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Activation of mesenchymal stem cells
promotes new bone formation within
dentigerous cyst
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Zhiyuan Zhang4, Dongxia Ye5*, Chi Yang1* and Shaoyi Wang1*

Abstract

Background: Dentigerous cyst (DC) is a bone destructive disease and remains a challenge for clinicians.
Marsupialization enables the bone to regenerate with capsule maintaining, making it a preferred therapeutic means
for DC adjacent to vital anatomical structures. Given that capsules of DC are derived from odontogenic epithelium
remnants at the 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 was analyzed by morphology, surface marker, and multi-
differentiation assays. Comparison of proliferation ability between MSCs isolated from DC capsules before (Bm-
DCSCs) and after (Am-DCSCs) marsupialization was evaluated by Cell Counting Kit-8 (CCK-8), fibroblast 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 immunofluorescence (IF) staining. Subcutaneous ectopic osteogenesis as well as cranial bone defect
model in nude mice was performed to detect their bone regeneration and bone defect repairability.
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Results: Bone tissue and strong ALP activity were detected in the capsule of DC after marsupialization. Two types
of MSCs were isolated from fibrous capsules of DC both before (Bm-DCSCs) and after (Am-DCSCs) marsupialization.
These fibroblast-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 a 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 the osteogenic capacity of
them is largely enhanced after marsupialization. Our findings 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.

Keywords: Dentigerous cyst, Mesenchymal stem cells, Osteogenic differentiation, Bone regeneration, Cell
proliferation, Cell culture

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
a radiographic characteristic that the capsule attaches to
the cemento-enamel junction (CEJ) with the crown of an
unerupted tooth enclosed. The enlarged cyst usually re-
sults in dentition disturbance, dentofacial deformity, and
even pathological fracture [2, 3]. The standard treatment
is surgical enucleation or curettage of the capsule com-
bined with the involved tooth, while marsupialization is
preferred in some pediatric cases and large cystic lesions
(radiologic diameter > 3 cm), especially when they are
proximal to vital structures [4–7]. However, it takes quite
a long time for DC to reach recovery under marsupializa-
tion. To shorten the course of treatment, suction drainage
has been applied to the 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.

It is reported that MSCs are of great importance during
the bone formation process because of their distinct bio-
logical capability in bone regenerative medicine [9].
Dental tissues have been considered as promising
sources for stem cells since MSCs such as DPSCs, PDLS
Cs, and SCAPs were isolated one after another [10–12].
Odontogenesis is based on the organized reciprocal
interaction of the odontogenic epithelial and neural
crest-derived tissues [13]. Tooth initiation starts at the
6th embryonic week, and the primary epithelial band dif-
ferentiates 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 [14]. DC develops as a result of fluid
accumulation between the crown of the unerupted tooth
and reduced enamel epithelium, which is known as the
remnants of enamel organs. That is, capsules of DC

originate from the remnants of enamel organs at the em-
bryonic stage. 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 the bell stage [15–17].
Besides, stem cell markers such as Oct-4, CD44, and
K15 have been demonstrated in odontogenic lesions
as well [18, 19]. In addition, odontogenic epithelium,
such as remnants of the dental lamina, the epithelial
cell rests of Malassez, and reduced enamel epithelium,
has been thought to be hidden sources in regenerative
medicine because of the existence of stem cells in
them [20]. What is more, Marrelli et al. have isolated
MSC-like cells from human periapical cysts [21]. Evi-
dences above preliminary suggest the possibility that
there are stem cells in the capsule of DC.
The intra-cystic pressure is released after marsupializa-

