L)

Check for
updates

Received: 22 October 2018 | Revised: 16 July 2019 Accepted: 19 August 2019

DOI: 10.1111/0di.13202

ORIGINAL ARTICLE

WILEY

Leadiog i Orl, Maxilotacal, Head & Neck Medicne

Exosomes derived from maxillary BMSCs enhanced the
osteogenesis in iliac BMSCs

Xiaobei Li'

'Department of Orthodontics, Peking
University School and Hospital of
Stomatology, Beijing, China

’Department of Stomatology, Shenzhen
People’s Hospital, Shenzhen, China

3Department of Oral and Maxillofacial
Surgery, Peking University School and
Hospital of Stomatology, Beijing, China

4Central Laboratory, Peking University
School and Hospital of Stomatology, Beijing,
China

Correspondence

Weiran Li, Department of Orthodontics,
Peking University School and Hospital of
Stomatology, 22 Zhongguancun Avenue
South, Haidian District, Beijing 100081,
China.

Email: weiranli2003@163.com

Lingfei Jia, Department of Oral and
Makxillofacial Surgery, Central Laboratory,
Peking University School and Hospital of
Stomatology, 22 Zhongguancun Avenue
South, Haidian District, Beijing 100081,
China.

Email: jialingfeil984@sina.com

Funding information

Natural Science Foundation of Beijing
Municipality, Grant/Award Number:
7172239; National Natural Science
Foundation of China, Grant/Award Number:
81670957; 81772876; 81700938; the
sponsored by the Fund for Fostering Young
Scholars of Peking University Health
Science Center, Grant/Award Number:
BMU2018PY022

1 | INTRODUCTION

Cleft lip with or without cleft palate is the most common congen-

ital craniofacial deformity, and its prevalence is about 1 per 700

| Yunfei Zheng!
Yixin Zhang! | Lingfei Jia®*

| Liyu Hou? | Zhibo Zhou® | Yiping Huang? |
| Weiran Li*

Abstract

Objective: Secondary alveolar bone grafting is an essential part in the treatment
of alveolar cleft deformity. Autologous iliac bone is the most favorable grafting
source. However, the factors regulating postoperative bone formation are unclear.
Investigations are needed to found whether the alveolar bone niche and bone mar-
row mesenchymal stem cells (BMSCs) derived from the jaw bone (BMSCs-J) affected
the osteogenesis of BMSCs from the ilium (BMSCs-I).

Materials and Methods: The effect of BMSCs-J on BMSCs-| was investigated using
a co-culture model. The exosomes were purified by sequential centrifugation. The
osteoblastic differentiation of BMSCs was analyzed in vitro and in vivo.

Results: Co-culture with BMSCs-J increased the alkaline phosphatase (ALP) ac-
tivity, Alizarin Red S (ARS) staining, and osteogenic gene expression in BMSCs-I.
Transmission electron microscopy and nanoparticle tracking analysis verified the
presence of exosomes in the culture supernatants of BMSCs. Exosomes secreted
by BMSCs-J enhanced the ALP activity, ARS staining, osteogenic gene expression
of BMSCs-l in vitro, and new bone formation in vivo. Blocking the secretion of ex-
osomes using siRNA for Rab27a inhibited the effect of BMSCs-J.

Conclusion: Exosomes played a role in the interaction between BMSCs-J and
BMSCs-I, thereby leading to the enhanced osteogenic capacity of BMSCs-1 and bone
formation.
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in neonates (Moreau, Caccamese, Coletti, Sauk, & Fisher, 2007).
Orofacial clefts have great impact on the quality of life of patients.
Over seventy percent of cleft lip and palate cases are accompanied
by alveolar cleft (Al-Ahmady et al., 2018). Secondary alveolar bone

grafting of the alveolus is an essential part in the treatment of orofa-
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cial cleft deformity, which can stabilize the maxillary segments and
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allow for a spontaneous eruption of canine (Cho-Lee et al., 2013).
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Autogenous iliac bone grafting is considered the gold standard be-
cause of the presence of living immunocompatible bone cells and
its strong ability of osteogenesis (Bajaj, Wongworawat, & Punjabi,
2003). However, the factors that affect postoperative bone forma-
tion are unclear.

Bone marrow mesenchymal stem cells derived from the ilium
(BMSCs-1) possess osteogenic properties and can promote new bone
formation and reduce postoperative bone resorption (Ichiyanagi,
Anabuki, Nishijima, & Ono, 2010; Ye et al., 2013). Therefore, improv-
ing the osteogenesis ability of BMSCs-I might enhance the success
rate of bone grafting. The directed differentiation of stem cells is reg-
ulated by the surrounding microenvironment (Piecewicz & Sengupta,
2011). From the perspective of embryonic development, the jaw
bone is derived from the neural crest, and the iliac is derived from
the mesoderm. The gene expression profiles and biological charac-
teristics differ between stem cells derived from a jaw bone defect
(BMSCs-J) and BMSCs-I, as does their surrounding microenvironment
(Lee et al., 2015). BMSCs-J are involved in the maintenance of alveo-
lar skeletal homeostasis. Thus, when autogenous iliac bone is trans-
planted into the jawbone defect area, BMSCs-I reside in the maxillary
niche which are regulated by BMSCs-J. Although the success rates
of implants from iliac and jaw sites were not significantly different,
mandibular and calvarial bones grafted for the repair of maxillofacial
bone defects presented higher bone volume than iliac bones (Crespi,
Vinci, Cappare, Gherlone, & Romanos, 2007; Koole, Bosker, & van der
Dussen, 1989). This may be explained by the matching degree of mi-
croenvironment and stem cells. However, the effect of the maxillary
microenvironment on the properties of BMSCs-I and the intercellular
communication between BMSCs-J and BMSCs-I are unclear.

