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Sphere-Derived Multipotent Progenitor Cells
Obtained From Human Oral Mucosa Are
Enriched in Neural Crest Cells
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ABSTRACT

Although isolation of oral mucosal stromal stem cells has been previously reported, complex isolation
methods are not suitable for clinical application. The neurosphere culture technique is a convenient
method for the isolation of neural stem cells and neural crest stem cells (NCSCs); neurosphere gener-
ation is a phenotype of NCSCs. However, the molecular details underlying the isolation and character-
ization of human oral mucosa stromal cells (OMSCs) by neurosphere culture are not understood. The
purpose of the present study was to isolate NCSCs from oral mucosa using the neurosphere technique
and to establish effective in vivo bone tissue regenerationmethods. HumanOMSCswere isolated from
excisedhumanoralmucosa; these cells formed spheres inneurosphere culture conditions.Oralmucosa
sphere-forming cells (OMSFCs) were characterized by biological analyses of stem cells. Additionally,
composites of OMSFCs and multiporous polylactic acid scaffolds were implanted subcutaneously into
immunocompromised mice. OMSFCs had the capacity for self-renewal and expressed neural crest-
relatedmarkers (e.g.,nestin,CD44, slug, snail, andMSX1). Furthermore, upregulatedexpressionof neu-
ral crest-related genes (EDNRA,Hes1, and Sox9) was observed inOMSFCs,which are thought to contain
an enriched population of neural crest-derived cells. The expression pattern of a2-integrin (CD49b) in
OMSFCs also differed from that in OMSCs. Finally, OMSFCs were capable of differentiating into neural
crest lineages in vitro and generating ectopic bone tissues even in the subcutaneous region. The results
of thepresentstudysuggest thatOMSFCsarean ideal sourceof cells for theneural crest lineageandhard
tissue regeneration. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:117–128

SIGNIFICANCE

Thesphere culture technique isa convenientmethod for isolating stemcells.However, the isolationand
characterization of human oral mucosa stromal cells (OMSCs) using the sphere culture system are not
fully understood. The present study describes the isolation of neural crest progenitor cells from oral
mucosausing this system.HumanOMSCs formspheres that exhibit self-renewal capabilities andmulti-
potency, and are enriched with neural crest-derived cells. These oral mucosa sphere-forming cells can
generate ectopic bone tissue in vivo. Therefore, the results of the present study show that the sphere
culture system can be applied, without the need for complex isolation techniques, to produce multi-
potent spheres with the properties of neural crest stem cells. Furthermore, a convenient strategy is
demonstrated for the isolation and culture of human OMSCs that could have clinical applications.

INTRODUCTION

Oral mucosa is an attractive source of cells for re-
generative therapy because it can be easily
obtained without causing aesthetic issues or the
need for tooth extraction. Also, it has strong tis-
sue regeneration capabilities. Oral mucosal tis-
sue, which lines the inside of the oral cavity,
consists of stratified oral squamous epithelial
cells and an underlying connective tissue com-
posed of the lamina propria and submucosal tis-
sue. In previous studies, several researchers
have reported on stem cells derived from the gin-
giva or oral mucosa [1–11].

Gingiva- or oral mucosa-derived stem cells are

multipotent mesenchymal stem cells (MSCs) that

can differentiate into osteoblasts, chondrocytes,

andadipocytes under appropriate conditions,with

phenotypes similar to thoseof bonemarrowMSCs

[1, 2]. In addition, oral mucosa-derived stem cells

can differentiate into neural cells and have been

proposed to have capabilities similar to neural

crest stem cells (NCSCs) [4–9]. Xu et al. elucidated

the characteristics of mouse neural crest-derived

cells in oral mucosa stem cells using Wnt1-Cre-

R26R transgenic mice [12]. Their data indicated

that about 90% of colony-forming cells were
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derived from neural crest cells and that oral mucosa stromal stem
cells contain cells fromtheneural crest [12].However, these exper-
imentalproceduresarepossibleonly in rodentmodels; it isnotpos-
sible to use the same technique with human samples.

NCSCs have been isolated from rodent or human tissues, in-
cluding skin [13–16], bonemarrow [17, 18], and apical papilla [19,
20], using a neurosphere formation technique, which enables the
enrichment of stem/progenitor cells. The neurosphere culture
technique is a convenientmethod for isolating NCSCs, and neuro-
sphere generation is a phenotype of NCSCs [13, 15–18, 20]. How-
ever, the process of isolating and characterizing human oral
mucosa stromal cells (OMSCs) using the neurosphere culture sys-
tem is not fully understood. To thebest of our knowledge, themo-
lecular mechanisms underlying the application of this system to
human OMSCs have not been reported previously. Therefore,
in the present study, we attempted to isolate human NCSCs from
OMSCs using the neurosphere technique. We eventually identi-
fied oral mucosa sphere-forming cells (OMSFCs).