tion, and changes occur in the cystic lining as well. The
thickened capsule has been demonstrated to turn into a
less aggressive form [22]. What is more, osteogenesis-
related proteins, such as ALP, BMP2, BMP4, and OPN,
have shown upregulations in capsules proximal to the
bone after marsupialization [23]. 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, prolifera-
tion, and self-renewal capacity assays, ectopic bone
regeneration assay, and bone defect repairability in the
nude cranial defect model.
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Materials and methods
Sample collection
Five patients who underwent marsupialization combined
enucleation later were included in this study (Table 1),
and the tissue sampling process was illustrated in Fig. 1.
Samples harvested before and after marsupialization
were stored in 4% paraformaldehyde for 6–8 h and high-
glucose Dulbecco’s modified Eagle’s medium (DMEM;
HyClone) supplemented with 100 U/ml penicillin and
100 mg/ml streptomycin (HyClone) at 4 °C up to 2 h, re-
spectively. Patients engaged in this trial aged between 18
and 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 fixed in 4% paraformaldehyde were embedded
in paraffin and sliced for histological evaluation. Paraffin
sections were stained with hematoxylin and eosin (H&E)
as well as Safranin O/Fast Green. For immunofluores-
cent staining, after deparaffinization, rehydration, anti-
gen retrieval, permeabilization, and blocking non-
specific binding, sections were incubated in primary
antibodies against STRO-1 (Novus Biologicals; 1:100),
ALP (Servicebio; 1:3000), COL1A1 (Servicebio; 1:800) at
4 °C overnight and secondary antibodies (Servicebio; 1:
500) for 1 h at room temperature. DAPI (Abcam) at 1:
500 was used as a nuclear counterstain. Results were
detected by a fluorescence 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 floating. Cells
were cultured at 37 °C with 5% CO2, and the culture
medium was changed twice a week. Bm-DCSCs and
Am-DCSCs would be harvested and amplified when
reaching 80–90% confluence, and cells at passages 2–4
were used in this work. The primary passage of Am-

DCSCs on the glass cover slips in 12-well chambers was
used for immunofluorescence staining.

Morphology and surface marker
Immunofluorescence
The primary passage of cells in 12-well chambers was
fixed in 4% paraformaldehyde for 30 min at room
temperature. After that, Am-DCSCs were permeabilized
in 0.3% Triton X-100 for 5 min and blocked in 5% BSA
for 1 h. Then, Am-DCSCs were incubated with anti-
bodies against STRO-1 (Novus Biologicals) at 1:150 dilu-
tion at 4 °C overnight. Alexa Fluor-648-conjugated anti-
IgM (Yeasen) was used as a 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 a 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 s and centrifuged
at 1000 rpm for 5 min. After removing the supernatant,
cells were washed twice by PBS, and then, they were col-
lected and resuspended in PBS. Cell surface markers,
such as CD90-FITC, CD44-FITC, CD45-FITC, CD34-
FITC, and CD31-FITC, were used to label the cells on
ice for 30 min in the dark. Cell suspensions without the
antibodies served as controls. Cells were washed twice
and resuspended in 200 μL PBS before analysis. All anti-
bodies were purchased from BD Biosciences. Flow cy-
tometry was performed with a flow cytometer (Beckman
Coulter).

Multi-differentiation assays
Bm-DCSCs and Am-DCSCs were seeded into 12-well
plates and cultured in the complete medium until 100%
confluence. Osteogenic differentiation medium, contain-
ing 2 mmol/L β-glycerophosphate (Sigma-Aldrich), 100
mmol/L L-ascorbic acid phosphate (Sigma-Aldrich), and
10 nmol/L dexamethasone, was used for osteogenic in-
duction. Adipogenic and chondrogenic induction were
stimulated by commercial kits (Cyagen) according to the
manufacturer’s instructions. Osteogenesis effects were
detected by alkaline phosphatase (ALP; Beyotime) after
1, 3, and 7 days and Alizarin Red staining (ARS; Sigma-
Aldrich) after 7, 14, and 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.

Table 1 Duration of marsupialization

No Age Gender Duration of marsupialization

1 18 F 8 M

2 20 M 7.5 M

3 25 M 10 M

4 22 F 9 M

5 19 F 11 M
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Real-time PCR
The gene expression in Bm-DCSCs and Am-DCSCs
after osteogenic differentiation was detected by real-time
PCR. Total RNA was extracted with RNAiso Plus
(TaKaRa), and complementary DNA (cDNA) was syn-
thesized 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, RUNX2-TCTTAG
AACAAATTCTGCCCTTT, and TGCTTTGGTC
TTGAAATCACA, OCN-GGCAGCGAGGTAGTGAAG
A, and TCAGCCAACTCGTCACAGTC.