Intercellular communication, a highly conserved cell process, was
previously thought to be achieved through either direct cell-to-cell
contact or paracrine secretion (Bissell & Radisky, 2001). However, a
new mode of intercellular communication mediated by extracellular
vesicles, including exosomes, has been a focus of research recently
(Mathivanan, Ji, & Simpson, 2010; Thery, Ostrowski, & Segura, 2009).
Exosomes are nanovesicles released from a variety of cell types
(Record, Carayon, Poirot, & Silvente-Poirot, 2014). They are secreted
from intracellular compartments related to late endosomes, known
as multivesicular bodies (Bobrie, Colombo, Raposo, & Thery, 2011;
Johnstone, Adam, Hammond, Orr, & Turbide, 1987). Emerging evi-
dence indicates that exosomes play an important part in intercellular
communication, and specific cell-derived exosomes trigger specific
directed differentiation of stem cells (Huang, Narayanan, Alapati, &
Ravindran, 2016; Xu et al., 2018; Zhang & Yang, 2018). Exosomes
secreted by mineralized preosteoblasts can promote the osteoblast
differentiation of BMSCs, suggesting an intercellular communication
mediated by exosomes in the osteogenic microenvironment (Cui,
Luan, Li, Zhou, & Han, 2016; Fang, Li, & Chen, 2019; Li et al., 2018).
Despite much research, the role of exosomes in the intercellular
communication between BMSCs-J and BMSCs-| remains unclear.

The increase in the number of bone graft patients necessitates the
improvement in the effect of bone graft. To increase the understanding

of the crosstalk between BMSCs-J and BMSCs-lin a bone graft setting,
we extracted BMSCs-J and BMSCs-| from patients with alveolar cleft
and evaluated the effect of BMSCs-J on osteogenesis by BMSCs-l using
a co-culture model in this study. We also investigated the effect of
exosomes secreted by BMSCs-J on osteogenic ability of BMSCs-I. Our
findings may increase the understanding of mechanism underlying the
autogenous iliac bone grafting in the alveolar defect area and provide
a theoretical foundation for future studies aiming to improve the os-

teogenic ability of BMSCs-I by regulating intercellular communication.

2 | MATERIALS AND METHODS

2.1 | Cell culture and osteogenic induction

Human BMSCs were isolated separately from the jaw and iliac bones
of three donors and cultured as described previously (Guo et al.,
2006). The study protocol was approved by the Ethics Committee of
Peking University School of Stomatology (PKUSSIRB-201734026).
Briefly, a small amount of bone fragments was washed from the
surgical equipment during alveolar bone grafting and cut into tiny
pieces. The bone tissues were suspended in a-modified Eagle's
medium (a-MEM, Gibco) containing 1 mg/ml type Il collagenase at
37°C and shaking at a speed of 200 rpm for 60 min. The released
blood cells were aspirated, and the bone pieces were incubated in
growth medium (GM) containing a-MEM supplemented with 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin
(Gibco) at 37°C in 5% CO,. The adherent cells migrated outwards
from the bone tissue approximately 1 week later. The cells were pas-
saged using 0.25% trypsin (Gibco) until passage 4 for subsequent
experiments.

BMSCs were seeded into six-well plates with cell density of
1.5 x 10°/ml. When the cells reached 70%-80% confluence, the in-
duction group was cultured with osteogenic induction medium (OM,
containing 10 mM p-glycerophosphate, 200 pM L-ascorbic acid,
100 nM dexamethasone, 10% FBS and a-MEM). The control group
was still cultured with GM. The medium was changed every 2 days

until the cells were harvested at the indicated time points.

2.2 | Flow cytometry

To evaluate phenotype of BMSCs, the isolated cells were subjected
to flow cytometric analysis using a fluorescein isothiocyanate-con-
jugated monoclonal antibody against human CD90, a phycocyanin-
conjugated monoclonal antibody against human CD34, a peridinin
chlorophyll protein-conjugated monoclonal antibody against human
CD105, and an allophycocyanin-conjugated monoclonal antibody
against human CD73 (Becton Dickinson) using the Accuri Cé flow
cytometer (Becton Dickinson).

