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Abstract

Tissue engineering provides a new paradigm for periodontal tissue regeneration in which proper

stem cells and effective cellular factors are very important. The objective of this study was, for the

first time, to investigate the capabilities and advantages of periodontal tissue regeneration using

induced pluripotent stem (iPS) cells and enamel matrix derivatives (EMD). In this study the effect

of EMD gel on iPS cells in vitro was first determined, and then tissue engineering technique was

performed to repair periodontal defects in three groups: silk scaffold only; silk scaffold + EMD;

and silk scaffold + EMD + iPS cells. EMD greatly enhanced the mRNA expression of Runx2 but

inhibited the mRNA expression of OC and mineralization nodule formation in vitro.

Transplantation of iPS cells showed higher expression levels of OC, Osx, and Runx2 genes, both

12 and 24 days postsurgery. At 24 days postsurgery in the iPS cell group, histological analysis

showed much more new alveolar bone and cementum formation with regenerated periodontal

ligament between them. The results showed the commitment role that EMD contributes in

mesenchymal progenitors to early cells in the osteogenic lineage. iPS cells combined with EMD

provide a valuable tool for periodontal tissue engineering, by promoting the formation of new

cementum, alveolar bone, and normal periodontal ligament.

Periodontal diseases cause significant destruction of alveolar bone, periodontal ligament

(PDL), and gingiva, leaving the oral environment exposed and initiating root contamination.

Excess bone resorption often leads to tooth loss. Periodontal regeneration is the reproduction

and reconstitution of lost or injured parts to restore the form and function of the lost

structures. Ideally, regenerated PDL fibers are inserted into the new cementum to connect

© 2010 Wiley-Liss, Inc.
*Correspondence to: Pishan Yang, Department of Periodontology, Shandong University School of Stomatology, 44 Wenhua West
Road, Jinan, Shandong 250012, China. yangps@sdu.edu.cn. **Correspondence to: Jake Chen, Division of Oral Biology, Department of
General Dentistry, Tufts University School of Dental Medicine, One Kneeland Street, Boston, MA 02111. jk.chen@tufts.edu.

NIH Public Access
Author Manuscript
J Cell Physiol. Author manuscript; available in PMC 2014 August 19.

Published in final edited form as:
J Cell Physiol. 2011 January ; 226(1): 150–157. doi:10.1002/jcp.22316.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the root surface and new alveolar bone. Tissue engineering provides a new paradigm based

on molecular and cell biology for periodontal regeneration. The regenerative capability of

stem cells can be exploited by growing such cells in three-dimensional (3-D) constructs then

implanting them into the defect. Through provision of a prefabricated 3-D structure with

appropriate instructive messages incorporated, it is possible to overcome the limitations of

conventional regenerative technologies (Ivanovski, 2009).

Stem cells are the foundation cells for every organ and tissue in the body, including the

periodontium (Thesleff and Tummers, 2003). Stem cells used in tissue engineering may be

allogenic, xenogenic, syngeneic, or autologous. Ideally, the cells should be

nonimmunogenic, highly proliferative, easy to harvest, and have the ability to differentiate

into a variety of cell types with specialized functions (Marler et al., 1998). Autologous stem

cells, which can be easily isolated and expanded in vitro, would be an ideal choice. There

are two main kinds of stem cells—embryonic stem cells (ESCs) and adult stem cells.

PDL stem cells are the precursor of synthetic cells (e.g., fibroblasts, osteoblasts,

cementoblasts) with a multipotent capacity to generate adipocytes, osteoblast-like, and

cementoblast-like cells. Tissues similar to cementum and PDL can be formed in vivo, when

transplanted into immunocompromised mice (Seo et al., 2004; Nagatomo et al., 2006).

Recently, the isolation of these cells from human PDL has presented new opportunities for

tissue engineering (Seo et al., 2004). Due to the difficulties of acquiring autogeneic cells,

clinical applications are difficult. Bone marrow stromal stem cells (BMSSCs) or

mesenchymal stem cells (MSCs) have been reported to form cementum, PDLs, and alveolar

bone, in vivo after implantation into periodontal defects in beagles (Hasegawa et al., 2006).