Immunofluorescence
The osteogenic protein expression of Bm-DCSCs and
Am-DCSCs was detected by immunofluorescence. After
7 days’ osteogenic induction, cells were permeabilized in
0.3% Triton X-100 for 5 min and blocked in 5% BSA for
1 h. Then, they were incubated with antibodies against
osteocalcin (OCN; Abcam) and RUNX2 (CST) at 1:100
dilution at 4 °C overnight. After that, cells were incu-
bated with secondary antibodies (1:500; Invitrogen) for
30 min and subsequently incubated with DAPI (1:500;
Abcam) for 5 min at room temperature. The undifferen-
tiated cells were served as controls. Results were de-
tected by a fluorescence microscope (Olympus).

Proliferation and self-renewal capacity
Cell proliferation
Bm-DCSCs and Am-DCSCs were seeded in 96-well
plates (Costar) 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 Spark™ 10M Multimode Microplate
Reader (TECAN).

Colony-forming unit
Cells were seeded in 6-well plates at a density of 100
cells per well. After 10 days’ culture, they were fixed with
4% paraformaldehyde and stained with 0.1% crystal vio-
let (Beyotime) for 5 min, 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 h later, cells were labeled by EdU for 2 h,
and then, they were fixed and permeabilized. Solution
for EdU detection was prepared according to the man-
ual, and cells were analyzed by a fluorescence micro-
scope. Besides, the number of EdU-positive cells was
detected by flow cytometry for quantitative analysis.

Fig. 1 Schematic illustration of sample collection and cell culture. The DC adjacent to the inferior alveolar nerve underwent marsupialization and
tooth extraction. A few months later, the formation of new bone decreased the size of DC (green area). The remaining capsule of DC became
thickened and was removed for medical demand. The capsule tissue both before and after marsupialization was collected for histology analysis
and cell culture
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Ectopic bone regeneration in vivo
Scanning electronic microscopy
Cells were seeded onto the surface of β-tricalcium phos-
phate (β-TCP; Shanghai Bio-Lu Biomaterials Co., Ltd.)
at a density of 1.0 × 106/ml. After incubation for 4 h and
1 day, the scaffolds were fixed in 2.5% glutaraldehyde
overnight at 4 °C. Then, they were dehydrated through
an ethanol gradient (30%, 50%, 70%, 90%, and 100% for
twice) for 10 min in each concentration. After that, they
were transferred to the mixture of alcohol and iso-amyl
acetate (V/V = 1:1) for 30 min and pure iso-amyl acetate
for 1 h. Followed by a 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 immuno-
compromised mice under anesthesia via 2% sodium
pentobarbital. β-TCP with PBS were seeded on the other
side of the dorsum in the same mice in order to serve as
a 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 was mixed with 5.0 × 106 of Bm-
DCSCs or Am-DCSCs. Immunocompromised mice were
anesthetized via 2% sodium pentobarbital. Then, a sagit-
tal incision was created in the middle of the scalp. After
exposing the calvarium, the periosteum was carefully
deflected 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 the scalp was repositioned and sutured. β-TCP with
PBS were served as the control group. Transplants were
harvested after 12 weeks and assessed by histology.

Sequential fluorescent labeling
To label the rate of new bone formation, sequential
fluorescent labeling was carried out on 3 athymic mice
from each group. They were intraperitoneally injected
with 25mg/kg hydrochloride tetracycline (TE, Sigma),
20 mg/kg calcein (CA, Sigma), and 30mg/kg Alizarin
Red S (AL, Sigma) at 3, 6, and 9 weeks after surgery, re-
spectively. The calvarias were harvested at 12 weeks and
used for non-decalcified tissue histomorphometric mea-
surements. Mineral apposition rate (μm/day) was mea-
sured and evaluated [24–26].

Statistical analysis
Results were presented as the mean ± standard deviation.
The statistical analysis was performed using the Graph-
Pad 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), the cylindrical epithelium of the capsule after
marsupialization was missing owing to the repeated in-
flammation stimuli compared with the tissue before the
surgery. However, clumps were observed in the layer of
fibrous connective tissue of Am-DCC adjacent to the
bone, which were demonstrated as the bone tissue by
Safranin O/Fast Green stain later (Fig. 2a). In order to
further investigate the origin of the bone tissue, im-
munofluorescence (IF) staining of COL1A1, ALP, and
STRO-1 was performed on Am-DCC. As shown in Fig.
2b, the bone tissue was slightly positive for COL1A1,
while they were strongly stained by ALP, demonstrating
that the bone tissue was at an early stage. Meanwhile,
we found that the fibro-cellular connective tissue of
Am-DCC was labeled by ALP, which means the micro-
environment of Am-DCC was conducive to osteogenesis.
Moreover, fibrous connective tissue cells around the
bone tissue were labeled by STRO-1, an early MSC
marker, indicating the source of bone tissue. We then
detected the DC capsule before marsupialization (Bm-
DCC) and found STRO-1-positive cells as well, while
ALP-positive and COL1A1-positive cells were not
observed.

