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Abstract
Background: Dentigerous cyst (DC) is a bone destructive disease and remains a challenge for clinicians.
Marsupialization enables bone to regenerate with capsules maintaining, making it a preferred therapeutic
means for DC adjacent to vital anatomical structures. Given that capsules of DC derive from
odontogenic epithelium remnants at embryonic stage, we investigated whether there were mesenchymal
stem cells (MSCs) located in DC capsules and the role that they played in the bone regeneration after
marsupialization.

Methods: Samples obtained before and after marsupialization were used for histological detection and
cell culture. The stemness of cells isolated from fresh tissues were analyzed by morphology, surface
marker and multi-differentiation assays. Comparison of proliferation ability between Am-DCSCs and Bm-
DCSCs were evaluated by Cell Counting Kit-8 (CCK-8), �broblast colony-forming units (CFU-F) and 5’‐
ethynyl‐2’‐deoxyuridine (EdU) assay. Their osteogenic capacity in vitro was detected by Alkaline
phosphatase (ALP) and Alizarin Red staining (ARS), combined with Real-time polymerase chain reaction
(RT-PCR) and immuno�uorescence (IF) staining. Subcutaneous ectopic osteogenesis as well as cranial
bone defect model in nude mice were performed to detect their bone regeneration and bone defect repair
ability.

Results: Bone tissue and strong ALP activity were detected in the capsule of DC after marsupialization.
Two types of MSCs were isolated from �brous capsules of DC both before (Bm-DCSCs) and after (Am-
DCSCs) marsupialization. These �broblast-like, colony forming cells expressed MSC markers (CD44+,
CD90+, CD31-, CD34-, CD45-), and they could differentiate into osteoblast-, adipocyte- and chondrocyte-
like cells under induction. Notably, Am-DCSCs performed better in cell proliferation and self-renewal.
Moreover, Am-DCSCs showed greater osteogenic capacity both in vitro and in vivo compared with Bm-
DCSCs.

Conclusions: There are MSCs residing in capsules of DC, and the cell viability as well as osteogenic
capacity of them are largely enhanced after marsupialization. Our �ndings suggested that MSCs might
play a crucial role in the healing process of DC after marsupialization, thus providing new insight into the
treatment for DC by promoting the osteogenic differentiation of MSCs inside capsules.

Background
As one of the developmental cysts, dentigerous cyst (DC) accounts for approximately 20% of
odontogenic cysts, ranking second in major common cysts in the oral and maxillofacial region (1). It is
often diagnosed clinically by radiographic characteristic that the capsule attaches to the cemento-enamel
junction (CEJ) with the crown of an unerupted tooth enclosed. The enlarged cyst usually results in
dentition disturbance, dentofacial deformity and even pathological fracture (2, 3). The standard treatment
is surgical enucleation or curettage of the capsule combined with the involved tooth, while
marsupialization is preferred in some pediatric cases and large cystic lesions (radiologic diameter > 3



Page 4/24

cm), especially when they are proximity to vital structures (4-7). However, it takes quite a long time for DC
to reach recovery under marsupialization. To shorten the course of treatment, suction drainage has been
applied to clinic, but problems are still tough about the inconvenience and infection brought by suction
drainage devices (8).

The healing of DC is a process of new bone formation. Recently, bone tissue engineering has emerged as
a promising approach to develop biological bone substitutes in the treatment of bone disorders and
injuries, and stem cells have received extensive attention because of their distinct biological capability in
bone regenerative medicine (9). Odontogenesis is based on the organized reciprocal interaction of the
odontogenic epithelial and neural crest-derived tissues (10). Tooth initiation starts at the 6th embryonic
week, and the primary epithelial band differentiate into the vestibular and dental lamina 1 week later. The
latter undergoes 3 stages (bud stage, cap stage and bell stage) and gives rise to the enamel organs to
form tooth enamel (11). DC develops as a result of �uid accumulation between the crown of the
unerupted tooth and reduced enamel epithelium, which is known as the remnants of enamel organs. A
series of studies have shown that rodent incisors grow continuously throughout life owing to the
epithelial progenitor cells in the cervical loop, an area where the inner and the outer enamel epithelium
meet at the rim of the enamel organ at bell stage (12-14). Moreover, stem cell markers such as Oct-4,
CD44 and K15 have been demonstrated in odontogenic lesions (15, 16). Evidences above suggest the
possibility that there are stem cells in the capsule of DC.

