs (UCMSCs). 
Those genes with an adjusted P-value < 0.05 and the abso-
lute value of fold-change (FC) > 2 were analyzed. Then 
differentially expressed genes were subjected to Gene 
Ontology (GO) and The Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis to explore the gene function of 
individual genomic products based on defined features and 
understand the biological meaning underlying particular 
gene lists. In this study, both GO and KEGG analyses of 
differentially expressed genes were performed with a crite-
rion false discovery rate (FDR) < 0.05.

Statistical analysis

All statistical calculations were performed. All values are 
described as the mean ± standard deviation (M ± SD). 
Statistics were calculated by using SPSS 13.0 statistical 
software. Student t-test was used to determine statistical sig-
nificance. P ⩽ 0.05 was considered statistically significant.

Results

Higher osteogenic differentiation of Al-BMSCs 
compared to Lon-BMSCs

AL-BMSCs and Lon-BMSCs were derived from 5 indi-
viduals, the stem cells were identified by flow cytometric 
analysis and osteogenesis differentiation (Supplemental 
Figure 1). Both the ALP staining and Alizarin Red staining 
showed Al-BMSCs have higher osteogenic differentiation 
compared to Lon-BMSCs (Figure 1(a), (b)). The results of 
RT-PCR showed that the expression of BSP, OPN, OCN, 
Runx2 were higher expressed in Al-BMSCs than Lon-
BMSCs at 0 day, 7 days and 14 days of osteogenic induc-
tion (Figure 1(c-f)), at 28 days, the expression of OPN and 
OCN were also up-regulated in Al-BMSCs than Lon-
BMSCs (Supplemental Figure 2).

Histological analyses of Lon-BMSCs and Al-
BMSCs sheets

Cell sheets were formed after 10 days of culture (Figure 
2(a), (b)). Histological analysis showed that both sheets 
consisted of 2–3 layers of cells, which were closely con-
nected (Figure 2(c, d)). The immunofluorescence stain-
ing indicated that there was no significant difference in 
the expression of fibronectin and integrin β1 between 
Lon-BMSCs and Al-BMSCs sheets (Figure 2(e-h), 
Supplemental Figure 3A).

Higher osteogenic differentiation of Al-BMSCs 
sheet than Lon-BMSCs sheet

Al-BMSCs and Lon-BMSCs derived from 5 individuals 
were induced to cell sheet. The result of ALP staining and 
Alizarin Red staining showed Al-BMSCs sheets have 
higher osteogenic differentiation compared to Lon-BMSCs 
sheet (Figure 3(a, b), Supplemental Figure 3B, C). The 
results of RT-PCR showed that the expression of BSP, 
OPN, OCN, Runx2 were higher expressed in Al-BMSCs 
sheet than Lon-BMSCs sheet at 0 day and 7 days osteo-
genic induction (Figure 3(c-f)). The results showed 
Al-BMSCs sheets have higher osteogenic differentiation 
than Lon-BMSCs sheets, although the difference was 
decreased at 14 days of osteogenic induction.

Bone regeneration characteristics of Lon-
BMSCs and Al-BMSCs sheets in rabbit calvarial 
defects

In the calvarial defect rabbit model, it cannot be repaired by 
self-healing (Supplemental Figure 3D, E). The skull bones 
were harvested at 4 and 8 weeks. Regeneration of the calva-
rial defects was evaluated using micro-CT. The 3D recon-
struction of the images showed that the bone defect area 
was decreased when transplanted with Lon-BMSCs and 
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Al-BMSCs sheet at 4 weeks. More newly formed bones 
were witnessed in Al-BMSCs sheet transplanted group than 
Lon-BMSCs sheet group (Figure 4(a)). The BV/TV (bone 
volume/tissue volume) ratios (Figure 4(b)), and trabecula 
thickness (Figure 4(d)) in the defect areas of the Al-BMSCs 
sheet group were significantly higher than Lon-BMSCs 
sheet group (P < 0.05), while the BSA/BV (bone surface/

bone volume) ratios (Figure 4(c)) in the defect areas of the 
Al-BMSCs sheet group were significantly lower than Lon-
BMSCs sheet group (P < 0.05). HE staining and sequential 
fluorescent labeling showed much more new bone forma-
tion was formed and diminishes the diameter of the defect 
in AL-BMSCs sheet group than Lon-BMSCs sheet group 
(Figure 4(e, f)). Larger regenerated tissues were found in 

