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Osteogenic potential of embryonic stem cells in tooth sockets
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Abstract. Embryonic stem cells (ESCs) are established from
blastocysts and give rise to various types of cells and tissues. In
the present study, we assessed the osteogenic potential of ESCs
using in vitro culture conditions and in vivo differentiation
in tooth sockets. An ESC-derived embryoid body (EB) was
formed and subsequently induced to an osteogenic lineage.
The differentiated EB cells exhibited increased expression
of various osteogenic markers as determined by real-time
PCR analysis. Likewise, the differentiated EB-derived cells
had enhanced alkaline phosphatase activity and calcium
accumulation, as determined by cytochemical methods. For
in vivo transplantation, mixtures of ESCs and hydroxyapatite/
tricalcium phosphate particles or EBs alone were transplanted
into female rat tooth sockets. After 12 weeks, we observed
formation of osteogenic structure in the tooth sockets without
evidence of teratomas. These data suggest that pluripotent
ESCs can serve as an alternative source for the reconstruction
of craniofacial structures, as well as for further applications.

Introduction

Embryonic stem cells (ESCs) are pluripotent cells derived
from the inner cell mass of a preimplantation blastocyst
and are capable of differentiating into various cell types (1).
Such ESCs provide an in vitro model system for studying
controlled differentiation of ESCs into specific lineages,
which can be useful for tissue engineering and other biomedical
applications (2). For craniofacial reconstruction, a reliable
source of bone or osteogenic tissue is an essential factor (3).
To this end, the regeneration of osteogenic structures has
been studied with stem/progeintor cells from various sources,

Correspondence to: Dr Byung-Moo Min, Department of Oral
Biochemistry and Craniomaxillofacial Reconstructive Science,
Seoul National University School of Dentistry, 28 Yeonkun-Dong,
Chongno-Ku, Seoul 110-749, Korea

E-mail: bmmin@snu.ac kr

Key words: embryonic stem cell, differentiation, embryoid body,
transplantation, tooth socket, osteoid

including exfoliated human deciduous teeth, postnatal dental
pulp, and periodontal ligaments (4-7).

For regeneration of osteogenic structures, several lines
of evidence need to be considered, namely, limitations of
in vitro expansion of adult derived cells, recapitulation of the
embryonic developmental processes necessary for the initiation
of osteogenesis, and the proper response of adult-derived cells
to mechanical and/or chemical signals in the oral environment.
In the present study, we demonstrated successful in vitro
differentiation of mouse ESCs toward osteogenic lineages
under different culture conditions, and we showed that mouse
ESCs mixed with hydroxyapatite/tricalcium phosphate (HA/
TCP) or ESC-derived embryoid bodies (EBs) were capable
of forming an osteoid structure in a tooth socket environment.

Materials and methods

Cell culture. Mouse ESCs (J1) were cultured with mitotically
inactivated feeder layers (STO cells) in a DME-based medium
that consisted of DMEM (Gibco, Grand Island, NY) containing
15% fetal bovine serum (FBS; Hyclone, Logan, UT), | mM
sodium pyruvate, 0.1 mM non-essential amino acids (Gibco),
4 mM L-glutamine, 0.1 mM B-mercaptoethanol, 0.1 mg/ml
penicillin (Gibco), 0.1 mg/ml streptomycin (Gibco), and
2.5 pg/ml amphotericin B (Gibco) at 37°C in a humidified
5% CO, atmosphere in the presence of 1,000 U/ml recombinant
mouse leukemia inhibitory factor (LIF; Chemicon, Temecula,
CA). ESC differentiation was induced using the hanging-drop
method for 2 days. The newly formed EBs were then cultured
for 3 additional days in the same medium, although it lacked
LIF and contained retinoic acid (107 M; Sigma, St. Louis,
MO) (8). MC3T3-El cells were maintained in a DME-based
medium. For osteogenic differentiation, MC3T3-E1 cells were
cultured in an a-ME-based medium that consisted of a-MEM
(Gibco) containing 10% FBS (Cambrex, East Rutherford, NJ),
0.1 mg/ml penicillin, 0.1 mg/ml streptomycin, and 2.5 pg/ml
amphotericin B, supplemented with 0.1 yM of dexamethasone
(Sigma), 50 pg/ml of ascorbic acid (Sigma), and 10 mM B-
glycerophosphate (Sigma).