This outcome suggests that MSCs may be a potential candidate for periodontal regeneration.

The dental follicle is a mesenchymal tissue surrounding the developing tooth germ. During

tooth root formation, dental follicle progenitors differentiate into different periodontal

components: cementum, PDL, and alveolar bone. Immortalized dental follicle cells can

generate PDL-like tissue after in vivo implantation (Yokoi et al., 2007), implying that dental

follicular progenitor cells may be a potential stem cells resource for regenerative periodontal

tissue engineering.

ESCs, derived from the inner cell mass of blastocysts, are pluripotent stem cells capable of

differentiating into almost all kinds of cells of the adult body (Thomson et al., 1998). ESCs

possess a higher regenerative capacity than adult stem cells; the latter are generally

multipotent stem cells which can form a limited number of cell types corresponding with

their tissues of origin. However, research development in both the laboratory and the clinical

setting has been hampered by ethical concerns causing difficulties in uncovering these new

endeavors.

Induced pluripotent stem (iPS) cells have recently been established by transfecting mouse

and human somatic cells with the transcription factors Oct3/4, Sox2, Klf4, and c-Myc

(Takahashi and Yamanaka, 2006) or OCT3/4, SOX2, NANOG, and LIN28 (Yu et al., 2007),

known to be expressed at high levels in ESCs. iPS cells are identical to natural pluripotent

stem cells in many respects: expression of stem cell genes and proteins, chromatin

methylation patterns, doubling time, embryoid body formation (EBF), teratoma formation,
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viable chimera formation, and potency and differentiability. It represents a major

breakthrough in stem cell research. It has been shown that iPS cells can be used for

regenerating heart muscles (Mauritz et al., 2008), pancreatic beta cells (Furth and Atala,

2009), motor neurons (Dimos et al., 2008), and many other distinct tissues. While obtaining

and using ESCs are ethically controversial, iPS cells reprogrammed from somatic cells are

an excellent option in regenerative dental medicine, as those cells are easily accessible,

autogeneic cells can be acquired individually, and their use does not bring up ethical

concerns. Enamel matrix derivatives (EMD) or Emdogain gel (trademark), were first

prepared from acid extracts of porcine enamel proteins in 1997 (Hammarström, 1997),

contains a protein complex belonging to the amelogenin family. EMD increases alkaline

phosphatase (ALP) activity, matrix mineralization in human PDL cells, osteoblasts, and

rodent BMSCs (Van der Pauw et al., 2000; Keila et al., 2004). EMD have recently been

shown to induce cementoblast differentiation and periodontal regeneration in vivo

(Bosshardt et al., 2005), and are also thought to trigger the formation of acellular extrinsic

fiber cementum (AEFC). Furthermore, they can regulate mouse and human follicle cell

differentiation toward the osteo-cementoblastic phenotype (Hakki et al., 2001; Kémoun et

al., 2007).

To further examine the capability and advantages of periodontal tissues regeneration using

iPS cells combined with EMD in periodontal tissue engineering, we demonstrated the effect

of EMD gel on iPS cells in vitro first, and then performed tissue engineering techniques with

iPS cells and EMD in periodontal defects.

Materials and Methods

Human iPS cells culture and differentiation

Human iPS cells were obtained from Wicell Research Institute (Madison, WI). The cell line

is iPS (Foreskin)-1-DL-1, which were reprogrammed from male human foreskin fibroblasts

by four transfected transcript factors (Oct4, Sox2, Nanog, and Lin28). Cells were cultured

on a six-well plate coated with matrigel in mTeSR™ 1 (mTeSR™ 1 basal medium and 20%

mTeSR™ 1 supplement, STEMCELL Technologies, Vancouver, BC, Canada). The day

after the cell clones confluent was passed, colonies were used to form embryonic body (EB).