Figure 1. Comparison of osteogenic differentiation capacities of Lon-BMSCs and Al-BMSCs. (a) ALP (alkaline phosphatase) 
staining and qualitative measurement of Lon-BMSCs and Al-BMSCs following 7 days of osteogenic induction. (b) Alizarin red staining 
and qualitative measurement of Lon-BMSCs and Al-BMSCs following 14 days of osteogenic induction. (c, d, e, and f) Real-time 
PCR showed the expression of OPN, OCN, Runx2 and BSP were up-regulated in Al-BMSCs compared to Lon-BMSCs. GAPDH 
was used as an internal control. Student’s t-test was used to determine statistical significance. Values are mean ± SD, Error bars 
represent the s.d, (n = 5), *P ⩽ 0.05, **P ⩽ 0.01.

Figure 2. Histological analyses of Lon-BMSCs and Al-BMSCs sheets. (a, b): The gross morphology of Lon-BMSCs and Al-BMSCs 
sheet showed no difference, with Vit C induced for 10 days. (c, d): The Hematoxylin and eosin (HE) staining of Lon-BMSCs and 
Al-BMSCs sheet all sheets consisted of 2-3 layers of cells. (n = 5; scale bar: 100 μm). Immunofluorescence analysis showed (e, f) 
fibronectin and (g, h) integrin β1 were highly expressed in the Lon-BMSCs and Al-BMSCs sheets, with no significant difference 
between them. Sections were counterstained with DAPI (blue). (n = 5, scale bar: 100 μm).
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AL-BMSCs sheet group than Lon-BMSCs sheet group 
(P < 0.05) (Figure 4(g)). T-bet (Th1 marker), CCR7 (type I 
macrophage marker) and CD206 (type II macrophage 
marker) were analyzed by IHC analysis. At 4 weeks the 
count of Th1, M1 and M2 were witnessed in blank control, 
Lon-BMSCs sheet and AL-BMSCs sheet group, without 
any difference (Supplemental Figure 4).

At 8 weeks, much great bone formation was found both 
in Al-BMSCs and Lon-BMSCs sheet groups, but the data 
showed the similar tendency of 4 weeks, more newly 
formed bones were witnessed in Al-BMSCs sheet group 
compared to Lon-BMSCs sheet group (Figure 5).

Identification of key genes and pathways 
specific in Al-BMSCs using an integrated 
bioinformatics analysis

Al-BMSCs and dental MSCs (PDLSCs, dental pulp stem 
cells (DPSCs), SCAPs, etc.) are derived from the neural 
crest, and they have similar characteristics. Though inte-
grated bioinformatics analysis with other neural crest 
derived MSCs, it would reveal the key genes and pathways 
in neural crest derived MSCs compared to other tissue 
derived MSCs. The published gene expression datasets 
between human Al-BMSCs and Lon-BMSCs, and the 
gene expression between human PDLSCs and Umbilical 
Cord MSC (UCMSCs) were used. The results showed a 

total 173 significantly changed genes were identified (94 
up-regulated and 79 down-regulated) in Al-BMSCs com-
pared to Lon-BMSCs (Figure 6(a)). While total 1059 sig-
nificantly changed genes were identified (588 up-regulated 
and 471 down-regulated) in PDLSCs compared to 
UCMSCs (Figure 6(b)). Total 71 genes overlapped across 
the two datasets, suggesting that these genes may be con-
served in neural crest derived MSCs. Among these 71 
genes, 41 were up-regulated while 29 were down-regu-
lated (Table). GO and KEGG analyses were performed on 
the 71 genes. The GO analysis revealed that most of the 
proteins encoded by these differentially expressed genes 
were ECM proteins located in the extracellular space 
(Figure 6(c)). The molecular functions (MF) enriched in 
this dataset were primarily associated with platelet-derived 
growth-factor binding and ECM structural constitution, 
while the enriched biological processes (BP) were primar-
ily those associated with ECM organization and cell adhe-
sion. The KEGG analysis revealed that the primary 
enriched signaling pathways were associated with ECM-
receptor interaction, protein digestion and absorption, 
focal adhesion, and the PI3 K-Akt signaling pathway 
(Figure 6(d)). Interestingly, the Homeobox genes like 
LHX8, MKX, PAX9, MSX and HOX, were identified as the 
most significantly changed, suggesting that their distinc-
tive function in neural crest derived MSCs and tissue 
development.