In order to induce osteogenic differentiation, EBs were
divided into four groups (Fig. 1b), plated onto cell culture
dishes, and cultured in an a-ME-based medium containing
either 50 ug/ml ascorbic acid and 10 mM B-glycerophosphate
for 21 days (DABG group); 50 ng/ml of FGFS8 for 8 days
and subsequently without FGF8 (eF8); 50 ng/ml of FGF8
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Figure 1. Osteogenic differentiation from ESCs and marker expression profile. (a) Morphology of ESCs, EB, and ESC-derived osteogenic cells. Bars, 200 gm.
(b) Schematic image of this study. (c) Osteogenic marker expression, including osteonectin, type I collagen, osteopontin, Cbfa-1, bone sialoprotein, and

osteocalcin was measured by real-time PCR analysis. ‘p<0.01; **p<0.001.

for 21 days (F8 group); or both 50 ng/ml of FGF8 and 10 ng/ml
of BMP4 for 21 days (F8+B4 group) at 37°C in a humidified
5% CO, atmosphere. After 21 days of differentiation, each
group was cultured for further passages in different conditions.
The DABG group was cultured in an a-ME-based medium;
the eF8 group in a DME-based medium containing 107 M
retinoic acid; the F8 group in an a-ME-based medium; and
the F8+B4 group in an a-ME-based medium.

Real-time PCR. Total RNA was isolated from the cells using
the TRI-reagent (Molecular Research Center, Cincinnati,
OH) according to the manufacturer's instructions. After the
RNA was denatured by 70°C incubation for 10 min and kept
on ice for 5 min, cDNA was prepared from 6 ug of total
RNA using reverse transcriptase (Invitrogen, Carlsbad, CA)
and random hexamers. The resulting cDNA was subjected to
real-time PCR amplification using SYBR® Green PCR Master
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Table I. Primers for major bone matrix marker genes used to assess osteoblast differentiation in real-time PCR amplification.

Gene Forward primer Reverse primer Product
(NCBI ID) size (bp)
Osteocalcin 5'-CCGGGAGCAGTGTGAGCTTA-3' 5'-TAGATGCGTTTGTAGGCGGTC-3' 61
(NM_001032298.2)

Osteonectin 5-ATCCAGAGCTGTGGCACACA-3' 5'-GGAAAGAAACGCCCGAAGA-3 81
(NM_009242.2)

Bone sialoprotein 5'-CAGAGGAGGCAAGCGTCACT -3' 5-CTGTCTGGGTGCCAACACTG-3' 91
(NM_001475269.1)

Osteopontin 5-GATGCCACAGATGAGGACCTC-3' 5-CTGGGCAACAGGGATGACAT-3' 81
(NM_009263.1)

Collagen type I 5'-GCATGGCCAAGAAGACATCC-3' 5'-CCTCGGGTTTCCACGTCTC-3' 83
(NM_007742.3)

ALP 5-GTGCCCTGACTGAGGCTGTC-3' 5'-GGATCATCGTGTCCTGCTCAC-3' 81
(NM_007433.3)

Cbfal 5'-GTGCGGTGCAAACTTTCTCC-3' 5'-AATGACTCGGTTGGTCTCGG-3' 101
(NM_009820.2)

HPRT 5'-CCTAAGATGAGCGCAAGTTGAA-3" 5-CCACAGGACTAGAACACCTGCTAA-3' 85

(NM_013556.2)

Mix (Applied Biosystems, Foster City, CA) with 300 nM of
both primers (Table I). The relative abundance of each target
mRNA was calculated using the comparative cycle threshold
method according to the manufacturer's instructions (Applied
Biosystems).