Am-DCSCs and Bm-DCSCs showed typical MSC
morphological characteristics and immunophenotype
Am-DCSCs showed fibroblast-like appearance (Fig. 3a,
c). According to flow cytometry (FCM) results (Fig. 3d),
Am-DCSCs showed positive expression of the cell sur-
face 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 Am-DCC and they could be
isolated from it with characteristics maintaining. Inter-
estingly, we isolated fibroblast-like cells in the DC cap-
sule before marsupialization (Bm-DCC) as well, and they
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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 de-
termine whether Am-DCSCs or Bm-DCSCs had the
ability to differentiate into multiple tissues when cul-
tured under specific conditions. After 3 weeks’ adipo-
genic 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 days 14 and 21 com-
pared with Bm-DCSCs after osteogenic induction
(Fig. 4c). Meanwhile, the expression of osteogenesis-
related genes, such as RUNX2 and OCN, was signifi-
cantly increased in Am-DCSCs on days 3 and 7 after
induction, and this development correlated with the

Fig. 2 Histologic analysis of DC capsules before and after marsupialization. a The capsules were detected by hematoxylin-eosin staining (H&E)
and Safranin O/Fast Green. Compared with DC capsules before marsupialization (Bm-DCC), DC capsules after marsupialization (Am-DCC) lost the
epithelium lining and the fiber became loose. Clumps (which were demonstrated as the bone tissues) were observed in Am-DCC, in which
osteocytes (yellow arrows) and osteoblasts (blue arrows) could be seen as well. Boxed areas are shown at higher magnification. Scale bars:
100 μm and 50 μm. b Representative immunofluorescence images of Bm-DCC and Am-DCC. STRO-1-positive cells (yellow arrows) were detected
in the fibrous connective tissue of Bm-DCC. STRO-1-positive cells (white triangles) and ALP-positive cells (white arrows) were detected in the
fibrous connective tissue of Am-DCC. DAPI (blue) was counterstained to indicate the nucleus. Scale bars: 50 μm
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Fig. 3 Morphological characteristics and immunophenotype of Bm-DCSCs and Am-DCSCs. a Representative images of cells isolated from DC
capsules at different magnifications under inverted phase-contrast microscope. Scale bars: 100 μm. b Immunofluorescence detection of STRO-1
(violet) on Am-DCSCs. Scale bar: 50 μm. c Bm-DCSCs and Am-DCSCs showed spindle-shaped morphology under a fluorescence microscope
labeled by actin (red). Scale bar: 50 μm. d Flow cytometry data of MSC markers on Bm-DCSCs and Am-DCSCs
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Fig. 4 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 runt-related transcription
factor 2 (Runx2) and osteocalcin (OCN). ****p < 0.0001. e Immunofluorescence staining for OCN and RUNX2 on Bm-DCSCs and Bm-DCSCs after 7
days’ osteogenic differentiation. Scale bars: 20 μm. The undifferentiated cells were shown at the lower left corner in each image with a
magnification of × 1000
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protein expression of them 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 dif-
ferentiation 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 prolif-
eration 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 a high proliferation rate during the 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

the Am-DCSC group (17.67 ± 2.186) was significantly
higher than that in the Bm-DCSC group (6 ± 1.582)
(Fig. 5b). We could also see proliferative cell nucleus la-
beled by EdU in Bm-DCSCs and Am-DCSCs shown by a
fluorescence 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 trans-
planted them with β-TCP in immunocompromised rats,
respectively. After 4 h 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 the bone tissue in the Am-DCSC group, as

Fig. 5 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 was detected by CCK-8 assay. ****p < 0.0001. b Colony-forming unit-fibroblast (CFU-F) assay was stained by crystal violet. Typical clusters
were observed in both Am-DCSCs and Bm-DCSCs. Scale bar: 100 μm. Aggregates of 50 or more cells were scored as colonies. *p < 0.05. c
Proliferative cell nucleus was labeled by EdU. Scale bars: 50 μm. Quantitative analysis of EdU-positive cells was detected by FCM
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collagen bone matrix deposition was illustrated by Mas-
son’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 the bone tissue, and vessel forma-
tion 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. The results above
highlighted the greater osteogenic capacity of Am-
DCSCs than that of Bm-DCSCs in vivo.