Figure 3. Comparison of osteogenic differentiation capacities of Lon-BMSCs sheet and Al-BMSCs sheet. (a) ALP staining and 
qualitative measurement showed Al-BMSCs and Lon-BMSCs sheets following 7 days of osteogenic induction. (b) Alizarin red staining 
and qualitative measurement of Al-BMSCs and Lon-BMSCs sheets following 14 days of osteogenic induction. (c, d, e) Real-time 
PCR showed the expression of OPN, OCN, Runx2 and BSP were up-regulated in Al-BMSCs sheet compared to Lon-BMSCs sheet. 
GAPDH was used as an internal control. Student’s t-test was used to determine statistical significance. Values are mean ± SD, Error 
bars represent the s.d, (n = 5), *P ⩽ 0.05, **P ⩽ 0.01.
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Discussion

In the present study, our results showed Al-BMSCs have 
higher osteogenic differentiation than Lon-BMSCs. 
Al-BMSCs can be induced to cell sheet with Vit C, with 
the similar histological structure and containing ECM pro-
tein (fibronectin and integrin β1) to Lon-BMSC. But 
Al-BMSCs sheet showed higher osteogenic differentiation 
capacity and bone defect reconstruction in rabbit calvarial 
defect model. Like other neural crest derived MSCs, 
Homeobox genes, such as LHX8, MKX, PAX9, MSX and 
HOX, were specifically highly expressed in Al-BMSCs. 
All the results showed Al-BMSCs sheet based tissue 
regeneration would a promising strategy for craniofacial 
defect repair in future clinical applications and Homeobox 
genes have distinctive functions in neural crest derived 
MSCs and tissue development.

Canonical stem cell based bone engineering is depend-
ent on stem cells and materials. After further research, 
many drawbacks have been found. This strategy needs cul-
turing and expanding cells, which would destroy the ECM 
and intercellular connections between cells. ECM contains 

many necessary bioactive molecules for cells and tissues 
homeostasis,21,22 and the destruction of ECM can impair 
tissue regeneration efficiency in vivo. Besides, the trans-
planted scaffolds may induce local tissue inflammation, 
and cell necrosis by impairing nutrients and oxygen diffu-
sion, as well as the occurrence of inflammation.6,23 
Therefore, scaffold-free tissue regeneration strategy was 
emerged to avoid these limitations.6,23 Cell sheet technol-
ogy is a promising alternative engineering technique, in 
which the 2–3 layers structure was formed when cells were 
hyper confluent.24 This strategy preserves cell-cell interac-
tions and the ECM from the destruction by enzymatic 
digestion. The ECM, which contains many ingredients, 
such as cell–cell junctions, adhesion molecules, growth 
factor receptors and ion channels, not only offers the sup-
plements for cell survival maintains, but also mediates 
direct adhesion of the sheet to the target organ,25 which 
would benefit the cell anchoring. Besides, cell sheet tech-
nology can avoid the inflammatory reaction caused by the 
degradation of scaffold, which would produce acidic sub-
stances which will hinder cell migration and lead to the 

Figure 4. Analyses of bone defect repairment by Lon-BMSCs and Al-BMSCs sheets in rabbit calvarial defect at 4 weeks. (a) 
3D-reconstruction of Micro-CT images of defect regions in Lon-BMSCs and Al-BMSCs sheet at 8 weeks. (b, c, d) Qualitative 
measurement of BV/TV, BSA/BV and thickness values between Lon-BMSCs and Al-BMSCs sheets groups (*P < 0.05, **P < 0.01). (e) 
HE stained images of bone defect regions at 8 weeks in Lon-BMSCs and Al-BMSCs sheets groups. (f) Sequential fluorescent labeling 
of bone formation and mineralization. Bone formation and mineralization in the defect area of the rabbit at 8 weeks. Red, green and 
yellow represent labeling by Alizarin Red S, Calcein and Xylenol orange. (g) New bone area percentages in the defect region were 
assessed by histomorphometric analyses. (Scale bars = 0.5 mm) (*P < 0.05, **P < 0.01).
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reduction of cell activity.26 The cell sheet has certain 
mechanical strength and operability, and the ideal thick-
ness of the sheet can be constructed by means of superpo-
sition, it can be implanted into the biological body by 
means of tamping and injection, regardless of the size of 
the scaffold.27Thus, cell sheet could recreate a similar nat-
ural biological microenvironment for tissue regeneration.