Cytochemical analysis. Levels of alkaline phosphatase (ALP)
were visualized by staining with the ES cell characterization
kit (Chemicon) under the conditions recommended by the
manufacturer. ALP activity was assayed in a reaction mixture
composed of 8 mM p-nitrophenyl phosphate (Calbiochem,
San Diego, CA), 0.1 M glycine-NaOH buffer, pH 10.4,
150 mM MgCl,, 150 mM ZnCl,, and 15 pl of cytosol in a
final reaction volume 90 ul. The reaction was incubated for
1 h in a water bath at 37°C, and was terminated by the addition
of 210 ul of 0.25 N NaOH. The absorbance was measured at
405 nm in a Bio-Rad Model 550 microplate reader (Bio-Rad,
Hercules, CA). Enzyme activity was expressed as nmol p-
nitrophenol product per min per mg of protein. Mineralized
matrix was visualized with both von Kossa (Sigma) staining
and Alizarin red staining, as previously reported (9).

In vivo transplantation into tooth sockets. The experimental
animal study protocol for this study was approved by the
Animal Care Committee (Seoul National University School of
Dentistry), and all surgeries were performed under anaesthesia.
In order to prepare the mixture of scaffold and cells (ESCs
or ESC-derived EBs), porous HA/TCP (particle size of
~0.8x0.8 mm; Zimmer, Warsaw, IN) was incubated with
2.2x10¢ cells/ml ESCs for 1 h with an orbital shaker. Mixtures
were transplanted into tooth sockets of Sprague-Dawley
rats (Orient, Korea) in which both mandibular first molar

teeth had been extracted. Specifically, the mixture of cells
and HA/TCP was transplanted into the right tooth socket,
while the HA/TCP particles alone was transplanted into
the contralateral (left) tooth socket. Twelve weeks after
transplantation the recipient rats were euthanized and the
mandibular region of the sacrificed rats was retrieved for
further study. Retrieved samples were thoroughly washed
with phosphate-buffered saline (PBS; pH 7.4), fixed with
10% buffered formalin phosphate solution (Sigma) for 24 h,
decalcified with a 0.5 M ethylenediaminetetraacetic (EDTA)
solution for 6 weeks, and sectioned at a thickness of 5 um.
Some specimens were stained with hematoxylin and eosin
(H&E). Mason's trichrome stain was used to visualize collagen
deposition.

Statistical and data analysis. The results of real-time PCR and
ALP activity were compared by analysis of variance (ANOVA)
using the Statistica 6.0 software package. When significant
differences were found, pair-wise comparisons were performed
using Scheffe's adjustment. P-values <0.05 were considered
statistically significant.

Results

Osteogenic differentiation of mouse ESCs and marker
expression profile. To induce the formation of EBs, ESCs
were detached from mitotically inactivated STO feeder cells
and applied to form hanging-drop cultures (Fig. 1a). After
2 days in the hanging-drop culture, ESC-derived EBs were
harvested, applied to a hanging-drop culture with new medium
that contained 107 M retinoic acid for 3 days, and subse-
quently cultured in a DME-based medium for an additional
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Figure 2. ALP expression and cytochemistry analysis of ESC-derived osteogenic cells. (a) ALP expression of ESC-derived osteogenic cells measured by real-
time PCR analysis. “p<0.01. (b) Enzyme activity of ALP in each group. The single asterisk indicates that the MC3T3 group is significantly higher than the
other four groups. “p<0.01. The double asterisk indicates that the eF8 group has a significantly higher value than those of the DABG, F8, and F8+B4 groups.
“p<0.05. (c) Representative images of ALP staining. Representative images of DABG and eF8 groups were taken of cells that had been passaged 20 times
after differentiation. Bars, 50 ym. Cytochemical analysis was performed using von Kossa staining (d) and Alizarin red staining (e). Bars, 1 mm.