The intra-cystic pressure is released after marsupialization, and changes occur in the cystic lining as well.
The thickened capsule has been demonstrated to turn into a less aggressive form (17). What’s more,
osteogenesis-related proteins, such as ALP, BMP2, BMP4 and OPG have shown up-regulations in
capsules proximity to the bone after marsupialization (18). Based on the researches above, we inferred
that the post-marsupialization cyst capsule may be a microenvironment which is conducive to the
osteogenic differentiation of stem cells.

To our knowledge, it has not yet been reported about the presence of stem cells in DC capsules and their
role in the healing process after marsupialization up to now. In this study, we isolated two types of cells
from the connective tissue of DC capsules before (Bm-DCSCs) and after marsupialization (Am-DCSCs),
respectively. After that, we compared their stemness by surface markers, multi-differentiation potential
assays, proliferation and self-renewal capacity assays, ectopic bone regeneration assay as well as bone
defect repair ability in the nude cranial defect model.

Material And Methods
Sample Collection

5 patients underwent marsupialization combined enucleation later were included in this study, and the
tissue sampling process was illustrated in Fig 1. Samples harvested before and after marsupialization
were stored in 4% paraformaldehyde for 6-8 hours and high-glucose Dulbecco’s modi�ed Eagle medium
(DMEM; HyClone) supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin (HyClone) at 4℃
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up to 2 hours, respectively. Patients engaged in this trial aged between 18-25 years, who were diagnosed
as DC both clinically and histologically. This work was approved by the Ethics Committee of Shanghai
Ninth People’s Hospital, and all participants gave their informed consent.

Histological Analysis

Capsules �xed in 4% paraformaldehyde were embedded in para�n and sliced for histological evaluation.
Para�n sections were stained with hematoxylin and eosin (H&E) as well as Safranin O/Fast Green. For
immuno�uorescent staining, after depara�nization, rehydration, antigen retrieval, permeabilization and
blocking non-speci�c binding, sections were incubated in primary antibodies against STRO-1 (Novus
Biologicals; 1:100), ALP (Servicebio; 1:3000), COL1A1 (Servicebio; 1:800) at 4℃ overnight and secondary
antibodies (Servicebio; 1:500) for 1 hour at room temperature. DAPI (Abcam) at 1:500 was used as
nuclear counterstain. Results were detected by �uorescence microscope (Olympus).

Cell Culture

Fresh samples were rinsed with phosphate buffered saline (PBS) for three times and then gently minced
into small pieces. The fragments were transferred to 12-well chambers (Coster) and 100-mm dishes
(Corning) with complete medium — DMEM containing 10% fetal bovine serum (FBS; Every Green), 100
U/ml penicillin and 100 mg/ml streptomycin (HyClone). The glass cover slips were placed over the
fragments to prevent �oating. Cells were cultured at 37℃ with 5% CO2, and culture medium was changed
twice a week. Bm-DCSCs and Am-DPSCs would be harvested and ampli�ed when reaching 80-90%
con�uence, and passage P2-P4 were used in this work. The primary passage of Am-DCSCs on the glass
cover slips in 12-well chambers were used for immuno�uorescence staining.

Morphology & Surface marker

Immuno�uorescence

The primary passage of cells in 12-well chambers were �xed in 4% paraformaldehyde for 30 minutes at
room temperature. After that, Am-DCSCs were permeabilized in 0.3% Triton X-100 for 5 minutes and
blocked in 5% BSA for 1 hour. Then, Am-DCSCs were incubated with antibodies against STRO-1 (Novus
Biologicals) at 1:150 dilution at 4℃ overnight. Alexa Fluor-648-conjugated anti-IgM (Yeasen) was used
as secondary antibody at 1:200 dilution and DAPI (Abcam; 1:500) was used for nuclear counterstain. Bm-
DCSCs and Am-DCSCs at P3 were stained by Alexa Fluor 555 Phalloidin (Abcam; 1:200) and DAPI
(Abcam; 1:500) as well for actin staining. Slides were examined with confocal laser scanning microscope
(CLSM; Leica).