2.3 | Alkaline phosphatase staining and activity

After osteogenic induction for 7 days, ALP staining was per-
formed using a NBT/BCIP staining kit (CoWin Biotech) as described
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TABLE 1 The primers used in this
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study Forward Reverse
GAPDH  5-CGACAGCAGCCGCATCTT-3’ 5'-CCAATACGACCAAATCCGTTG-3'
RUNX2  5-ACTACCAGCCACCGAGACCA-3’ 5-ACTGCTTGCAGCCTTAAATGACTCT-3'
ALP 5'-GAACGTGGTCACCTCCATCCT-3'  5-TCTCGTGGTCACAATGC-3'
OSX 5'-CCTCTGCGGGACTCAACAAC-3’ 5-AGCCCATTAGTGCTTGTAAAGG-3'

previously (Huang, Zheng, Jia, & Li, 2015). First, the culture medium
was discarded, and then, the cells were gently washed with phos-
phate-buffered saline (PBS) for 2-3 times. Afterward, cells were
fixed in 4% paraformaldehyde for 10 min at room temperature and
washed with distilled water. Then, ALP staining was performed fol-
lowing the manufacturer's instructions.

A commercialized ALP activity colorimetric assay kit (BioVision)
was used to analyze ALP activity of cells. The cultured cells were
washed with cold PBS, then lysed with 1% Triton X-100 (Sigma-
Aldrich), and scraped into distilled water. The ALP activity was
measured by detecting the absorbance at 405 nm. Total protein
concentrations were determined by the bicinchoninic acid (BCA)
method using the Pierce protein assay kit (Thermo Fisher Scientific).
ALP activity was calculated from the absorbance levels relative to

the protein concentration.

2.4 | Alizarinred S staining and quantification

Mineralized nodule formation was determined by ARS staining,
as described previously (Zheng, Li, Huang, Jia, & Li, 2017). After
osteogenic incubation for 14 days, the cells were fixed in 4% par-
aformaldehyde for 10 min and then stained with 0.1% ARS (pH
4.2; Sigma-Aldrich) for 20 min at room temperature. To quantita-
tively evaluate the mineralized nodules, the stain was dissolved
in 1 ml 10% cetylpyridinium chloride (Sigma-Aldrich) for 1 hr and
the absorbance at 570 nm was detected by spectrophotometric
methods. The intensity of ARS was normalized to the total protein

concentration.

2.5 | RNA extraction and quantitative reverse-
transcription polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Invitrogen) accord-
ing to the manufacturer's procedure. Total RNA (1 pg for each
sample) was reverse-transcribed into cDNA using a cDNA Reverse
Transcription Kit (Applied Biosystems). Quantitative reverse-tran-
scription polymerase chain reaction (qRT-PCR) was conducted
using SYBR Green Master Mix on the ABI Prism 7500 Real-Time
PCR System (Applied Biosystems). The primers used for ALP, os-
terix (OSX), runt-related transcription factor 2 (RUNX2), and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH, internal control)
are listed in Table 1. The Ct (Cycle threshold) value of each gene
was detected. The relative expression level of the tested genes was

AACT

evaluated by 2™ method as described previously (Huang, Zheng,

et al., 2016).

2.6 | Immunofluorescence staining

Cells cultured on cover slips were fixed with 4% paraformalde-
hyde and then subjected to immunofluorescence staining. The
mouse skull specimens were decalcified, embedded, and cut
into sections for staining. Immunofluorescence staining was per-
formed as described previously (Zheng et al., 2016). The cells or
specimens were blocked with 3% goat serum albumin (ZSGB-BIO)
for 30 min at room temperature and then incubated with the
appropriate primary antibodies at 4°C overnight. Then, cells or
sections were incubated with the corresponding secondary anti-
bodies for 1 hr at room temperature. Nuclei were counterstained
with 4',6-diamidino-2-phenylindole (DAPI). After sealing, images
were captured with a LSM 5 EXCITER confocal imaging system
(Carl Zeiss).

2.7 | Co-culture of BMSCs-J and BMSCs-I

BMSCs-J and BMSCs-| were co-cultured in a transmembrane sys-
tem (Transwell, Corning) with 0.4 um pore-size filters as described
previously (Gao, Connell, Wadhwa, Ruano, & Jacot, 2014). BMSCs-I
were seeded on the bottom of the lower well of the Transwell plate.
In group |, BMSCs-| were seeded into the upper chamber with cell
density of 5 x 10*/ml. In group I, BMSCs-J were seeded into the
upper chamber with cell density of 5 x 10%/ml. In group I, BMSCs-J
were seeded into the upper chamber with cell density of 2 x 10%/ml
(Figure 2a). Due to the limitation of pore size, the membrane allows
biomacromolecules, but not cells, to pass through the micropores.
Thus, a noncontact co-culture system of BMSCs-J and BMSCs-| was
established.

2.8 | Exosome purification and characterization

Exosomes were purified by sequential centrifugation as described
previously (Baglio et al., 2015). First, cells were cultured in «-MEM
supplemented with 10% exosome-depleted FBS (Gibco). Then, the
culture supernatant was collected and the cells were removed by
centrifugation at 500 g for 10 min. Thereafter, the supernatants
were centrifuged at 12,000 g for 20 min to remove apoptotic bodies
and large cell debris. Finally, exosomes were collected by centrifuga-
tion at 100,000 g for 70 min.