MATERIALS AND METHODS

The institutional review board of the Faculty of Dentistry of the
TokyoMedical and Dental University approved the present study
(approval no. 992). Human oral mucosa tissuewas obtained from
13 patients (aged 3 months to 63 years) who had undergone sur-
gical extractionduring various treatments (9 alveolar, 2 labial, and
2 palatal mucosa) at the Oral and Maxillofacial Surgery Clinic of
the TokyoMedical and Dental University. All donors (or their par-
ent or guardian) provided written informed consent.

Histological Analysis

Human oral mucosal tissues obtained from 6 patients were fixed
in 4% paraformaldehyde (PFA; Wako Pure Chemical, Osaka, Ja-
pan, http://www.wako-chem.co.jp) for 24 hours and then em-
bedded in Tissue-TEK Optical Cutting Temperature (OCT)
compound (Sakura FineTechnical Co. Ltd., Tokyo, Japan, http://
www.sakura-finetek.com). Subsequently, 10-mm sections were
used for hematoxylin and eosin and immunohistochemical stain-
ing for nestin, CD44, and cytokeratin (CK) 10/13.

Cell Culture

For the primary explant culture, the oral mucosa tissues were cut
intopieces approximately2–3mmin size. Eachpiecewasplatedon
a culture dish with Iscove’s modified Dulbecco’s medium (Gibco
Life Technologies, Carlsbad, CA, http://www.lifetechnologies.
com) with 10% fetal bovine serum (FBS). After 3 weeks of primary
outgrowth culture, OMSCs were detached. The cells were then
seeded at a density of 2.03 104 cells per well on a 6-well culture
plate [19–22]. Cryopreserved cells from the 2nd to 7th passages
were used for each experiment (however, 10th passage cells were
used in the cellular senescence experiment).

Senescence-Associated b-Galactosidase Assay

OMSCs were seeded at a density of 1.03 104 cells on 6-well cul-
ture plates and incubated for 7 days. The cells were used for
senescence-associated b-galactosidase (SA-b-gal) staining, using
an SA-b-gal Staining Kit (BioVision, Milpitas, CA, http://www.
biovision.com) according to the manufacturer’s instructions.

Growth of OMSCs

OMSCs obtained from5 patientswere seeded at a density of 5,000
cells per well in 96-well culture plates. To measure the growth of
thecells, viable cellswerecountedat1,3,5, and7daysafter culture
using a cell counting kit (Dojindo, Tokyo, Japan, http://www.
dojindo.co.jp). These plates were measured using a microplate
reader (Bio-Rad 550; Bio-Rad, Hercules, CA, http://www.bio-rad.
com). A calibration curve for the number of cells was prepared us-
ing the sameassayprocedurewith the samecells. Theexperiments
were performed in triplicate for each sample.

Colony-Forming Assay

Second to third passage OMSCs obtained from 3 patients were
enzymatically dissociatedwithAcutase (InnovaCell Technologies,
San Diego, CA, http://www.accutase.com) solution and mechan-
ically dissociated with a Pasteur pipette. These cells were plated
at a density of 500 and 1,000 cells on 6-well tissue culture dishes.
After 14 days of incubation, the cells were stained with Wright’s
stain solution (Wako Pure Chemical). Colonies containing more
than 50 cells were counted. The experiments were performed
in triplicate for each sample.

Neurosphere Culture

Neurosphere culture was performed as described by us previously
[19, 20]. Enzymatically dissociated OMSCs (23 104 cells per well)
were grown in 24-well superhydrophilic plates (Cellseed, Tokyo, Ja-
pan, http://www.cellseed.com) in serum-freeDulbecco’smodified
Eagle’s medium (DMEM)/F12 (1:1) containing N2 supplements
(Gibco Life Technologies), 20 ng/ml basic fibroblast growth factor
(R&D Systems, Minneapolis, MN, http://www.rndsystems.com),
and 20 ng/ml epidermal growth factor (Sigma-Aldrich, St. Louis,
MO, http://www.sigmaaldrich.com). Primary spheres that had
beencultured for7dayswereused forall experiments. The spheres
were fixed in 4% PFA, embedded in OCT compound (Sakura Fine-
Technical), histologically processed, and submitted for immunohis-
tochemical analysis. For the sphere-forming and self-renewal
capability assays, the number of spheres with a diameter of$50
mmwas counted. The primaryOMSFCswere dissociatedwith Acu-
tase (Innova Cell Technologies) and plated at a density of 23 104

cellsperwell. Thesecellswere thencultured in24-well superhydro-
philic plates (Cellseed) using the sameculturemediumused for pri-
mary sphere formation. For each sample, the experiments were
performed in triplicate.