Flow Cytometry Analysis

Both Bm-DCSCs and Am-DCSCs were detached with 0.25% trypsin-EDTA (Gibco) for 20-30 seconds,
washed twice by PBS, and centrifuged at 1000 rpm for 5 minutes. Cell surface markers, such as CD90-
FITC, CD44-FITC, CD45-FITC, CD34-FITC, CD31-FITC were used to label the cells on ice for 30 minutes in
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the dark. Cell suspensions without the antibodies served as controls. DCSCs were washed twice and
resuspended in 200μL PBS before analysis. All antibodies were purchased from BD Biosciences. Flow
cytometry was performed with a �ow cytometer (Beckman Coulter).

Multi-differentiation Assays

Bm-DCSCs and Am-DCSCs were seeded into 12-well plates and cultured in complete medium until 100%
con�uence. Osteogenic differentiation medium, including 2 mmol/L β-glycerophosphate (Sigma-Aldrich),
100 mmol/L L-ascorbic acid phosphate (Sigma-Aldrich), and 10 nmol/L dexamethasone in complete
medium, was used for osteogenic induction. Adipogenic and chondrogenic induction were stimulated by
commercial kits (Cyagen) according to manufacturer’s instructions. Osteogenesis effects were detected
by Alkaline phosphatase (ALP; Beyotime) after 1, 3, 7 days and Alizarin red staining (ARS; Sigma-Aldrich)
after 7, 14, 21 days, and the quantitative assays were performed at the same time. Besides, Oil Red O and
Alcian blue were used for adipogenic and chondrogenic detection after 3-4 weeks’ induction.

Real Time PCR

The gene expression in Bm-DCSCs and Am-DCSCs after osteogenic differentiation were detected by Real
Time PCR. Total RNA was extracted with RNAiso Plus (TaKaRa), and complementary DNA (cDNA) was
synthesized using the PrimeScriptTM RT reagent kit (TaKaRa). The housekeeping gene GAPDH was used
for normalization. Primers were synthesized commercially (Shengong). The sequences of the primers
were as follows: GAPDH-CGACAGTCAGCCGCATCTT and CCAATACGACCAAATCCGTTG-3, BMP-2-
ATGGATTCGTGGTGGAAGTG and GTGGAGTTCAGATGATCAGC, COL1A1-TCTGCGACAACGGCAAGGTG
and GACGCCGGTGGTTTCTTGGT.

Immuno�uorescence

The osteogenic protein expression of Bm-DCSCs and Am-DCSCs were detected by immuno�uorescence.
After 7 days’ osteogenic induction, cells were permeabilized in 0.3% Triton X-100 for 5 minutes and
blocked in 5% BSA for 1 hour. Then, they were incubated with antibodies against osteocalcin (OCN;
Abcam) and RUNX2 (CST) at 1:100 dilution at 4℃ overnight. After that, cells were incubated with
secondary antibodies (1:500; Invitrogen) for 30min and subsequently incubated with DAPI (1:500;
Abcam) for 5min at room temperature. Results were detected by �uorescence microscope (Olympus).

Proliferation & Self-renewal capacity

Cell Proliferation

Bm-DCSCs and Am-DCSCs were seeded in 96-well plates (Coster) at a density of 1000 cells per well. The
cell number was assessed on days 1, 3, 5, 7, 9 and 11 with the Cell Counting Kit-8 (Dojindo Laboratories).
The optical density was measured at a wavelength of 450 nm using the SparkTM 10M Multimode
Microplate Reader (TECAN).
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Colony-forming Unit

Cells were seeded in 6-well plates at a density of 100 cells per well. After 10 days’ culture, they were �xed
with 4% paraformaldehyde and stained with 0.1% crystal violet (Beyotime) for 5 minutes, and aggregates
of 50 or more cells were scored as colonies.

EdU Assay

EdU Assay was detected by BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 555 (Beyotime). Firstly,
Bm-DCSCs and Am-DCSCs were seeded in 12-well plates. 24 hours later, cells were labelled by EdU for 2
hours, and then, they were �xed and permeabilized. Solution for EdU detection was prepared according to
the manual, and cells were analysed by �uorescence microscope. Besides, the number of EdU-positive
cells was detected by �ow cytometry for quantitative analysis.