The collected vesicles were resuspended in PBS and char-
acterized by transmission electron microscopy (TEM) as de-
scribed previously (Jiang et al., 2017). Briefly, exosome samples
were fixed with 2% paraformaldehyde and loaded on parafilm.
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A formvar-carbon-coated grids were placed on the samples for Exosomes were diluted to PBS for size measurement by
20 min. The grids were washed, and exosomes were stained with nanoparticle tracking analysis (NTA) as previously reported pro-
2% uranyl acetate. After washing and air drying, the samples were tocol (Kalimuthu et al.,, 2018). The samples were resuspended

examined by TEM (JEM-1400) at 100 KV. and added into the viewing chamber of NanoSight LM10 (Particle
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FIGURE 1 The surface markers and the osteogenic potential of bone marrow mesenchymal stem cells (BMSCs) derived from a jaw bone
defect (BMSCs-J) and BMSCs derived from the ilium (BMSCs-I). (a) The isolated BMSCs were positive for the mesenchymal stem cell markers
CD90, CD73, and CD105 and negative for the hematopoietic stem cell marker CD34. (b) The light field images showed that the BMSCs
exhibited a fibroblast-like morphology. (c) The images of alkaline phosphatase (ALP) and Alizarin Red S (ARS) staining of BMSCs were shown
at growth medium (GM) group and osteogenic medium (OM) group. Histograms showed ALP activity and quantification of ARS staining by
spectrophotometry. (d) Relative mRNA expression of ALP, osterix (OSX), and runt-related transcription factor 2 (RUNX2) was increased during
osteogenic differentiation (by qRT-PCR; normalized by glyceraldehyde 3-phosphate dehydrogenase (GAPDH); relative to GM groups). (e)
Confocal microscopy of RUNX2 with DAPI counterstaining in BMSCs-J and BMSCs-| after induction to the osteogenic lineage at day 14.

*p < .05 compared to GM groups. **p < .001 compared to GM groups

Leatiogin Ora, Maxilfacial, Head & Neck Medicie.

Characterization Laboratories). The NTA software was used to track
and measure the size of exosomes.

Western blot analysis was conducted to measure the exosome
proteins. Total proteins extracted from cell lysates and secreted
extracellular vesicles were separated by 12% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and transferred to poly-
vinylidene difluoride (PVDF) membranes (Millipore). Then, the
PVDF membranes were blotted with primary antibodies against
CD63 (1:500, Santa Cruz Biotechnology), Alix (1:250, Santa Cruz
Biotechnology), and GM130 (1:250, BD Bioscience) overnight at
4°C. After three washes with TBST, the PVDF membranes were
incubated with corresponding secondary antibodies (1:10,000, Cell
Signaling Technology) for 1 hr at room temperature. After three
washes with TBST, the PVDF membranes were incubated with the
chemiluminescent reagent (Solarbio). Then, images were captured

by the gel imaging system.

2.9 | Transfection assay

Transfection was conducted when cells reached 70%-80% conflu-
ence using Lipofectamine 3000 (Invitrogen) according to the manu-
facturer's protocol. The RNA oligoribonucleotides, including the
small interfering RNAs (siRNAs) targeting Rab27a and the corre-
sponding siRNA control (si-NC), were purchased from GenePharma
Co. The RNA oligoribonucleotides were transfected separately
at 100 nM. Western blot analysis was conducted to measure the
transfection efficiency. The primary antibodies against Rab27a
(1:500, Santa Cruz Biotechnology) and 8-ACTIN (1:1000, Santa Cruz

Biotechnology, internal control) were used.

2.10 | Invivo bone formation assay

The critical-sized mouse calvarial defect model was constructed
as previously described (Cooper et al., 2010; Krebsbach, Mankani,
Satomura, Kuznetsov, & Robey, 1998). The animal experimental pro-
tocols were approved by the Laboratory Animal Rights and Ethics
Management Committee of Peking University Medical Department
(LA2018305). The operation was performed on 60-day-old adult
male nude mice (BALB/c) under general anesthesia. After gently re-
moving the pericranium, non-healing, critical-sized calvarial defects
(4 mm in diameter) were created using a sterile dental drill. The drill
penetrated the whole skull layer without damaging the dura mater.
The operation area was washed with sterile saline, and debris of
residual bone tissue was removed. We used poly lactic-co-glycolic

acid (PLGA; Melone) as scaffold material. The scaffolds were pre-
pared as thin circular slices approximately 4 mm in diameter. The
cells were seeded in the scaffold material and then gently implanted
into the mouse skull defect area. The skin incision was closed with
5-0 Vicryl sutures. After 12 weeks, the skull tissues of animals were
harvested and fixed in 4% polyoxymethylene at 4°C for subsequent

experiments.