Immunofluorescence

Tissue sections and cells were fixed with 4% PFA at 4°C and
washed twice with Tris-buffered saline and Tween 20. The cells
and cryosections were incubated in Blocking One Histo solution
(Nacalai Tesque, Kyoto, Japan, http://www.nacalai.co.jp) for 10
minutes to prevent nonspecific binding of the antibodies. The
slides were incubated at room temperature for 1 hour with anti-
bodies specific for nestin (10C2; 1:50; eBioscience, San Diego, CA,
http://www.ebioscience.com), nestin conjugated with Alexa
Fluor 488 (10C2; 1:50; eBioscience; used only for oral mucosa tis-
sue immunohistochemical analysis), CD44 (G44-26; 1:100; BD
Pharmingen, Franklin Lakes, NJ, http://www.bdbiosciences.
com; used only for flow cytometry analysis), CD44 (IM7; 1:100;
eBioscience), CK10/13 (DK-D13; 1:100; DAKO, Carpinteria, CA,
http://www.dako.com), CD29 (MAR4; 1:100; BD Pharmingen),
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CD34 (QBEnd/10; 1:100; Cell Marque, Rocklin, CA, http://shop.
cellmarque.com), CD45 (HI30; 1:100; BD Pharmingen), Flk1/KDR
(MAB3572; 1:100; R&D Systems), CD73 (AD2; 1:100; BD Pharmin-
gen), CD90 (5E10; 1:100; BioLegend, San Diego, CA, http://www.
biolegend.com),CD49b(P1E6-C5;1:100;BioLegend),a-smoothmus-
cle actin (a-SMA; 1A4; 1:200; R&D Systems), b-tubulin III (2G10; 1:
100; eBioscience), type II collagen (Col II; 6B3; 1:50; Millipore, Biller-
ica, MA, http://www.merckmillipore.com), human nuclear antigen
conjugated with Alexa Fluor 488 (235-1; 1:50; Millipore), or human
osteocalcin (5-12H; 1:100; Takara). The cellswerewashed twicewith
PBS and incubated at room temperature for 30 minutes with anti-
mouse IgG conjugated with Alexa Fluor 488 (1:200; Invitrogen)
and anti-mouse or anti-rat IgG-conjugated Alexa 594 (1:200; Invitro-
gen). For the quantitative analysis, the percentage of positively
stained cells was determined by counting the number of cells in ran-
domly selected fields or sections in each sample.

Flow Cytometry

For cell surface antigen phenotyping, OMSCs from 3 patients
were treatedwithAcutase (InnovaCell Technologies) andwashed
with PBS. The cells were then stained with the specific antibodies
at 37°C for 1 hour, washed with PBS, and incubated with anti-
mouse IgG conjugated with phycoerythrin (BioLegend) at room
temperature for 30 minutes. Subsequently, the cells were ana-
lyzed with a Moxi Flow cytometer (ORFLO, Ketchum, ID, http://
shop.orflo.com) using FlowJo software (FlowJo, LLC, Ashland,
OR, http://www.flowjo.com).

RNA Extraction

Total RNA was extracted from OMSCs and OMSFCs from 7 pa-
tients using an RNeasy Mini Kit (Qiagen, Hilden, Germany,
http://www.qiagen.com). RNA quality was assessed using a
2100 Bioanalyzer (Agilent, Santa Clara, CA, http://www.agilent.
com) and a NanoDrop spectrophotometer (Thermo Scientific,
Waltham, MA, http://www.thermosci.jp).

Microarray

Total RNA obtained from 3 patients was used for the microarray
analysis. First, 100 ng of total RNA was reverse transcribed into
cRNA using the GeneChip HT 39 IVT PLUS Reagent Kit (Affymetrix,
SantaClara, CA, http://www.affymetrix.com). Subsequently, 12.5
mg of cRNAwas added to a hybridization buffer and hybridized to
a GeneChip Human Genome U133 Plus 2.0 microarray chip (Affy-
metrix) for 16 hours using standard protocols. The chips were
washed in theGeneChip Fluidics Station450 (Affymetrix) and sub-
sequently scanned using theGeneChip Scanner 3000 7G (Affyme-
trix). Raw data were obtained using the Affymetrix GeneChip
Command Console software and analyzed using the Affymetrix
Expression Console software. The Gene Expression Omnibus ac-
cessionnumber for themicroarray geneexpressiondata reported
in the present report is GSE68636.

Semiquantitative Reverse Transcription-Polymerase
Chain Reaction

Semiquantitative reverse transcription-polymerase chain reaction
(RT-PCR) was performed using SuperScript III One-Step RT-PCR
with a platinum tag (Life Technologies) and 10 ng of total RNA.
Complementary DNA synthesis and predenaturation was per-
formed over 1 cycle at 55°C for 30minutes and 94°C for 2minutes.

After initial denaturation, amplificationwas performedover 30–35
cycles at 94°C for 15 seconds, 55–58°C for 30 seconds, and 72°C for
1minute in aGeneAmpPCR System9700 (Applied Biosystems, Life
Technologies). The Human Pluripotent Stem Cell Assessment
Primer Kit (R&D Systems) was used for nestin primers (406 base
pairs); thesequencesof theotherprimersusedfor theRT-PCRanal-
ysis are listed in supplemental online Table 1 [20, 21, 23–31].