Ectopic bone regeneration in vivo

Scanning electronic microscopy

Cells were seeded onto the surface of β-tricalcium phosphate (β-TCP; Shanghai Bio-Lu Biomaterials Co.
Ltd.) at a density of 1.0 × 106 /ml. After incubation for 4 hours and 1 day, the scaffolds were �xed in 2.5%
glutaraldehyde overnight at 4℃. Then, they were dehydrated through an ethanol gradient (30%, 50%, 70%,
90% and 100% for twice) for 10 minutes in each concentration. After that, they were transferred to the
mixture of alcohol and iso-amyl acetate (V/V=1:1) for 30 minutes and pure iso-amyl acetate for 1 hour.
Followed by critical point dryer with liquid CO2, samples were coated with gold sputter and images were
collected by a scanning electron microscope.

In vivo ectopic transplantation model

β-tricalcium phosphate mixed with 5.0 × 106 of Bm-DCSCs or Am-DCSCs were transplanted into
aseptically created subcutaneous pockets in 6-week-old immunocompromised mice under anesthesia via
2% sodium pentobarbital. β-TCP with PBS were seeded on the other side of dorsum in the same mice in
order to serve as control group. Transplants were harvested after 8 weeks and assessed by histology.

The ability to repair bone defect in situ

Cranial bone defect model in immunocompromised mice

β-tricalcium phosphate were mixed with 5.0 × 106 of Bm-DCSCs or Am-DCSCs. Immunocompromised
mice were anesthetized via 2% sodium pentobarbital. Then, a sagittal incision was created in the middle
of the scalp. After exposing the calvarium, the periosteum was carefully de�ected with ophthalmic
forceps. A 5-mm size defect was made on the calvarium using a trephine with constant sterile saline
cooling. Finally, the scaffold was implanted within the defect, and the periosteum as well as scalp were
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repositioned and sutured. β-TCP with PBS were served as control group. Transplants were harvested after
12 weeks and assessed by histology.

Sequential �uorescent labeling

To label the rate of new bone formation, sequential �uorescent labeling was carried out on 3 athymic
mice from each group. They were intraperitoneally injected with 25 mg/kg hydrochloride tetracycline (TE,
Sigma), 20 mg/kg calcein (CA, Sigma), and 30 mg/kg Alizarin Red S (AL, Sigma) at 3, 6 and 9 weeks after
surgery, respectively. The calvarias were harvested at 12 weeks and used for non-
decalci�ed tissue histomorphometric measurements. Mineral apposition rate (μm/day) was measured
and evaluated.

Statistical Analysis

Results were presented as the mean ± standard deviation. The statistical analysis was performed using
the GraphPad Prism statistical software package (Version 7.0). One-way ANOVA was performed, followed
by Dunnett’s test for multiple comparisons (*: p<0.05; ***: p<0.001; ****: p<0.0001).

Results
STRO-1 positive cells resided in the DC capsule after marsupialization (Am-DCC) which was a
microenvironment conducive to osteogenesis

From the section stained by hematoxylin and eosin (H&E), cylindrical epithelium of the capsule after
marsupialization was missing owing to the repeated in�ammation stimuli compared with the tissue
before the surgery. However, clumps were observed in the layer of �brous connective tissue of Am-DCC
adjacent to the bone, which were demonstrated as bone tissue by Safranin O/Fast Green stain later (Fig.
2A). In order to further investigate the origin of the bone tissue, immuno�uorescence (IF) staining of
COL1A1, ALP and STRO-1 were performed on Am-DCC. As shown in Fig. 2B, bone tissue was slightly
positive for COL1A1, while they were strongly stained by ALP, demonstrating that the bone tissue was at
early stage. Meanwhile, we found that �bro-cellular connective tissue of Am-DCC was labelled by ALP,
which means the microenvironment of Am-DCC was conducive to osteogenesis. Moreover, �brous
connective tissue cells around the bone tissue were labelled by STRO-1, an early MSC marker, indicating
the source of bone tissue.