2.11 | Micro-computed tomography analysis

The skull specimens were scanned by a high-resolution Inveon
Micro-CT (Siemens) to measure new bone formation. All samples
were placed in the same container and scanned with uniform param-
eters. The scanning parameters were set at an effective pixel size
of 8.99 um, voltage of 80 kV, current of 500 pA, and exposure time
of 1,500 ms. The specimens were scanned through a 360° rotation
in 360 equiangular steps. Three-dimensional images were recon-
structed using Inveon Research Workplace 3.0 software (Siemens).
Relevant parameters of new bone formation, including bone mineral
density (BMD, mg/ml) and the ratio of new bone volume to existing

tissue volume (BV/TV), were calculated.

2.12 | Histological analysis

The fixed skull specimens were flushed with water and then decalci-
fied in 10% ethylene diamine tetraacetic acid (EDTA, pH = 7.4) for
1 month, as previously described (Herberg et al., 2014).The EDTA so-
lution was changed every 2 days until the needle could penetrate the
specimens without resistance. The specimens were then washed,
dehydrated, and embedded in paraffin. Sections were cut at 7 pm
and subjected to standard hematoxylin and eosin (H&E) staining.
The images were captured using an Olympus BX51 light microscope
equipped with an Olympus DP70 camera (Olympus Co.). Sections
were also assessed by immunofluorescence analysis, as mentioned

above.

2.13 | Statistical analysis

Quantitative data are expressed as means + standard deviation (SD)
of at least three independent experiments, unless otherwise indi-
cated. The significance of the differences was evaluated by one-way
analysis of variance followed by the Student-Newman-Keuls post
hoc test using SPSS 16.0 software (SPSS). p Value <.05 was consid-
ered indicative of statistical significance.
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3 | RESULTS

3.1 | Identification and osteogenic differentiation of
BMSCs

The isolated BMSCs migrated from the jaw and iliac bones after
approximately 7 days, and their surface expression profile was
evaluated by flow cytometry. The BMSCs were positive for the
mesenchymal stem cell markers CD90, CD73, and CD105 and nega-
tive for the hematopoietic stem cell marker CD34 (Figure 1a). The
BMSCs exhibited a fibroblast-like morphology, and no clear morpho-
logical differences were identified between BMSCs-J and BMSCs-|
(Figure 1b). Following incubation in osteogenic medium for 7 days,
the staining and activity of ALP staining were increased significantly.
Similarly, the intensity of ARS staining was significantly increased
after induction for 14 days (Figure 1c, the separate data of other
two samples were shown in Figure S1). Besides, the intensities of
ALP and ARS staining of BMSCs-J were greater than that of BMSCs-|
(p < .05). Furthermore, osteogenic differentiation of BMSCs was
assessed by measuring osteogenic markers using qRT-PCR and im-
munofluorescence. The results of gRT-PCR revealed that the mRNA
expression of ALP, OSX, and RUNX2 was significantly increased after
osteogenic induction in both BMSCs-J and BMSCs-I, while the ex-
pression level of these markers was higher in BMSC-J compared to
BMSCs-I (p < .05; Figure 1d). Meanwhile, RUNX2 was highly ex-
pressed in the induced BMSCs as revealed by immunofluorescence
staining (Figure 1e). Collectively, these results indicated that the

osteogenic capacity of BMSCs-J was greater than that of BMSCs-I.

3.2 | Co-culture with BMSCs-J promotes osteogenic
differentiation of BMSCs-I

Co-culture of BMSCs-J and BMSCs-| was performed to simulate their
interaction in vitro (Figure 2a). After osteogenic induction for 7 days, the
ALP staining intensity of BMSCs-1 was increased when co-cultured with
BMSCs-J. Meanwhile, the intensity of ARS staining was also increased
in group Il and group Il following osteogenic induction for 14 days, in-
dicating an enhancement of mineralized nodule formation of BMSCs-I.
However, the ALP and ARS staining intensities were decreased when
the number of BMSCs-J was reduced in group Il (Figure 2b, the sepa-
rate data of other two samples were shown in Figure S2). Furthermore,
the results of qRT-PCR showed that the mRNA expression of osteo-
genic markers, such as ALP, OSX, and RUNX2, in BMSCs-| was upregu-
lated by co-culture with BMSCs-J. Likewise, reducing the number of
BMSCs-J weakened this effect (Figure 2c).

3.3 | Isolation and characterization of exosomes

Exosomes isolated from BMSCs-J and BMSCs-I culture supernatants
were analyzed by TEM and NTA to verify their purification. TEM re-
vealed that the BMSCs-J and BMSCs-| secrete ~100 nm ring-like vesi-
cles (Figure 3a). The exosomes had a complete membrane structure

containing a low-density substance. NTA indicated the presence of

~100 nm cellular particles in cultured BMSCs-J and BMSCs-I (Figure 3b),
consistent with the size of exosomes. The isolated exosomes were posi-
tive for the extracellular vesicles marker Alix and CDé63, but negative
for the Golgi marker GM130, suggesting the absence of Golgi or cell
contamination (Figure 3c). The exosomes extracted from the two cell
types were not significantly different in appearance and size.