Differentiation of OMSFCs

Formineralizedcelldifferentiation,OMSCswereplatedatadensity
of 2.03104 cells perwell in a24-well cultureplateandat 1.03104

cells per well in 8-well chamber slides, and several spheres were
plated in 24-well plates and 8-well chamber slides (BD Biosciences,
San Jose, CA, http://www.bdbiosciences.com) and cultured for 7
days in a-minimum essential medium (a-MEM) supplemented
with 10% FBS. Subsequently, the medium was changed to
a-MEM supplemented with 10% FBS, 0.2 mM ascorbic acid
(Sigma-Aldrich), 5 mM b-glycerophosphate (Sigma-Aldrich), 100
nMdexamethasone (Sigma-Aldrich), and 300ng/ml bonemorpho-
genetic protein 2 (BMP-2; R&D Systems). Culturing was continued
for 10days.Next, the cellswere cultured in the samemediumwith-
out BMP-2 for up to 3weeks [21]. To evaluate themineralizedma-
trix, the cells were fixed in methanol for 10 minutes and stained
with 2% alizarin red S (Wako Pure Chemical). The alizarin red-
positive area was measured using ImageJ software (National Insti-
tutes of Health, Bethesda, MD, http://www.imagej.nih.gov) and is
shown as the percentage of positive area over the total area. For
adipogenic differentiation, several spheres were cultured as de-
scribed in the previous sections. The medium was then changed
to adipogenic-promoting medium in accordance with our previ-
ously reportedmethod[19–21]andcultured for3weeks.To identify
the adipocytes, the cells were stained with Oil Red O (Sigma-
Aldrich). For chondrogenic differentiation, several sphereswere
cultured as described, and enzymatically dissociated OMSCs and
OMSFCs (1.53105)weremaintained in chondrogenic-promoting
mediumusing amicromass pellet culture for 3weeks, as described
previously [20, 21]. The toluidine blue-positive and Col II-positive
areas were measured using ImageJ software (National Institutes
ofHealth) andare shownas thepercentageof thepositiveareaover
the total area. For myogenic differentiation, spheres were initially
cultured as described, followed by culture in high-glucose DMEM
supplemented with 10% FBS and 10 ng/ml transforming growth
factor-b1 (R&D Systems) for 10 days [20]. The cells were then
immunostained with anti-a-SMA antibody as described in subse-
quent sections. For quantitative analysis, the percentage of a-SMA-
positive cells was determined by counting the number of cells
in randomly selected fields in each sample. For neural differenti-
ation, after the spheres were cultured as described, the medium
was changed to a neurogenic-promoting medium for 1 week, as
described previously [19, 21]. For quantitative analysis, the per-
centage ofb-tubulin III-positive cellswas determined by counting
the number of cells in randomly selected fields in each sample.

In Vivo Hard Tissue-Forming Assay

The Animal Care and Committee of the TokyoMedical and Dental
University approved all experimental protocols involving the use
of live mice. Enzymatically dissociated OMSFCs obtained from 4
patients were seeded at a density of 5 3 104 cells into porous
D,D-L,L polylactic acid scaffolds of open-cell polylactic acid (OPLA)
scaffolds (BD Biosciences). The cells were differentiated into
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mineralized cells using theprotocol described above, and, 10days
after differentiation, the cells were transplanted into mice
according to previously described methods [19, 20, 22], with
somemodifications. In brief, cells with OPLA scaffolds (n = 8 sam-
ples) were implanted into subcutaneous pouches in the dorsum
of 4–7-week-old male BALB/c Slc nude mice (n = 4 mice; Sankyo
Laboratory, Tokyo, Japan, http://www.sankyolabo.co.jp). After
10 weeks, the implanted tissues were removed and prepared
for histological analysis, as described previously [22].

Scanning Electron Micrograph Analysis

The composite of OMSFCs and OPLA scaffolds and the cell-free
OPLA scaffolds were fixed with 2% PFA and 2.5% glutaraldehyde
in PBS for 2 hours at 4°C and then washed with PBS. The samples
were then freeze-dried, coated with gold, and examined by scan-
ning electron micrograph analysis (produced using Hitachi S-
4000; Hitachi, Tokyo, Japan, http://www.hitachi.co.jp).

Statistical Analysis

ThemeanvalueswerecomparedusingStudent’s t testwithMicrosoft
Office Excel (Microsoft, Albuquerque, NM, http://www.microsoft.
com). Values with p, .05 were considered statistically significant.

RESULTS

Histological Features of Human Oral Mucosa Tissue

Oralmucosal laminapropria tissuewas found tobe localizedunder
the stratified oral squamous epithelial cell layer (Fig. 1A–1C). To in-
vestigatethecandidatenicheoforalmucosa stromal stemcells, the
tissuesectionswere immunohistochemically stained fornestinand
CD44. The negative control, whichwas incubatedwith the second-
ary antibodies, is shown in Figure 1D–1F. Nestin was not detected
in the CK10/13-negative or CD44-positive primitive epithelial cells
in the basal layer of the squamous epithelium (Fig. 1G–1L). Double-
positive cells were observed in the lamina propria under or be-
tween the papillary pegs (Fig. 1J–1L). Furthermore, these findings
were commonly observed in many types of oral mucosa tissues
(e.g., alveolar, labial, and palatal tissues) (Fig. 1M–1O).