Am-DCSCs showed greater bone defect repairability 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 fluor-
escent labeling showed more and faster new bone
formation in the Am-DCSC group than that in the
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 fiber in the Bm-
DCSC 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 ob-
served in new bone formation areas as well. Thus,
Am-DCSCs performed better than Bm-DCSCs in
bone defect repairment.

Fig. 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: fiber; V: vessel. Scale bars: 100 μm.
c Quantification of new bone formation area using NIH Image J. ***p < 0.001; ****p < 0.0001
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Discussion
In this study, we isolated two types of MSCs from fi-
brous capsules of DC before and after marsupialization.
We identified that both of them showed fibroblast-like
appearance, MSC surface markers, and multi-

differentiation potential. Compared with Bm-DCSCs,
Am-DCSCs showed better proliferation, self-renewal, ec-
topic osteogenesis, and bone defect repair capacity
in vivo. The results above highlighted that there were
MSCs residing in capsules of DC, and marsupialization

Fig. 7 Am-DCSCs showed a greater bone defect repairability 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 fluorescent labeling images of newly formed bone
labeled with hydrochloride tetracycline (yellow), calcein (green), and Alizarin Red S (red). Scale bars: 100 μm. e Decalcified sections were stained
with H&E and Masson. B bone, BM bone marrow, F fiber. Figures upper are shown at higher magnification. Scale bars: 100 μm and 200 μm
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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 lam-

ina in the embryonic period, which become remnants
present in the dental arch after birth [27, 28]. When
under some unknown initiating factors, odontogenic epi-
thelium enters into an active proliferative phase, then
dead cells desquamating into the cyst, plus serum’s diffu-
sion through cyst wall and intra-cystic secretion, result-
ing in accumulation of fluid and bone-resorbing factors
[29]. 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 per-
formed as a second-stage procedure to reduce recur-
rence rate [30]. To date, a large amount of literature has
proved that marsupialization is an effective method for
treating large odontogenic cysts [31–33]. However, this
period ranges from 6 to 14months on average, which
seems too long because of the limited osteogenic cap-
acity of the jaw [34].
Fortunately, the stem cell-based bone tissue engineer-

ing offers a promising strategy for alveolar bone regener-
ation [35]. Oral tissues that are rich in stem cells have
been thought of as important sources in regenerative
medicine [36]. 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 marsupialization with cap-
sules maintaining, suggesting a transition from the
osteolytic microenvironment to the osteogenic micro-
environment in DC capsules [37]. 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 fluid

containing bone resorption components will be re-
leased. Meanwhile, the histological characteristics of
cystic linings were confirmed to change after marsu-
pialization, 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 demon-
strated as immature bone tissue later in the connect-
ive tissue layer. In addition, the soft tissue around the
clumps was positive for ALP, an early marker of bone
formation and produced by osteoblasts, suggesting
that the connective tissue of Am-DCC was a micro-
environment conducive to bone formation. It is
osteoblasts that are responsible for the new bone for-
mation, but where did the osteoblasts in the connect-
ive 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 dif-
ferentiation has been proved [38]. 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, and DPSC [12, 39–41]. We also
observed STRO-1-positive cells in the connective tissue
layer of Am-DCC, which were located around the imma-
ture 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 fibroblast-like appearance, plastic-adherent feature,
and colony-forming capacity when grown at low dens-
ities and multi-differentiation potential [42]. After diges-
tion, Am-DCSCs were adherent to the plastic surface,
and they showed a fibroblast-like appearance with elon-
gated, 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 iso-
lated cells from capsules before marsupialization as well.
These cells, named as Bm-DCSCs, were also demon-
strated as MSCs because of their typical MSC morpho-
logical 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, adipo-
cytes, and chondroblasts under standard in vitro condi-
tions [43]. Specifically, 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 stain-
ing under standard in vitro tissue culture-differentiating
conditions. Of note, the osteogenic capacity of Am-
DCSCs in vitro was significantly higher than that of Bm-
DCSCs at gene, protein, and phenotype expression level.
ALP is the specific enzyme secreted by osteoblasts at the
early stage of osteoblast differentiation, and calcium
nodules stained by ARS is the late osteogenic marker.
The relative activity of ALP and ARS showed that Am-
DCSCs displayed a greater osteogenic capacity than Bm-
DCSCs at the later stage of osteo-differentiation period
(day 7 and days 14 and 21), which were consistent with
mRNA as well as the osteogenesis-related protein ex-
pression of RUNX2 and OCN.
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,
the obvious new bone formation could be detected in
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the Am-DCSC group in the model of subcutaneous ec-
topic 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 regenera-
tive effect.
Besides, it is known to all that MSCs have a great pro-