3.4 | BMSC-J exosomes promote osteogenic
differentiation of BMSCs-I

The purified exosomes secreted by BMSCs-J and BMSCs-I were col-
lected. We also collected the exosomes of BMSC-J after blocking the
exosome secretion with siRNA for Rab27a. In group |, exosomes se-
creted by BMSCs-| were added to the culture medium as a control.
In group Il, exosomes secreted by BMSCs-J were added to the cul-
ture medium of BMSCs-I. Accordingly, the exosomes of BMSC-J after
blocking the exosome secretion with siRNA for Rab27a were added
to the culture medium in group Il (Figure 4a). Western blot analysis
confirmed that the expression of Rab27a was decreased in the knock-
down group (Figure 4b). After osteogenic induction for 7 days, the
intensity of ALP staining was increased in group Il and Ill compared
to the control group. However, the intensity of ALP staining was de-
creased in group Il compared to group Il. Similarly, the matrix min-
eralization was also increased in group Il and lll compared with the
control group after osteogenic induction for 14 days, as revealed
by ARS staining. And the intensity of ARS staining was decreased in
group Il compared to that of group Il (Figure 4c, the separate data of
other two samples were shown in Figure S3). Moreover, the ALP, OSX,
and RUNX2 expression levels in BMSCs-I were upregulated in group Il
and Il compared with the control group; however, it was much higher
in group Il (Figure 4d). These results indicated that exosomes secreted
by BMSCs-J promoted the osteoblast differentiation of BMSCs-I.

3.5 | BMSCs-J exosomes promote bone
formation of BMSCs-I in vivo

To further verify the role of exosomes secreted by BMSCs-J in osteo-
blast differentiation of BMSCs-I, we conducted animal experiments in
vivo (Figure 5a). In group |, scaffold material was loaded with neither
cells nor exosomes. In group I, BMSCs-1 were cultured in the medium
containing exosomes secreted by BMSCs-I. Following cultured for
7 days, the cells were digested using trypsin and then loaded on scaf-
fold material. In group Ill, BMSCs-I were cultured in the medium con-
taining exosomes secreted by BMSCs-J. Following cultured for 7 days,
the cells were loaded to scaffold material. In group 1V, scaffold mate-
rial was only loaded with exosomes secreted by BMSCs-| (exosome-|).
Accordingly, scaffold material was only loaded with exosomes secreted
by BMSCs-J (exosome-J) in group V. The scaffolds were then gently
implanted in the calvarial defect area of nude mice. After 12 weeks,
the mice were sacrificed and skull specimens were harvested for fur-
ther studies. Three-dimensional reconstructed micro-CT images were
used to visualize the repair of bone defects. More bone formation and
smaller range of bone defect were observed in group Il and group IlI
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FIGURE 2 The co-culture of BMSCs-J (a)
and BMSCs-I. (a) Scheme for the co-
culture of BMSCs-J and BMSCs-l in vitro.
BMSCs-| were seeded on the bottom

of the lower dish of the Transwell plate.
In group |, BMSCs-| were seeded into
the upper chamber with cell density of

5 x 10%/ml. In group Il, BMSCs-J were
seeded into the upper chamber with

cell density of 5 x 10*/ml. In group III,
BMSCs-J were seeded into the upper
chamber with cell density of 2 x 10%/

llium

BMSCs-I Jaw bone

ml. (b) The images of ALP and ARS

staining of BMSCs were shown in three

groups. Histograms showed ALP activity (b)
and quantification of ARS staining by
spectrophotometry. (c) Relative mRNA

Group Il

expression of ALP, 0SX, and RUNX2 in ALP
three groups (by qRT-PCR; normalized
by GAPDH; relative to group I). *p < .05.
**p <.001
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compared to the control group. Besides, more bone formation was seen
in group Il than group Il. The BMD and BV/TV were significantly in-
creased in group lll. In addition, more bone formation was observed in
the exosome-loaded groups (group IV and V) compared to the negative
control group; however, there was no significant difference between

the two exosome-loaded groups. Furthermore, new bone formation of

two exosome-loaded groups was significantly less than that of the cell-
loaded groups (groups Il and lll; Figure 5b). Consistently, H&E stain-
ing showed new bone formation around the bone defect areas in both
exosome-loaded groups and cell-loaded groups. However, there was
a more active bone repair trend and more new bone formation in cell-

loaded groups. And more new bone formation was observed in group
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FIGURE 3 Characterization of
exosomes. (a) Transmission electron
microscopy (TEM) revealed that the

4 BMSCs-J and BMSCs-I secrete ~100 nm
vesicles. The arrows indicated the
exosomes. (b) Nanoparticle tracking
analysis (NTA) showed the presence of
~100 nm cellular vesicles in cultured
BMSCs-J and BMSCs-l. (c) Total proteins
extracted from nanometer vesicles and
parent cells probed by anti-Alix, anti-
CDé63, and anti-GM-130 antibodies
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IIl compared to group Il (Figure 5c). Moreover, immunofluorescence
staining showed that the bone tissue was positive for RUNX2 staining,
whereas the staining intensity in group Ill was stronger than that in
group Il (Figure 5d). These results suggested that exosomes produced
by BMSCs-J enhanced the osteogenic capacity of BMSCs-I in vivo.
Besides, BMSCs play a more important role in bone formation while

exosomes partially promote this process.