Am-DCSCs and Bm-DCSCs showed typical MSC morphological characteristics and immunophenotype

Am-DCSCs showed �broblast-like appearance (Fig. 3A, C). According to �ow cytometry (FCM) results (Fig.
3D), Am-DCSCs showed positive expression of the cell surface antigens CD44 (99.7%) and CD90 (99.7%),
while a lack of expression of hematopoietic antigens including CD31 (0.63%), CD34 (0.61%) and CD45
(0.57%). It highlighted that cells isolated from Am-DCC showed both MSC appearance and surface
markers. Besides, Am-DCSCs expressed STRO-1, which was also detected in the connective tissue
adjacent to the bone tissue in Am-DCC (Fig. 3B). Results above indicated that there were MSC-like cells in
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Am-DCC and they could be isolated from it with characteristics maintaining. Interestingly, we isolated
�broblast-like cells in the DC capsule before marsupialization (Bm-DCC) as well, and they showed similar
immunophenotype as Am-DCSCs (Fig. 3C, D). What emerged from the results here was that cells with
MSC feature could be isolated from DC capsules both before and after marsupialization.

Am-DCSCs showed greater osteogenic differentiation capacity than that of Bm-DCSCs in vitro

The trilineage differentiation assay was performed to determine whether Am-DCSCs or Bm-DCSCs had
the ability to differentiate into multiple tissues when cultured under speci�c conditions. After 3 weeks’
adipogenic induction, Oil red O-positive lipid-laden fat cells could be detected in both Bm-DCSCs and Am-
DCSCs by inverted phase contrast microscope (Fig. 4A), and Alcian blue staining demonstrated the
existence of cartilage tissues differentiated from Bm-DCSCs as well as Am-DCSCs (Fig. 4B). However, we
observed that Am-DCSCs displayed stronger ALP activity on day 7 and better calcium deposition ability
on day 14 and 21 compared with Bm-DCSCs after osteogenic induction (Fig. 4C). Meanwhile, the
expression of osteogenesis-related genes, such as BMP2 and COL1A1, was signi�cantly increased in Am-
DCSCs on day 3 and 7 after induction, and this development correlated with the protein expression of
RUNX2 and OCN detected by IF staining (Fig. 4D, E). All the results above indicated that both Bm-DCSCs
and Am-DCSCs had multi-differentiation potential, while the latter showed greater osteogenic
differentiation capacity in vitro.

Am-DCSCs showed better proliferation and self-renewal capacity than that of Bm-DCSCs

To assess the ability of rapid proliferation and self-renewal of Bm-DCSCs and Am-DCSCs, assays such as
CCK-8, CFU-F and EdU were conducted. According to CCK-8 (Fig. 5A), Am-DCSCs showed greater cell
proliferation ability than that of Bm-DCSCs. Bm-DCSCs were in a slow proliferation state between days 1
and 7 and reached a plateau after day 7. However, Am-DCSCs were in a latent period between days 1 and
3, entering a logarithmic growth phase between days 3 and 5, and they showed high proliferation rate
during later stage. Besides, although both Bm-DCSCs and Am-DCSCs formed typical clusters after 10
days’ culture at a low inoculation density, the number of cell colonies in Am-DCSCs group (17.67±2.186)
was signi�cantly higher that in Bm-DCSCs group (6±1.582) (Fig. 5B). We could also see proliferative cell
nucleus labelled by EdU in Bm-DCSCs and Am-DCSCs shown by �uorescence microscope, while the
proliferation rate in Am-DCSCs was higher than that in Bm-DCSCs detected by FCM (Fig. 5C). Collectively,
it could be concluded that Am-DCSCs showed better proliferation and self-renewal capacity compared
with Bm-DCSCs.

Am-DCSCs showed greater ectopic bone regeneration capacity than that of Bm-DCSCs in vivo

To compare the differences of osteogenic capacity between Am-DCSCs and Bm-DCSCs in vivo, we
transplanted them with β-TCP in immunocompromised rats, respectively. After 4 hours of incubation,
cells attached to β-TCP, and they could spread on the surface 1 day later, which demonstrated that the
scaffolds were suitable for the adhesion of Bm-DCSCs and Am-DCSCs (Fig. 6A). After 8 weeks’
implantation, there was a substantial number of bone tissue in the Am-DCSCs group, as collagen bone
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matrix deposition was illustrated by Masson’s trichrome staining and the mineral deposition was detected
by immunohistochemistry (IHC) staining for OCN. Lacunae and osteocytes in it were observed from the
H&E staining of bone tissue, and vessel formation was seen as the evidence of angiogenesis (Fig. 6B). In
contrast, only a few osteoid-like tissues were detected in the group of Bm-DCSCs. Results above
highlighted the greater osteogenic capacity of Am-DCSCs than that of Bm-DCSCs in vivo.