Culturing of OMSCs

Primary outgrowth cells were cultured to characterize the
OMSCs. Fibroblast-like cells were detected around the plated tis-
sue. The cells formed a cell sheet and grew concentrically and uni-
formly (Fig. 2Aa, 2Ab). After 3 weeks of primary outgrowth
culturing, the cellsweredetachedand replatedona6-well culture
plate for subculturing into the first passage (Fig. 2Ac, 2Ad).

Unlike pluripotent stem cells, tissue-specific stem cells have
limited proliferation abilities, resulting in cellular senescence
on subculture. Because increased cellular senescence is associ-
ated with reduced regenerative capacity [19], these stem cells
are not a suitable cell source for clinical use. We performed SA-
b-gal staining in the2nd, 5th, and10thpassage cells, and the char-
acteristic phenotypes of senescence (SA-b-gal-positive with a
flattened and enlarged morphology) were more frequently ob-
served in the 10th passage cells than in the other cells (Fig. 2B).
Therefore, second to seventh passage cells, which were rarely
SA-b-gal-positive, were used in the following experiments. OMSCs
grew rapidly in vitro; the growth curves of the OMSCs exhibited
some differences among individuals (Fig. 2C). Furthermore, the

OMSCs were able to form adherent colonies, as evidenced by
the presence of colony-forming unit fibroblasts, which were
stained with Wright’s stain solution (Fig. 2D). With 500 and
1,000 cells, colony formation was observed on day 14 in 6.4% 6
0.76% and 5.0% 6 0.44% of cases, respectively. Previous studies
have demonstrated that MSCs exhibit colony-forming capability.
Furthermore, recent reports have indicated that colony clusters
are composed of both MSCs and NCSCs [12, 32]. These data have
confirmed that OMSCs contain a proportion of MSCs or NCSCs.

Expression of MSC Markers in OMSCs

Immunohistochemical and flow cytometric analyses were per-
formed toevaluate theexpressionof stemcell and surfacemarkers
by undifferentiated OMSCs. Expanded OMSCs stained positive for
nestinandalmost allMSCsmarkers (CD29, CD44, CD73, andCD90),
but they were negative for CD34, CD45, and Flk1/KDR, indicating
that they are not of hematopoietic or endothelial stem/
progenitor cell origin (Fig. 2E–2G). Furthermore, almost all the cells
expressed both nestin and CD44 (80.3%6 2.80%; Fig. 2F).

Characteristics of OMSFCs Derived From OMSCs

OMSFCs were further isolated from OMSCs using the neuro-
sphere technique (Fig. 3A). Hematoxylin and eosin staining indi-
cated that the spheres lacked a necrotic core in their centers.
Moreover, the spheres formed densely compact structures com-
posed of large nuclear cells (Fig. 3Ab, 3Ac). Furthermore, adher-
ent spindle cellswere observed to expand from the sphereswhen
they were cultured in an adherent culturing system (Fig. 3Ad).

These sphereswere recognized inOMSCsobtained fromall pa-
tients. Theaveragenumberofsphereswas4.660.28per2.03104

cells,with somedifferences among individuals.However, no signif-
icant differences in sphere-forming capability were observed
among patients younger than 10, those 20–30 years old, and those
older than 40 years (data not shown; Fig. 3B). To evaluate the ca-
pability for self-renewal, a secondary sphere formation assay was
performed.Althoughthenumberofspheres in thesecondaryassay
was lower than that in the primary assay, a statistically significant
difference was not detected (Fig. 3C). These data indicate that
OMSFCs contained stem/progenitor cells with the capacity for
self-renewal. The isolated OMSFCs expressed neural stem cells
(NSCs) and NCSC-specific markers such as nestin, CD44, slug, snail,
andMSX1, as evidenced by the results of RT-PCR (Fig. 3D) and im-
munohistochemistry (nestin and CD44; Fig. 3E). These findings
were replicated in all donors (n = 7).

Transcriptome Changes in OMSFCs

Tocharacterize thegeneexpressionprofiles ofOMSFCs relative to
those of OMSCs, we performed microarray analysis and com-
pared the expression profiles from the same donors. A list of
highly expressed genes in OMSFCs is provided in Table 1. Several
well-known neural crest-related genes (e.g., EDNRA, Hes1, and
Sox9) were upregulated in OMSFCs compared with the levels in
OMSCs (a list of neural crest-related genes and the top 10 upre-
gulated genes is provided in Table 1). From the microarray data,
we selected some neural crest-related genes (including EDNRA,
Hes1, and Sox9), Spon1, which relates to cementum formation,
and CD49b (a2-integrin). The selection of these highly expressed
genes in OMSFCs relative to the expression levels in OMSCs was
validated by semiquantitative RT-PCR (Fig. 4A).
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Change in Cell Surface Markers in OMSFCs

Thehighexpression levels ofCD49bwere confirmedby the results
of themicroarray andRT-PCRanalyses.Wealsoperformed immu-
nohistochemistry and flowcytometry analyses and found that the
protein expression levels of CD49bwere increased in theOMSFCs
(Fig. 4B).