To date, cell sheets have been widely used in tissue 
engineering, including craniofacial bone8 and dental tis-
sue.18,28 Like PDLSCs and DPSCs have been successfully 
used for periodontal regeneration.29,30 Our previous studies 
have shown that PDLSC sheet can also be used for bio-
root regeneration.31,32 MSC sheets first used for the regen-
eration of osteogenic tissue were described in 2006.7 
Subsequently, many research groups have reported bone 
formation or regeneration by the BMSCs sheet itself.33 In 
order to enhance the bone regenerated capacity of MSCs 
sheet, many methods have been used to combine with 
MSCs sheet,34 like HA/TCP, chitosan/hyaluronic acid nan-
oparticles plus microRNA-21, nanoscale HA combined 
with autologous platelet-rich fibrin, as well as various bio-
logical agents.9

Lon-BMSCs were the major MSCs used in previously 
MSCs sheet based bone reconstruction.35 Recently, numer-
ous types of neural crest derived-MSCs have been isolated 
and characterized, including PDLSCs, DPSCs, stem cells 
from exfoliated deciduous teeth, Al-BMSCs.36 All of these 
MSCs exhibit self-renewal, multilineage differentiation 
potential, and immunomodulatory properties.37 Compared 
to other MSCs, they are highly proliferative, survival prop-
erties, and significantly higher osteogenesis in vitro and in 
vivo, thus they have great potential advantages of MSC-
based regeneration.38 Except these superiors, Al-BMSCs 
have unique advantages over Lon-BMSCs, such as less 
invasive and easier harvest procedure (which can be col-
lected during the process of tooth retraction, dental implan-
tation), high proliferation (only 0.1 to 3 mL volume of 
tissue is needed), high success rate (approximately 70%), 
more osteogenically responsive.15,39 All these characteris-
tics have made Al-BMSCs potentially more desirable for 
wide therapeutic applications. Although it has been found 
that Al-BMSCs sheet would increase local bone density 
when transplanted into the tooth-extraction site,16 the func-
tion of Al-BMSCs sheet in vitro and the craniofacial bone 

Figure 5. Analyses of bone defect repairment by Lon-BMSCs and Al-BMSCs sheets in rabbit calvarial defect at 8 weeks. (a) 
3D-reconstruction of Micro-CT images of defect regions in Lon-BMSCs and Al-BMSCs sheet at 8 weeks. (b, c, d) Qualitative 
measurement of BV/TV, BSA/BV and thickness values between Lon-BMSCs and Al-BMSCs sheets groups (*P < 0.05, **P < 0.01). (e) 
HE stained images of bone defect regions at 8 weeks in Lon-BMSCs and Al-BMSCs sheets groups. (f) Sequential fluorescent labeling 
of bone formation and mineralization. Bone formation and mineralization in the defect area of the rabbit at 8 weeks. Red, green and 
yellow represent labeling by Alizarin Red S, Calcein and Xylenol orange. (g) New bone area percentages in the defect region were 
assessed by histomorphometric analyses. (Scale bars = 0.5 mm) (*P < 0.05, **P < 0.01).
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defect repairment features in vivo remain unclear. Our 
results showed that Al-BMSCs sheet have the similar his-
tology structure, higher osteogenic differentiation capacity 
and bone defect reconstruction in rabbit calvarial defect 
model, demonstrating Al-BMSCs sheet based tissue regen-
eration would be a promising strategy for craniofacial 
defect repair in future clinical applications.

Multiple immune cells, such as Th1, Th2, Th17, mac-
rophages, infiltrated into the transplanted area is inevita-
ble, certainly immune cell infiltrated were necessary for 
tissue regeneration or wound-healing.40 At the early 
stage of 1 week to 1 month during tissue regeneration, it 
was infiltrated by neutrophils, followed by dense infil-
tration of monocytes.41 At the late stage, it was turned to 
anti-inflammatory cells, like M2 macrophages.42 The 
results of the present study showed the Th1, M1 and M2 

have no significantly difference in different groups. This 
indicating that the immunoregulation function of Lon-
BMSCs and Al-BMSCs have no differentiation. Study 
showed that Al-BMSCs exhibited immunosuppressive 
effects on monocyte activation and T cell activation and 
proliferation similar to Lon-BMSCs. Both Al-BMSCs 
and Lon-BMSCs drove macrophages into an anti-inflam-
matory M2 phenotype.43