Am-DCSCs showed greater bone defect repair ability than that of Bm-DCSCs

We employed the cranial bone defect model in nude mice to further investigate the bone defect repair
capacity of Am-DCSCs and Bm-DCSCs in vivo (Fig. 7A, B). The results visualized in sequential �uorescent
labeling showed more and faster new bone formation in Am-DCSC group than that in Bm-DCSC group
(Fig. 7C, D). Besides, from the H&E and Masson’s trichrome staining of the sections (Fig. 7E), we observed
only a few newly formed bone islands embedded in the collagen �ber in Bm-DCSCs group, while newly
formed bone tissue was found to directly integrate with and bridge the scaffolds with the negative bone
in the group of Am-DCSCs, and the bone-marrow-like structure was observed in new bone formation areas
as well. Thus, Am-DCSCs performed better than Bm-DCSCs in bone defect repairment.

Discussion
In this study, we isolated two types of MSCs from �brous capsules of DC before and after
marsupialization. We identi�ed that both of them showed �broblast-like appearance, MSC surface
markers and multi-differentiation potential. Compared with Bm-DCSCs, Am-DCSCs showed better
proliferation, self-renewal, ectopic osteogenesis as well as bone defect repair capacity in vivo. The results
above highlighted that there were MSCs residing in capsules of DC, and marsupialization improved their
osteogenic capacity both in vitro and in vivo, which may provide a novel insight into the mechanism of
bone regeneration after marsupialization.

DC originates from the overexpression of dental lamina in the embryonic period, which become remnants
present in the dental arch after birth (19, 20). When under some unknown initiating factors, odontogenic
epithelium enters into an active proliferative phase, then dead cells desquamating into the cyst, plus
serum’s diffusion through cyst wall and intra-cystic secretion, resulting in accumulation of �uid and bone
resorbing factors (21). Marsupialization is a surgical technique by which a window is produced in the
wall of the cyst to relieve the intra-cystic pressure and so enable the cavity to decrease slowly in size, then
complete enucleation will be performed as a second-stage procedure to reduce recurrence rate (22). To
date, a large amount of literature has proved that marsupialization is an effective method for treating
large odontogenic cysts (23-25). However, this period ranges from 6 to 14 months on average, which
seems too long because of the limited osteogenic capacity of jaw (26).

Fortunately, stem cell-based bone tissue engineering offers a promising strategy for alveolar bone
regeneration (27). Oral tissues that are rich in stem cells have been thought as important sources in
regenerative medicine (28). The capsules of DC initially originate from the odontogenic epithelium in the
embryonic period, which means it is likely that naive cells hide in them. Bone regenerate after
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marsupialization with capsules maintaining, suggesting a transition from osteolytic microenvironment to
osteogenic microenvironment in DC capsules (29). It would be of major clinical importance if stem cells
can be isolated from DC capsules and demonstrated their potential osteogenic capacity in bone defect
repair.

Once DC be opened, intra-cystic pressure and �uid containing bone resorption components will be
released (30). Meanwhile, the histological characteristics of cystic linings were con�rmed to change after
marsupialization, and bone regeneration occurs as follows under the comprehensive effects of various
factors. In our study, we collected DC capsules before and after marsupialization, respectively. From the
section of Am-DCC, we detected clumps which were demonstrated as immature bone tissue later in the
connective tissue layer. In addition, the soft tissue around the clumps were positive for ALP, an early
marker of bone formation and produced by osteoblasts, suggesting that the connective tissue of Am-DCC
was a microenvironment conducive to bone formation. It is osteoblasts that are responsible for the new
bone formation, but where did the osteoblasts in the connective tissue layer of Am-DCC come from?

Although the exact origin of osteoblasts is still under debate, the role of MSCs that play in the osteogenic
differentiation has been proved (31). STRO-1 is a marker for cells in the vicinity of the blood vessels,
which has been widely used to identify dental stem cell niches, such as PDLSC, GMSC, DPSC and so on
(32-35). We also observed STRO-1 positive cells in the connective tissue layer of Am-DCC, which were
locating around the immature bone tissue. Moreover, cells isolated from Am-DCC (Am-DCSCs) were
positive for STRO-1 as well. Given that STRO-1 is an early MSC marker, these preliminary results
suggested that the STRO-1 positive cells might be MSCs and could turn into osteoblasts to play a role in
the process of new bone formation under certain conditions.