OMSFCs Have the Capability to Differentiate Into the
Neural Crest Lineage

We found that OMSFCs also exhibitedmultipotency and retained
the properties of NCSCs (i.e., they were capable of differentiating
into osteoblasts [Fig. 5A], adipocytes [Fig. 5B], chondrocytes [Fig.
5C], myocytes [Fig. 5D], and neural cells [Fig. 5E]) under the ap-
propriate culture conditions. Quantitative analysis of the alizarin
red-stained area after culture in osteogenic-promoting condi-
tions revealed that, although the average alizarin red-positive
area in OMSFCs was higher than that in OMSCs in each patient,
no significant differencewas found betweenOMSCs andOMSFCs
(Fig. 5Ab). Although adipogenic differentiation capability was
shown in all donors, significant differences were observed be-
tween individuals (data not shown). In particular, the chondro-
genic, myogenic, and neurogenic differentiation capability of
OMSFCs was slightly higher than that of OMSCs (p $ .05 to p
, .1; Figure 5C–5E). The expression of neuronal and glial cell-
associated genes (e.g., NeuroD1, NSE, b-tubulin III, and GFAP)
was confirmed by RT-PCR (Fig. 5Eb). Xu et al. [12] reported that
theneural crest lineagedifferentiation capabilities of total gingiva

MSCs (GMSCs) and neural crest-derived GMSCs are not signifi-
cantly different [12]. Hence, it is difficult to validate the signifi-
cantly higher differentiation capability of OMSFCs compared
with OMSCs. Nevertheless, these findings, together with the re-
sults of the transcriptome analysis, suggest that the OMSFCs con-
sist of a population enriched in neural crest-related stem/
progenitor cells and that most OMSFCs are in an undifferentiated
state.

In Vivo Osteoid-Like Tissue Generation

To investigate the regeneration capabilities of OMSFCs related to
the formation of hard tissue in vivo, composites of osteogenic-
inducingOMSFCsandanOPLAscaffoldwere implantedsubcutane-
ously into immunocompromised mice (Fig. 6A). At 10 weeks after
implantation, the OMSFCs had formed ectopic hard tissues, which
were immature osteoid-like tissues composed of acellular calcified
matrix, and thebone-like tissues containedosteocyte-like cells em-
bedded within a calcified matrix. Osteoblast-like cells were ob-
served in both types of regeneration tissue, along either the
surface of the lining on the acellular matrix or the bone surface
(Fig. 6B). These regenerated osteoid tissueswere composed of col-
lagen fibers, asevidencedbyMasson’s trichromestaining (Fig. 6Bb,
6Bd).Todeterminetheoriginof the regeneratedtissueandto iden-
tify the proteins associated with the mature active hard tissue,
we performed immunohistochemical analysis. The regenerated
tissues stained positive for anti-human specific nuclear anti-
gen (Fig. 6Cd). Regenerated osteoid tissues stained positive

Figure 1. Characterization of human oral mucosal tissue. Hematoxylin and eosin staining of human oral mucosal tissue: alveolar mucosa (A),
labialmucosa (B), andpalatalmucosa (C). Immunohistochemical analysis of humanoralmucosa tissues: regions of alveolarmucosa (D–M), labial
mucosa (N), andpalatalmucosa (O). (D–F):Thenegative controlwas incubatedwith secondary antibodies only. (G, J): Expressionof the stemcell
marker nestin. (H):CK10/13. (K):CD44. (I, L–O):Merged images of nestin andCD44. Scale bars = 100mm.Abbreviations: DAPI, 49,6-diamidino-2-
phenylindole; Epi, epithelium; LP, lamina propria.
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Figure 2. Characterization of human oral mucosa stromal cells (OMSCs). (A): Morphology of cultured OMSCs in vitro: OMSCs around the
explanted tissue in primary culture (Aa, Ab); and exponential growth of OMSCs under monolayer culture (Ac, Ad). (B): Late passage induction
of senescence-like phenotype in OMSCs: second (Ba), fifth (Bb), and tenth (Bc) passage cells. (C): Viable cells were counted in OMSFCs (n = 5)
from the second to fifth passage. Individual data on the proliferation of OMSCs obtained from each patient are shown. Average data are
expressed as mean6 SE of triplicate experiments for each sample. (D): Colony formation assay (n = 3). (Da): Results are expressed as mean
6 SE of triplicate experiments for each sample. (Db): Cell clusters of formed OMSC colonies stained with Wright’s stain solution. (E): Immu-
nohistochemical analysis of nestin and CD44: nestin (Ea), CD44 (Eb), and merged (Ec). (F): The percentage of expression of nestin, CD44, and
nestin and CD44 in OMSCs (n = 4). Average data are expressed asmean6 SE. (G): Expression of surfacemarkers of OMSCs. Scale bars = 100mm.
Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; F, female; m, months; M, male; MAX, maximum; P, passage; SA-b-gal, senescence-asso-
ciated b-galactosidase.
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for anti-osteocalcin, which is a mature mineralized cell marker
(Fig. 6Ce). These data suggest that the regenerated tissue was
derived from human cells and that it regenerated as hard tissue.