iPS colonies were treated with 0.5 mg/ml dispase-DMEM/F12 for about 30 min until the

colonies dissociated into clumps and departed from the bottom of plate. The colonies were

then transferred to nonadherent Petri dishes in EBF (mTeSRTM1) as gently as possible to

make the colonies be integral. The EBs formed before they were collected by brief low-

speed centrifugation, resuspended in EB media, and plated directly on dishes coated with

0.1% porcine gelatin. After 2 days of culture, most of the cells adhered, the cells were

induced in osteogenic media [DMEM/F12 with 20% (v/v) FBS, supplemented with 50 μM

ascorbic acid, 10 mM β-glycerophosphate, and 10 nM dexamethasone], and EMD-

stimulated media [DMEM/F12 with 20% (v/v) FBS, supplemented with 30 μg/ml EMD

(Emdogain® gel, Straumann AG, Basel, Switzerland)]. Cells cultured on basic media

(DMEM/F12 with 20% (v/v) FBS) were the control. Media were changed every 2 days.

DUAN et al. Page 3

J Cell Physiol. Author manuscript; available in PMC 2014 August 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Total RNA isolation and real-time PCR (RT-PCR)

Total RNA of different cell groups were extracted using a RNeasy Kit (Qiagen, Valencia,

CA) following the manufacturer’s instructions at 20 and 30 days after differentiation. One

microgram of RNA was reverse transcribed with a SuperScript first-strand synthesis system

(Invitrogen, Carlsbad, CA) following the manufacturer’s recommendations and then set up

to RT-PCR reactions utilizing iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). Primer

sequences were shown in Table 1, and β-actin gene expression was detected for

normalization purposes.

Alizarin red S staining

EBs were cultured for 7 days in three different media: basic, osteogenic, and EMD-

stimulated media, then were digested and cultured in different wells of a six-well plate at 1 ×

105/well in their former media for another 21 days. After total 28 days in different media,

Alizarin red S staining was performed to analyze the newly formed nodules.

Mouse iPS cell culture and EB formation

Mouse iPS cells were generously provided by Dr. Gustavo Mostoslavsky (Department of

Medicine, Boston University School of Medicine, Boston, MA). Cells were cultured on the

feeders of MEFs in mouse ESC medium (DMEM supplemented with 15% FBS, L-

glutamine, penicillin/streptomycin, nonessential amino acids, β-mercaptoethanol, and 1,000

U/ml leukemia inhibitory factor) as previously described (Sommer et al., 2009). EBs formed

in EBF media consisting of DMEM supplemented with 20% (v/v) FBS, 1 mM L-glutamine,

1% nonessential amino acid, and 100 mM β-mercaptoethanol (Sivasubramaniyan et al.,

2008).

Scaffold preparation and cell seeding

Apatite-coated silk fibroin scaffolds were prepared as previously described (Jiang et al.,

2009). The scaffolds were cut into cubes of approximately 2 × 1.5 × 1 mm3, and then soaked

into 70% ethanol for 20 min four times and sterile PBS for 20 min three times. For cell

seeding, EBs were collected and dispersed into single cells using trypsin/EDTA (0.25%

(w/v) trypsin, 0.02% EDTA) and concentrated to 1 × 10 cells/ml in basal medium. The

suspended cells were pipetted onto the 2 × 1.5 × 1 mm3 apatite-coated silk. The construct

was incubated overnight to allow for cell attachment in vitro before implantation. In a

parallel experiment, the empty scaffold was also soaked in basal medium overnight as

control and scaffold groups.

Surgical procedure

Twenty-four, 8-week-old male nude mice (body weight 25–30 g) were used. All

experimental procedures were carried out in accordance with the animal experimental

guidelines of Tufts University. Under general anesthesia, a periodontal fenestration defect

model of rodents was utilized, which were previously described by us and others (Zhao et

al., 2004; Tu et al., 2007). An incision was made at the lower border of the mandible

bilaterally, followed by the underlying muscle dissection, ensuring the attachment of the oral

mucosa on the superior wall to the intraoral keratinized gingival margin.
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The bone overlying the first molar, the buccal mandibula, was removed with spur at high

speed under PBS irrigation 0.5 mm away from the coronal top. The roots were carefully

denuded of PDL, overlying cementum, and superficial dentin under a stereomicroscope.