a HA/TCP alone ESCs + HA/TCP EBs

Figure 3. Transplantation of ESCs with HA/TCP or EBs into tooth sockets. (a) H&E staining of HA/TCP alone, ESCs + HA/TCP, and EBs alone groups; HA
stands for the HA/TCP regions. The asterisk shows the location of the newly formed bone structure. Each boxed area was enlarged in the left panel. (b) Mason
Trichrome staining for collagen in each group. The blue area shows the deposition of collagen. Bars, 100 gm.
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2 days (Fig. 1b). Fully-grown EBs (day 7) were then harvested
and cultured for an additional 21 days under different
conditions as described in Materials and methods. Following
differentiation toward osteogenic lineages, EB-derived cells
were cultured for proliferation. Samples of ESCs, the feeder
layer (STO), and the preosteoblast line (MC3T3-E1) taken at
passage 20 were applied to real-time PCR analysis with
various primers (Fig. 1c). Previous studies have reported that
osteonectin, type I collagen, and osteopontin are early/inter-
mediate markers for osteogenesis, while Cbfa-1, bone
sialoprotein, and osteocalcin are intermediate/late markers
(10). In this study, the results of real-time PCR analysis
showed that the expression levels of osteonectin, type I
collagen, and osteopontin, which are known as the early/
intermediate markers for osteogenic differentiation, were
increased in the F8 group compared with the other groups.
The transcription of intermediate/late markers, including
Cbfa-1, bone sialoprotein, and osteocalcin, was upregulated
in the eF8 group. These results demonstrated that FGF8 had
an osteogenic effect on ESC-derived cells; however, the time-
dependent effect of FGF8 was not clear. The pre-osteoblast
cells (MC3T3 group), which served as a positive control,
showed enhanced expression of osteopontin, Cbfa-1, bone
sialoprotein, and osteocalcin. However, other groups such as,
ESC, DABG, and F8+B4 did not exhibit significant expression
of these markers. These results indicated that ESCs could
differentiate into an osteogenic lineage, which was confirmed
by real-time PCR analysis of specific bone lineage markers.

Characterization of in vitro differentiated osteogenic cells
derived from mouse ESCs. In vitro osteogenesis of ESCs was
characterized through the detection of ALP transcription/
activity, von Kossa staining, and Alizarin red staining. Both
the DABG and eF8 groups showed higher expressions of ALP
than the ESCs, F8, and F8+B4 groups, which was determined
by real-time PCR (Fig. 2a). Levels of ALP transcription in
each of the MC3T3, DABG, and eF8 groups were significantly
higher than those of the F8 and F8+B4 groups. Moreover,
ALP enzyme activity in the DABG and eF8 groups was
increased compared with that of the F§8 and F8+B4 groups
(Fig. 2b). More specifically, the ALP activity of the MC3T3
group was significantly higher than that of the other groups,
while the ALP activity in the eF8 group was significantly
elevated compared with that of the DABG, F8, and F8+B4
groups. Cytochemistry analysis was used to confirm the
existence of ALP activity in DABG and eF8 groups (Fig. 2¢).
Likewise, our results showed that ESCs were strongly positive
for ALP (data not shown). Further, the DABG and eF8 groups
(passage 20) contained ALP positive cells. Additional cyto-
chemistry analyses using von Kossa (Fig. 2d) and Alizarin
red stain (Fig. 2e) demonstrated calcium accumulation in the
ESC-derived osteogenic cells. Together, these data indicated
that osteogenic cells from ESCs could produce an accumulation
of calcium and were positive for ALP activity.

In vivo osteogenic potential of ESCs and differentiated EBs in
rat tooth sockets. To assess the in vivo bone-forming ability of
ESCs and EBs, we transplanted HA/TCP (HA/TCP alone
group), ESCs mixed with HA/TCP (ESCs + HA/TCP group),
or an EBs pellet (EBs group) into rat tooth sockets without
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medication for immunosuppression. After 12 weeks, we
sacrificed the recipient rats and retrieved the mandibular
region for further analysis. We did not observe any formation
of teratomas or tumors in the sacrificed rats. H&E staining
showed that there was no new osteoid tissue formation in
the sham group (no transplantation in tooth sockets, data not
shown) or the HA/TCP alone group (Fig. 3a), although in
the latter group fibrosis and infiltration of giant cells was
observed. In the ESCs + HA/TCP group, we observed
distinct and widespread formation of immature bone tissue
around the transplanted HA/TCP, but did not see evidence
of fibrosis or infiltration of giant cells (Fig. 3a). Similarly to
what was observed for the ESCs + HA/TCP group, we were
able to identify the differentiation of immature bone tissue
inside the sockets of the EBs group, and there was also no
fibrosis or giant cells. To detect collagen deposition in the
transplanted site, we used Mason Trichrome staining. In
the ESCs + HA/TCP group as well as the EBs group, strong
blue staining was present in the newly formed osteoid tissue,
which implied collagen deposition (Fig. 3b). These data
suggested that ESCs with HA/TCP and EBs were capable of
differentiating into osteogenic tissue in tooth sockets.