MSCs are a heterogeneous population of cells that show �broblast-like appearance, plastic-adherent
feature, colony forming capacity when grown at low densities and multi-differentiation potential (36).
After digestion, Am-DCSCs were adherent to the plastic surface, and they showed �broblast-
like appearance with elongated, spindle-shaped morphology. Aside from STRO-1, they were positive for
mesenchymal stem cell markers like CD44 and CD90, while they were negative for hematopoietic stem
cell markers such as CD31, CD34 and CD45 according to FCM results. Actually, we isolated cells from
capsules before marsupialization as well. These cells, named as Bm-DCSCs, were also demonstrated as
MSCs because of their typical MSC morphological appearance and surface markers.

According to the minimal criteria of MSC proposed by the International Society for Cellular Therapy
(ISCT), MSCs must be able to differentiate to osteoblasts, adipocytes and chondroblasts under standard
in vitro conditions (37). Speci�cally, both Bm-DCSCs and Am-DCSCs exhibited full tri-lineage potential in
vitro, as they were positive for ALP, ARS, Oil Red O and Alcian blue staining under standard in vitro tissue
culture-differentiating conditions. Of note, the osteogenic capacity of Am-DCSCs in vitro was signi�cantly
higher than that of Bm-DCSCs at gene, protein and phenotype expression level. ALP is the speci�c
enzyme secreted by osteoblasts at the early stage of osteoblasts differentiation, and calcium nodules
stained by ARS is the late osteogenic marker. The relative activity of ALP and ARS showed that Am-
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DCSCs displayed a greater osteogenic capacity than Bm-DCSCs at the later stage of osteo-differentiation
period (day 7 and day 14&21), which were consistent with mRNA expression of BMP2 and COL1A1, as
well as the osteogenesis-related protein expression of OCN and Runx2.

The results of in vivo implantation were analogous to those of in vitro studies. In contrast to the results
that only osteoid was observed in the group of Bm-DCSC, obvious new bone formation could be detected
in Am-DCSC group in the model of subcutaneous ectopic osteogenesis in nude mice. The cranial bone
defect model in nude mice was established to further evaluate the potential therapeutic use of Bm-DCSCs
and Am-DCSCs. Although Bm-DCSCs could repair bone defect to some extent, Am-DCSCs achieved a
better regenerative effect.

Besides, it is known to all that MSCs have great propensity for ex vivo expansion. Our data revealed that
Am-DCSCs had greater proliferation and self-renewal capacity compared with Bm-DCSCs. The self-
renewal and cell fate decisions of MSCs are sensitive to changes in the extracellular environment.
Previous studies have shown that MSC went into osteogenic differentiation if under
appropriate conditions, including mechanical stress, O2 concentration and so on (38, 39). When the cystic
lesion is opened, the intra-cystic pressure reduces, O2 concentration increases and the cyst �uid
containing bone resorption factors is drained. Hence, it could conceivably be assumed that the resting
MSCs were activated and started to proliferate owing to the changed microenvironment of DC after
marsupialization, then differentiating into osteoblasts to participate in the new bone formation.

Conclusion
In summary, we have provided evidences that there are MSCs in DC capsules both before and after
marsupialization (Bm-DCSCs and Am-DCSCs), con�rming that marsupialization improved the
proliferation rate and osteogenic capacity of MSCs in DC capsules. Nevertheless, more work needs to be
done to isolate high potential subpopulation of Am-DCSCs and further investigate the role that they play
in the healing process of DC.