DISCUSSION

In thepresent study,wereport the following important findings: (a)
nestin and CD44 double-positive human oral mucosa stromal cells
were identified in the lamina propria under or between the papil-
lary pegs; (b) OMSFCs exhibited NCSC-like properties and were
enriched with neural crest-derived cells; (c) neurosphere culture
conditions resulted in the upregulation of a2-integrin expression;
and(d)OMSFCscouldgenerateectopicbonetissueeven in thesub-
cutaneous region, which does not contain hard tissue.

Specificmarkers for the localizationof stemcells in humanoral
mucosahavenotbeen identified.Nestin,which iswidelyusedasan
NSCmarker, is reportedlyamarkerof stemcells, notonly in theoral
mucosa [4, 6], butalso in theapical papilla [19–21], skin [13,15,16],
and bone marrow [17, 33, 34]. Previous reports have suggested
that nestin-positive bonemarrowMSCs have sphere-forming abil-
ities, self-renewalcapabilities,andmultipotency [33,34].However,
nestin is also expressed in NSCs. Liu et al. reported that NCSCs de-
rived from human-induced pluripotent stem cells are nestin- and

CD44-positive, but NSCs are nestin-positive and CD44-negative
[28]. Hence, we used both nestin and CD44 to identify oral mucosa
stem cells and observed a nestin and CD44 double-positive cell
population in the lamina propria under the oral epithelium. Be-
causemostOMSCswere alsopositive for nestin andCD44, it is pos-
sible that these cells emerged from this region.

The neurosphere culture system was the original technique
used to isolate NSCs, and it has been widely used for the enrich-
ment of stem cells [35]. In previous studies, we reported the neu-
ral crest stem cell properties of apical papilla-derived cells
(APDCs) from developing human teeth with immature apices us-
ing this technique [19, 20]. Recently, Pastrana et al. outlined the
limitations of the sphere-formation assays. Sphere formation has
been shown to arise from stem cells, progenitor cells, and differ-
entiated cell populations. In addition, some of the purification
techniques used to isolate stem cells are not selective for
sphere-forming cells [36].However,many typesof stemcells have
been difficult to identify because of the lack of definitive stem cell
markers [37]. Previous reports have suggested thatmany types of
stem cells, especially enriched stem cells (e.g.,MSCs, cancer stem
cells, and NCSCs), might have sphere-forming abilities [18, 33, 34,
37]. In thepresent study,OMSCshad the capability for sphere for-
mation, self-renewal, and neural crest lineage differentiation,

Figure 3. Identification and characterization of oralmucosal sphere-forming cells (OMSFCs). (A):OMSFCs: spheres after 7 days of neurosphere
culture (Aa); hematoxylin andeosin staining of cryosections ofOMSFCs (Ab, Ac); andOMSFCs cultured in an adherent culturing system (Ad). (B):
Sphere-forming capabilities of OMSCs obtained from9patients. The number of spheres with a diameter of$50mmwas counted after 7 days of
neurosphere culture. Results are expressed asmean6 SE of triplicate experiments for each sample. (C): Secondary sphere-forming capabilities
of OMSFCs obtained from 4 patients. Results are expressed as mean6 SE of triplicate experiments for each sample. (D): Reverse transcription-
polymerase chain reaction analysis of the expression of nestin, slug, snail,MSX1, andCD44mRNA inOMSFCs. (E): Immunohistochemical analysis
of nestin andCD44 inOMSFCs. Scale bars = 100mm.Abbreviations: AVG, average; bp, base pair; DAPI, 49,6-diamidino-2-phenylindole; F, female;
m, months; M, male; NS, not significant.
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which are not only related to themesenchymal lineage but also
the neural lineage. Because OMSFCs expressed nestin (the NSC
or NCSC marker), slug (a marker of epithelial-mesenchymal
transition in the neural crest), snail (a marker for the appear-
ance of neural crests or their immediate precursors in the neu-
ral plate border), and MSX1 (a neural plate border induction
marker), these data suggest that NCSCs are present in these
cellular compartments [20, 25, 30, 38]. Furthermore, OMSFCs
exhibited increased expression of EDNRA, Hes1, and Sox9, which
are neural crest-derived cell associated genes. EDNRA is expressed
by the neural crest-derived ectomesenchymal cells of pharyngeal
arches and cardiac outflow tissues in mice, and this gene is highly
upregulated in human NCSCs derived from embryonic stem cells
(ESCs) [28, 39, 40]. Hes1 induces the transcription of Notch effec-
tors; Notch signaling is activated duringneural crest differentiation
and in neural stem cells, and its antiapoptotic effect maintains the
survival ofmelanocyte stem/progenitor cellsderived fromtheneu-
ral crest [41, 42]. Hes1 is highly upregulated in human NCSCs de-
rived from ESCs and during the process of sphere generation in
human periodontal ligament-derived MSCs [27, 41]. Sox9 plays a
crucial role in the embryonic migration and differentiation of neu-
ral crest cells [43–45]. Recently, Sox9was identified in NCSCs, neu-
ral stem cells, MSCs, and ectomesenchymal cells from human
pluripotent stem cells [45–47]. These findings suggest that neural
crest-derived cells are enriched by sphere formation.