Discussion

In this report, we demonstrated the osteogenic potential of
ESCs in tooth sockets. The in vitro differentiation of mouse
ESCs toward osteogenic lineages was achieved by hanging-
drop culture and different culture conditions. Transplanted
mouse ESCs mixed with HA/TCP or EBs alone in rat tooth
sockets were able to differentiate and form osteoid structures.

Previously, in vitro differentiation of ESCs toward osteo-
genic tissues has been reported using low-density tissue
culture, conditioned medium, addition of extracellular
matrix, and three-dimensional scaffolding (11-14). Similarly,
the present study demonstrated osteogenic differentiation
from ESCs, which was confirmed by the increased expression
of several osteoegenic markers such as osteonectin, type I
collagen, osteopontin, Runx2, bone sialoprotein, and osteo-
calcin. Early/intermediate markers for osteogenesis (Runx?2,
bone sialoprotein, osteocalcin, and ALP) were highly tran-
scribed in the F8 group, while the expression of intermediate/
late markers (Runx2, bone sialoprotein, and osteocalcin)
was maintained in the eF8 group, thereby implying a stage-
dependent effect of FGFS8 for osteogenesis from ESCs.
FGF8 has been known as an important factor for limb and
craniofacial skeletal structure, including bone (15,16).
Furthermore, mutations in the FGF signalling pathway have
been implicated in several genetic diseases including Apert,
Crouzon, Saethre-Chotzen, and Pfeiffer syndromes (17).
BMP-4 is a well-known factor for differentiation toward
mesodermal lineages from ESCs and a potent factor for ectopic
osteogenesis in adult tissue (18-20). However, we did not
find a significant enhancement of osteogenetic gene expression
in the F8+B4 group, and our preliminary results showed that
the other combinations of treatments (such as early, late, or
early to late BMP4 alone or combined with FGF8) were
unable to significantly alter genetic marker expression, ALP
activity, or cytochemical staining (data not shown). In addition
to genetic expression profiling, a cytochemistry assay was
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used in this study to characterize osteogenic differentiation.
Alizarin red and von Kossa staining showed the calcium
accumulation in ESC-derived cells, which was consistent with
other studies (11).

ESC lines are known to be pluripotent and can give rise to
multiple lineages (21,22). Another characteristic of ESCs is
their ability to induce teratoma formation in immune-deficient
mice, which often consist of various tissues, including bone
(23,24). Likewise, adult stem cells such as bone marrow stem
cells or mesenchymal stem cells have been reported to have
differentiation potentials toward osteogenic tissues when
transplanted with biomaterials or scaffolding materials such
as alginate, HA, and hydrogel (25-27). In the present study,
we transplanted ESCs mixed with HA/TCP into tooth sockets,
and found that the ESCs could differentiate into osteogenic
structures without teratoma formation. Moreover, the ESC-
derived EBs could form osteoid structures independent of
biomaterials (HA/TCP), suggesting that the tooth socket
environment might also be an osteogenic environment. While
a similar effect has been observed in a canine alveolar socket
model, the mechanism or source of possible signals for that
environment has yet to be elucidated (9).

Taken together, we observed the differentiation potentials
of ESC-derived EBs toward osteogenic tissues. ESC-derived
osteogenic cells showed increased expression of various
osteogenic markers, which was determined by both real-time
PCR and cytochemical staining. When transplanted into a
tooth socket environment, the mixtures of ESCs and HA/TCP
particles or EBs alone successfully differentiated into osteo-
genic structures. These data suggest that ESCs may be an
alternative source for craniofacial reconstruction.
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