Abbreviations
DC: Dentigerous cyst; MSCs: Mesenchymal stem cells; CCK-8: Cell Counting Kit-8; CFU-F:
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Figure 1

Schematic illustration of sample collection and cell culture. The DC adjacent to inferior alveolar nerve
was underwent marsupialization and tooth extraction. Few months later, the formation of new bone
decreased the size of DC (green area). The remaining capsule of DC became thickened and were removed
for medical demand. The capsule tissue both before and after marsupialization were collected for
histology analysis and cell culture.
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Figure 2

Histologic analysis of DC capsules before and after marsupialization. (A) The capsules were detected by
hematoxylin-eosin staining (H&E) Safranin O/Fast Green. Compared with DC capsules before
marsupialization (Bm-DCC), DC capsules after marsupialization (Am-DCC) lost the epithelium lining and
the �ber became loose. Clumps (which were demonstrated as bone tissues) were observed in Am-DCC, in
which osteocytes (yellow arrows) and osteoblasts (blue arrows) could be seen as well. Boxed areas are
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shown at higher magni�cation. Scale bars: 100µm and 50µm. (B) Representative immuno�uorescence
images of Am-DCC. STRO-1 positive cells (triangles) and ALP positive cells (arrows) were detected in the
�brous connective tissue of Am-DCC. DAPI (blue) was counterstained to indicate the nucleus. Scale bars:
20μm.

Figure 3
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Morphological characteristics and immunophenotype of Bm-DCSCs and Am-DCSCs. (A) Representative
images of cells isolated from DC capsules at different magni�cations under inverted phase contrast
microscope. Scale bars: 100μm. (B) Immuno�uorescence detection of STRO-1 (violet) on Am-DCSCs.
Scale bar: 50μm. (C) Bm-DCSCs and Am-DCSCs showed spindle-shaped morphology under �uorescence
microscope labelled by Actin (red). Scale bar: 50μm. (M) Flow cytometry data of MSC markers on Bm-
DCSCs and Am-DCSCs.

Figure 4
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Bm-DCSCs and Am-DCSCs exhibited a multi-differentiation potential. (A) Oil Red O staining. (B) Alcian
blue staining. (C) Alkaline phosphatase staining (ALP) and Alizarin red staining (ARS) at different
osteogenic induction time. Relative activity of ALP and ARS were detected at the same time. ****: p <
0.0001. (D) Real-time polymerase chain reaction (RT-PCR) for messenger RNA (mRNA) expression levels
of bone morphogenetic protein 2 (BMP2), runt related transcription factor 2 (Runx2) and collagen type I
alpha 1 chain (COL1A1). ****: p < 0.0001. (E) Immuno�uorescence staining for OCN and RUNX2 on Bm-
DCSCs and Bm-DCSCs after 7 days’ osteogenic differentiation.

Figure 5
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Am-DCSCs showed better proliferation and self-renewal capacity than that of Bm-DCSCs in vitro. (A) Cell
viability of Bm-DCSCs and Am-DCSCs were detected by CCK-8 assay. ****: p < 0.0001. (B) Colony-forming
unit-�broblast (CFU-F) assay was stained by crystal violet. Typical clusters were observed in both Am-
DCSCs and Bm-DCSCs. Scale bar: 100µm. Aggregates of 50 or more cells were scored as colonies. *: p <
0.05. (C) Proliferative cell nucleus was labelled by EdU. Scale bars: 50µm. Quantitative analysis of EdU
positive cells were detected by FCM.

Figure 6

Am-DCSCs showed greater ectopic bone regeneration capacity than that of Bm-DCSCs in vivo. (A)
Scanning electron microscopic (SEM) evaluation of the scaffold microstructure and biocompatibility. (B)
Histologic analysis of transplants was performed by hematoxylin and eosin staining (H&E), Masson’s
trichrome staining and immunohistochemistry staining for OCN. O: osteoid; B: bone; F: �ber; V: vessel.
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Scale bars: 100µm. (C) Quanti�cation of new bone formation area using NIH Image J. ***: p < 0.001; ****:
p < 0.0001.

Figure 7

Am-DCSCs showed greater bone defect repair ability than that of Bm-DCSCs. (A) Schematic diagram of
animal surgery. (B) Surgery process. (C) Mineral apposition rate (μm/day) was measured by NIH Image J.
****: p < 0.0001. (D) Sequential �uorescent labeling images of newly formed bone labelled with
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hydrochloride tetracycline (yellow), calcein (green) and Alizarin Red S (red). Scale bars: 100µm. (E)
Decalci�ed sections were stained with H&E and Masson. B: bone; BM: bone marrow; F: �ber. Figures
upper are shown at higher magni�cation. Scale bars: 100µm and 200µm.