In order to uncover the mechanism of the difference 
between Al-BMSCs and BMSCs, researchers have per-
formed gene array analyses.44 Although lots of differential 
genes have been found, it was hard to identify the key 
gene. Thus, we overlapped the differential genes with 
another gene expression data derived from S Yu et al.,20 
which compared the gene expression between another 
neural crest MSCs, PDLSCs and UCMSCs. The results 

Figure 6. Bioinformatics analysis gene expression profile of Lon-BMSCs and Al-BMSCs. (a, b) Overlap genes from the 
two profile sets (Al-BMSCs VS Lon-BMSCs, PDLSCs VS UCMSCs), generated using an online tool. Each colored circle represents a 
different dataset, and areas of overlap indicate shared genes. Statistically significant were defined based on adj. P < 0.05 and [FC] > 2 
as the cut-off criteria. (c) GO enrichment analyses of shared genes. The top 30 terms in each GO category. (d) KEGG enrichment 
analyses of shared genes. The top 30 significant KEGG pathways. GO and KEGG analysis was performed using the DAVID online 
tool with the cutoff criteria of FDR < 0.05. The color of each bubble represents the FDR for that term, with red representing 
greater significance. The rich factor refers to the proportion of enriched genes for each term.
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showed that the Homeobox genes, like LHX8, MKX, PAX9, 
MSX and HOX, were the most significantly differential 
genes. Homeobox genes contain a small conserved region 
of DNA consisting of 180 nucleotide base pairs. These 
genes play an important role in regulating cellular biology 
by producing proteins that bonded to the DNA of down-
stream genes.45 Homeobox genes are involved in the field 
of developmental biology, which regulates the multiple 
germ layers to coordinate the cell division and other cel-
lular functions.46 The Homeobox genes were also found to 
regulate the development of craniofacial tissue, and act as 
the target gene to manipulate stem cells to become odonto-
genic fate.47 LHX8 has been known to be associated with 
facial development in several animals, depletion LHX8 
would lead to orofacial clefts.45 The MSX genes are criti-
cal factors for epithelial-mesenchymal interactions in 
developmental processes, especially for neural crest speci-
fications and postnatal craniofacial morphogenesis. 
Deficiency of Msx1 and Msx2 would result in severe 
deformation in mandibular morphogenesis.48 HOX genes 
control the proliferation of MSCs and the process of max-
illofacial and dental development. Evidence was found 
that Lon-BMSCs can be differentiated into chondrocytes 
after transplanted into mandibular defects. The reason was 
that mandibular microenvironment and Al-BMSCs were 
Hox-negative but they adopted a Hox-positive profile 
when transplanted into a tibia defect. Conversely, Lon-
BMSCs were Hox-positive and maintain this Hox status 
even when transplanted into a Hox-negative mandibular 
defect.49 Hox genes are involved in organ formation and 
regeneration,50 a distinct expression of HOXA5 and A10, 
HOXB6, B7, HOXC4, C6, C8, C9 and C10 as well as 
HOXD3 and D8 is observed in different MSCs.51

HOX genes have been shown to play critical roles dur-
ing osteogenesis of human MSCs. Histone demethylase 
KDM6B regulate MSCs osteogenic differentiation by 
controlling Hox expression through histone 3K27 tri-
methylation (H3K27me3).52 HOXB7 can enhance the 
osteogenic differentiation potential of BMSCs by up-
regulating the expression of runt-related transcription 
factor 2 (RUNX2) and directly activating the transcript of 
bone sialoprotein (BSP).53 HOXA10 contributes to the 
onset of osteogenesis in MSCs by activating RUNX2.54 
HOXC10 plays an important role in cell differentiation, 
proliferation, and morphogenesis, but it can inhibits the 
osteogenic differentiation potential of MSCs through 
Runx2.55 Thus, different homeobox gene may have dif-
ferent regulation function in MSCs, which needs to be 
further investigated.

Conclusion

In conclusion, the results showed Al-BMSCs sheet have 
higher osteogenic differentiation and bone defect recon-
struction capacity than Lon-BMSCs sheet. Homeobox 

genes were upregulated in Al-BMSCs than Lon-BMSCs, 
demonstrated that Homeobox genes may be the key gene 
regulated Al-BMSCs biology property. All the results 
showed that Al-BMSCs sheet based tissue regeneration 
would be a promising strategy for craniofacial defect 
repair in future clinical applications.
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