Approximately a 2 × 1.5 mm2 periodontal defect was modified; the surrounding buccal

mandibula was removed. The experiments were divided into three groups: (1) scaffold group

(just implant silk scaffold); (2) control group (implant silk scaffold and EMD); (3)

experimental group (implant silk scaffold with iPS cells and EMD). For the latter two

groups, scaffolds were soaked into a 1-mm thick EMD layer for about 20 sec before

implantation, and the soft tissues were re-positioned over the implant and sutured with 5.0-

USP nylon monofilament.

RT-PCR of newly formed tissue

Groups of 12 mice were sacrificed 12 or 24 days postsurgery. Tissues around the edge of the

defect sites were cut from six mandibular samples (three animals) and frozen immediately in

liquid nitrogen and kept at −80°C for RT-PCR. Tissues were then be homogenized in

TRIzol solution (Invitrogen), followed by the total RNA isolation procedure recommended

by the manufacturer. Freshly isolated RNAs were reverse transcribed into cDNAs and then

RT-PCR was performed, as we described before (Tu et al., 2008; Xu et al., 2009). The

sequences of the primers are shown in Table 2.

Histomorphometry and micro-computed tomography scanning analyses

Tissues from the original defect area of each group were fixed in 10% formalin at 4°C for 48

h and then scanned by micro-CT (μCT-35, Scanco Medical AG, Bassersdorf, Switzerland)

with the resolution of 7 μm. The samples were then decalcified in 10% EDTA for 2 weeks,

embedded in paraffin, and serial buccal and lingual sagittal cross-sections were made.

Hematoxylin and eosin (H&E) stains were performed by standard methods. Newly formed

bone in H&E-stained sections was quantified in four sections with three different defects for

each treatment. The H&E stains were examined and photographed with a Nikon Eclipse

E600 microscope and Spot Advanced software (Diagnostic Instruments, Sterling Heights,

MI). After conventional microscopic examination, computer-assisted histometric

measurements of the newly formed bone were obtained using an automated image analysis

system. New bone area (mm2) was measured within the boundaries of newly formed bone

and new bone formation in each section then expressed as a percentage of the total area of

the defect. Furthermore, the boundary of the defects around teeth root was defined and new

alveolar bone, PDL, and cementum were observed.

Statistical analysis

Statistically significant differences (P<0.05) between the various groups were measured

using ANOVA. All statistical analyses were carried out using a SPSS 11.5 statistical

software package (SAS, Cary, NC). All the data were expressed as mean ± standard

deviation.
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Results

EB formation from human and mouse iPS cells

After 4–5 days of suspension culture for human iPS cells and drop-suspension for 48 h

followed by suspending for 3 days from mouse iPS cells, both the EBs exhibited a regular

round shape (Fig. 1).

EMD can promote the differentiation of iPS cells to osteogenic cells but inhibit cell
maturation and mineralization in a later stage

RT-PCR was used to measure the mRNA expression levels of Coll, OC, and Runx2 of cells

cultured in different media after 20 and 30 days. The results showed that the mRNA

expression of Runx2, a key transcript factor during osteogenic differentiation, greatly

increased in both EMD-stimulated and osteogenic media compared with control media, and

EMD-stimulated group showed the highest level after 20 and 30 days culture (Fig. 2A).

However, the mRNA expression of OC, a noncollagenous protein thought to play a role in

mineralization and calcium ion homeostasis and a biomarker of the fully differentiated

osteoblast, decreased sharply with the induction of EMD after 20 and 30 days culture (Fig.

2B). Both in osteogenic and EMD-stimulated media for 20 or 30 days, Coll mRNA

displayed the highest expression levels in osteogenic media (Fig. 2C). In addition, Alizarin

red S staining showed almost no calcium nodules in EMD-simulated group (Fig. 3).