We observed that sphere formation in OMSCs led to increased
expression of CD49b (i.e.,a2-integrin). This phenomenonwas also
reported in previous studies, in which sphere formation in human
MSCs induced increased expression of CD49b [48, 49]. Popov et al.
reported that the functions ofa2-integrin in humanMSCswere (a)
adhesion, spreading, andmotility on collagen I; (b) inhibition of ap-
optosis; and (c) involvement in osteogenic differentiation [50]. Al-
though the role of sphere formation in the upregulated expression
ofa2-integrin is not known, it is interesting that this special culture
condition can alter the expression of CD49b.

The in vivo tissue regeneration capabilities of oral mucosa or
gingival stem cells have been reported previously in relation to

connective tissue regeneration, ectomesenchymal tumors, and
bone tissue regeneration [2–4, 10]. Marynka-Kalmani et al. re-
ported that when oral mucosa stem cells treated with dexameth-
asone were transplanted subcutaneously, regenerative tissues
derived from these cells exhibited ectomesenchymal tumor for-
mation and that these tumors were composed of adipose, mus-
cle, cartilage, epithelial, and nerve tissues [4]. In contrast, when
cultured in the absence of dexamethasone, these composites
formeda tumor-likemass between the calvarial bone and the skin
that contained hard tissue. However, some investigators have re-
ported that osteogenic-induced human oral mucosa or gingival
stem cells transplanted subcutaneously into immunocompro-
mised mice do not form hard tissues but those transplanted into
the mandible defect and calvarial bone defect models showed
hard tissue regeneration [2]. Thus, when taken together, these
studies suggest that an improved differentiation induction
method and adequate environment are needed.

Previously, we reported that human APDCs could differentiate
into hard tissue-forming cells effectively when cultured in BMP-2
additional traditional osteogenic differentiation medium [21,
22]. Therefore, in the present study, we performed in vitro and
in vivo experiments in which the same methods were used. We
observed a hard tissue regeneration capacity even in the subcuta-
neous region. Umehara et al. reported that canine oral mucosa-
derived fibroblasts could effectively differentiate into osteoblasts
inresponsetoBMP-2 [51]; thus, their findings support the resultsof
our study. However, we did not observe tumor formation [4]. The
regeneration pattern of hard tissues is not only of the bone-like
type but also of the acellular matrix type, and both types of hard
tissue were observed in all samples [4, 10]. The existence of the
acellular matrix type is similar to cementum [4]. Additionally, our
microarray and RT-PCR results revealed that Spon1 was upregu-
lated in OMSFCs. Spon1 is an extracellular matrix protein required
for axon guidance during the development of the floor plate [52].
Recently, the expression of Spon1 was observed in cementoblasts
but not in osteoblasts or periodontal ligament cells [29]. Taken to-
gether, these findings suggest that the regenerated acellular type

Figure 4. Changes in the transcriptome and cell surface protein expression ofOMSFCs. (A): Semiquantitative reverse transcription-polymerase
chain reaction analysis of the expression of selected marker genes for OMSFCs compared with OMSCs. (B, C): Immunohistochemical and flow
cytometry analyses of differentially expressed CD49b in OMSFCs. Scale bars = 100 mm. Abbreviations: DAPI, 49,6-diamidino-2-phenylindole;
MAX, maximum; OMSCs, oral mucosa stromal cells; OMSFCs, oral mucosal sphere-forming cells.
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hard tissues from the OMSFCs form cementum-like structures. In
general, our results indicate that humanoralmucosa is an effective
source for hard tissue regeneration.

CONCLUSION

In the present study, humanOMSCs formed spheres that exhibited
self-renewal capabilities and multipotency. These cells were also
enriched with populations of neural crest-derived cells. These
results suggest that the neurosphere culture technique can be

applied, without the need for complex isolation techniques, to pro-
ducemultipotent sphereswith thepropertiesofNCSCs.Additionally,
the hard tissue formation ability of OMSFCs was confirmed in vivo.
Therefore, our study has demonstrated a convenient strategy for
the isolation and culture of human OMSCs for clinical applications.
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