pensity for ex vivo expansion. Our data revealed that
Am-DCSCs had greater proliferation and self-renewal
capacity compared with Bm-DCSCs. This is consistent
with the observation in orofacial bone marrow stromal
cells (BMSCs) around the cysts before and after marsu-
pialization in a previous study [44].
The self-renewal and cell fate decisions of MSCs are

sensitive to changes in the extracellular environment.
The changed microenvironment after marsupialization,
mostly the decreased intra-cystic pressure, is involved in
the phenotype changes between Bm-DCSCs and Am-
DCSCs. Reports have revealed that mechanical signals
from the environment guide basic cellular processes,
such as cell survival, proliferation, stem cell lineage com-
mitment, and epithelial to mesenchymal transition
(EMT) [45]. EMT is a phenotypic shift in which epithe-
lial cells lose or loosen attachments to their neighbors
and assume MSC-like morphology, which leads to cell
functional changes [46]. Therefore, we speculate that
there are MSCs (Bm-DCSCs) residing in DC capsules,
and they are activated and undergo phenotypic changes
into Am-DCSCs under the influence of altered microen-
vironmental factors. Besides, the decreased mechanical
pressure induces EMT in DC capsules. For example,
epithelial cells, such as lining epithelium cells of DC and
oral mucosa epithelial cells, transform into MSCs (Am-
DCSCs). This kind of transformation may endow Bm-
DCSCs with greater proliferation and osteogenic
capabilities. Moreover, the bone resorption environment
is broken once DC opened, and osteogenesis dominates
in this period. Osteocytes have been demonstrated as
both mechanosensory and endocrine cells [47]. Roche-
fort et al. have reported that osteocytes are able to re-
cruit MSCs via the secretion of OPN to induce new
bone formation [48]. It is consistent with the observation
by Hu et al. that OPN was upregulated in the keratocys-
tic odontogenic tumor (KCOT) capsule wall after marsu-
pialization [23]. In conclusion, we believe that the
activation of MSCs in DC capsules is the consequence of
multiple factors, and further research is needed regard-
ing this matter.
Multidisciplinary treatment has attracted extensive

attention nowadays because it is conducive to
maximize the professional advantages of multiple dis-
ciplines in order to reach the best medical effect for
patients. The multidisciplinary approach for DC

includes marsupialization, orthodontic treatment, and
implant placement. That the discovery of MSCs in
DC capsules might provide insight to current therap-
ies as follows. Firstly, it provides a scientific basis for
the treatment of DC after marsupialization. Secondly,
it suggests us to apply cytokine therapy to the treat-
ment of giant DC after marsupialization to accelerate
the proliferation and osteogenic differentiation of
MSCs, thus finally shortening the healing time of DC,
which will pave the way for the next treatment.

Conclusion
In summary, we have provided evidences that there are
MSCs in DC capsules both before and after marsupiali-
zation (Bm-DCSCs and Am-DCSCs), confirming that
marsupialization improved the proliferation rate and
osteogenic capacity of MSCs in DC capsules. Neverthe-
less, more work needs to be done to explore the under-
lying mechanisms of MSC phenotype changes in DC
capsules and the value of this kind of transformation in
the multidisciplinary treatment of DC.
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