4 | DISCUSSION

Patients with a maxillary alveolar cleft often require alveolar bone
grafting to stabilize the dental arch and enable eruption of the per-
manent teeth into the grafted area (Benlidayi, Tatli, Kurkcu, Uzel, &
Oztunc, 2012). Autologous iliac bone grafts are the gold standard
for alveolar reconstruction (Mikoya et al., 2010; Nwoku, Al Atel, Al
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FIGURE 4 Exosomes secreted by BMSCs-J promote osteogenic differentiation of BMSCs-I. (a) The schema chart explained the grouping
method. In group |, exosomes secreted by BMSCs-I (exosome-1) were added to the culture medium of BMSCs-I as a control. In group II,
exosomes secreted by BMSCs-J (exosome-J) were added to the culture medium. In group lll, the exosomes of BMSC-J after blocking the
exosome secretion with siRNA for Rab27a (siRab27a exosome-J) were added to the culture medium. (b) The knockdown efficiency of si-
Rab27a detected by Western blot. (c) The images of ALP and ARS staining of BMSCs were shown at three groups. Histograms showed ALP
activity and quantification of ARS staining by spectrophotometry. (d) Relative mRNA expression of ALP, OSX, and RUNX2 in three groups (by
gRT-PCR; normalized by GAPDH; relative to group I). *p < .05. **p <.001

Shlash, Oluyadi, & Ismail, 2005), as they are immunologically inert by the surrounding microenvironment (Piecewicz & Sengupta, 2011).
and potentially supply cells with osteogenic, osteoconductive, and In vivo experiments show that transplanted MSCs can differenti-
osteoinductive properties, such as BMSCs-I, to facilitate bone heal- ate into cells similar to their surrounding cells in the tissue micro-

ing (Gimbel et al., 2007). The differentiation of stem cells is regulated environment (Mimeault, Hauke, & Batra, 2007). Transplantation of
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FIGURE 5 Exosomes secreted by BMSCs-J promoted bone formation of BMSCs-I in vivo. (a) Schematic illustration showed the protocol
of animal experiments. (b) Reconstructed three-dimensional micro-CT images of the calvarial defect area of nude mice in five groups. In
group |, scaffold material was loaded with neither cells nor exosomes. In group Il, scaffold material was loaded with BMSCs-| cultured with
exosomes secreted by BMSCs-| (exo-1). In group I, scaffold material was loaded with BMSCs-I cultured with exosomes secreted by BMSCs-J
(exo-J). In group 1V, scaffold material was loaded with exo-I. In group V, scaffold material was loaded with exo-J. The histograms showed the
bone mineral density (BMD, left) and the ratio of new bone volume to existing tissue volume (BV/TV, right) of five groups. (c) H&E staining

in five groups. Bone formation (b) around the original cranial bones (c) was identified. Scale bar, 100 pm. (d) Confocal microscopy of RUNX2
with DAPI counterstaining in five groups in the calvarial defect area. Scale bars, 50 pm. *p < .05. **p < .001

autogenous iliac bone into the jawbone defect area influences both
the BMSCs-I microenvironment and local intercellular communica-
tion (Lee et al., 2015). Thus, BMSCs-I may be regulated by BMSCs-J
in the bone defect area, which affects their properties. However, it
is controversial whether BMSCs-J exhibit osteogenic properties su-
perior to BMSCs-I (Akintoye et al., 2006; Lee et al., 2015; Matsubara
et al., 2005), and the interaction between BMSCs-J and BMSCs-1 in
iliac cancellous bone grafting is unclear.

In our study, we extracted BMSCs-J and BMSCs-| from patients
with cleft lip and palate and evaluated their interaction in terms of
osteoblast differentiation. To evaluate the characteristics of the cells,
we performed osteogenic induction culture. Osteoblastic differenti-
ation evaluated by ALP activity and ARS staining in BMSCs-J was
stronger than that in BMSCs-I, which is consistent with previous re-
ports (Akintoye, Giavis, Stefanik, Levin, & Mante, 2008; Akintoye et
al., 2006). Another report showed that alveolar and iliac BMSCs dis-
play similar osteogenic potential (Matsubara et al., 2005). However,
Lee et al. reported that in vitro ALP activity was higher iniliac BMSCs
than in mandibular BMSCs (Lee et al., 2015), using bone cells from
elderly patients (60.2 + 4.6 years of age). Jaw and long bone marrow
cells exhibit different characteristics in terms of osteoblastic differ-
entiation and osteoclastogenesis in vitro and bone formation in vivo
(Aghaloo et al., 2010; de Souza Faloni et al., 2011). The differences
might be attributed to embryological divergence and the differences
between the two sites. MSCs from maxillary and mandibular alveolar
and basal bones originate from neural crest cells and exhibit intram-
embranous bone formation (Chai & Maxson, 2006), whereas MSCs
from bones of the axial skeleton, such as the ilium or tibia, originate
from the mesoderm and undergo endochondral bone formation
(Helms & Schneider, 2003). Moreover, the differentiation of neural
crest stem cells and BMSCs from the mesoderm is regulated by dif-
ferent genes (Chai et al., 2000; Mackie, Ahmed, Tatarczuch, Chen, &
Mirams, 2008). Alternatively, the cellular characteristics of alveolar
and basal mandibular bone may not be identical (Lee et al., 2015),
even though both bones are of neuroectodermal origin.

To investigate the interaction between BMSCs-J and BMSCs-|,
we performed Transwell co-culture in vitro. The osteogenic ca-
pacity of BMSCs-I was enhanced when co-cultured with BMSCs-J.
Transwell film is a type of polyester material with a diameter of
<3 pm. The membrane allows biomacromolecules, but not cells,
to pass through the micropores; this facilitates co-culture without
cell-to-cell contact (Barbero-Becerra et al., 2015). Upon co-cultured
with BMSCs-J, ALP, OSX, and RUNX2 expression was increased in
BMSCs-I, suggesting an enhanced osteogenic capacity. Moreover,

reducing the number of BMSCs-J weakened this promoting effect of

BMSCs-I. Thus, bioactive molecules secreted by BMSCs-J may up-
regulate the osteogenic capacity of BMSCs-I.

Furthermore, we found exosomes produced by BMSCs-J en-
hanced the osteogenic capacity of BMSCs-I. Exosomes are nano-
sized extracellular vesicles released from a variety of cell types.
Following release, exosomes can be taken up by target cells in the
local microenvironment or transported to distal sites via biological
fluids (Baglio et al., 2015). In this study, we extracted exosomes se-
creted by BMSCs-J and BMSCs-1. The isolated vesicles were con-
firmed to be exosomes by electron microscopy analyses, particle size,
and Western blot analyses. Our findings suggest that the osteogenic
differentiation of BMSCs-I was enhanced when they were cultured
in medium containing exosomes derived from BMSCs-J. This is con-
sistent with the results of co-culture assays. To further confirm the
effect of exosomes secreted by BMSCs-J on BMSCs-I, we blocked
the exosome secretion process of BMSCs-J by siRNA targeting
Rab27a. Rab27a is an important protein in the process of exosome
secretion (Ostrowski et al., 2010). Several studies demonstrated that
knockdown of Rab27a can effectively inhibit exosome secretion (Lan
et al., 2019; Ostrowski et al., 2010; Poggio et al., 2019). Our results
showed that blocking exosome secretion of BMSCs-J weakened
its promoting effect on BMSCs-I, as revealed by ALP staining, ARS
staining, and expression of osteogenic genes. These results indi-
cated that exosomes secreted by BMSCs-J promoted the osteoblast
differentiation of BMSCs-1. Meanwhile, the results of in vivo study
further confirmed that the exosomes secreted by BMSCs-J could en-
hance the bone formation capacity of BMSCs-I. However, new bone
formation of two exosome-loaded groups was significantly less than
that of the cell-loaded groups. Therefore, exosomes played a role
in the interaction between BMSCs-J and BMSCs-I as a regulatory
factor, thereby upregulating the osteogenic capacity of BMSCs-I.
Besides, BMSCs play a more important role in bone formation while
exosomes partially promote this process.

Exosomes mediate intercellular signaling in a variety of biolog-
ical processes (Kim et al., 2005). Exosomes can transport proteins,
lipids, and nucleic acids, especially various RNA species with regu-
latory functions (Valadi et al., 2007). It is generally believed that the
contents of exosomes exert biological effects. Exosomes derived
from mineralizing preosteoblasts promote bone marrow stromal cell
differentiation into osteoblasts, suggesting an exosome-mediated
mode of cell-to-cell communication in the osteogenic microenviron-
ment (Cui et al., 2016; Fang et al., 2019; Li et al., 2018). Therefore,
the exosomes secreted by BMSCs-J might regulate the osteogene-
sis of BMSCs-1 by transmitting some signal molecules such as pro-

teins or non-coding RNAs. However, we did not identify the active



2| \wiLEy—

LI ET AL

Leadingin Ora, Marilofacil, Head & Neck Modicine

component(s) in this study, and thus, further research is needed to
explore this underlying mechanism.

In summary, we found that the osteogenic capacity of BMSCs-|
was enhanced by co-culture with BMSCs-J or exposure to the exo-
somes derived from BMSCs-J in vitro and in vivo. Our findings may
increase the understanding of mechanism underlying the autoge-
nous iliac bone grafting in the jaw and facilitate future studies on
the osteogenic capacity of transplanted BMSCs-1. However, further
assessment of the specific underlying mechanism is needed.
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