Transplantation with iPS cells combined with EMD enhanced new bone regeneration

At 24 days postsurgery, the defect sites in scaffold group were filled with connective tissue

and linear new bone formation at the defect area (Fig. 4); in the silk scaffold + EMD control,

the defect sites were filled with connective tissue and blocked new bone formation (Fig. 4);

while in silk scaffold + EMD + iPS cells experimental group, the defect sites exhibited

marked bone formation which almost repaired the whole bone defects with new bone

spicules (Fig. 4).

The histometric analysis showed new bone area percentages in the scaffold + EMD control

similar to those observed in the silk scaffold alone group both 12 and 24 days postsurgery.

The new bone area in the silk scaffold + EMD + iPS cells experimental group was greater

than those in the other two groups and was significantly different (P< 0.01; Table 3).

Micro-CT analysis demonstrated that the sample in the EMD + iPS cells experiment group

showed more newly formed hard tissue than that in EMD control group in the similar layer

(Fig. 5). The defect cubes were cut from the 3-D CT imaging (Efilm Workstation V2.1.2,

Merge Healthcare, Hartland, WI) and showed that the density of newly formed tissue in

experiment group was higher than that in control group (Fig. 5A,B).

RT-PCR showed that transplanted iPS cells had higher expression levels of OC, Osx, and
Runx2

To further determine the effect of iPS transplantation during new bone formation, total RNA

was isolated from both scaffold+EMD control and silk scaffold + EMD + iPS cells

experimental groups. RT-PCR was performed to measure mRNA expression levels of BSP,
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OC, Osx, and Runx2. The BSP mRNA expression showed a higher level at 12 days and

lower level at 24 days in postsurgery. Meanwhile, other bone markers showed higher

expression levels in the experimental group (Fig. 6).

Histomorphometric analysis showed transplantation of iPS cells combined with EMD
enhanced the periodontal tissues regeneration

The results of H&E staining showed that the scaffold only group had almost no vertical

fibers 24 days after transplantation and the fibers that surrounded the denuded root surface

were disordered (Fig. 7A,B); while the extrinsic fibers perpendicular to the denuded root

surface could be seen in almost all in the control and experimental EMD-treated groups (Fig.

7C,D).

The silk scaffold + EMD + iPS cell experimental group 24 days postsurgery showed

significantly more new alveolar bone formation, new cementum covered almost the whole

denuded surface, and the regenerated PDL separated the new bone from new cementum

(Fig. 8B). While in control group (Fig. 8A), adequate alveolar bone reconstruction was not

yet obtained, cementum regeneration was insufficient, and new PDL separated the new bone

from new cementum. The new bone and cementum formation were consistent to some

extent.

Discussion

The major component of EMD in the purified acid extract form from pig enamel matrix

(>95%) is amelogenins (Amel), whose structure and function are evolutionary well

conserved, suggesting a profound role in biomineralization and hard tissue formation. A

great number of experimental studies have previously demonstrated that EMD and

amelogenins could stimulate growth of multiple mesenchymal cell types including

fibroblasts, cementoblasts, and osteoblasts, and enhance the expression of tissue-specific

maturation markers of osteoblasts, such as alkaline phosphatase (ALP), collagen, and

osteocalcin within osseous tissues (Lyngstadaas et al., 2009). There have also been previous

reports that suggest that they could regenerate bone and induce stem cells into osteogenic

cells such as mouse bone marrow MSCs (Keila et al., 2004); osteo-cementoblastic

phenotype cells such as human PDL and mouse and human follicle cells (Van der Pauw et

al., 2000; Hakki et al., 2001; Kémoun et al., 2007) in vitro. Previous studies demonstrated

that the osteogenic activity of EMD may be mediated by BMP-like molecules, which could

stimulate Cbfa1/Runx2 expression, the phosphorylation of Smad1, and both of these

processes can be blocked by noggin (Takayama et al., 2005). While with different BMPs-

like effects, EMD could enhance their proliferation but not differentiation of preosteoblasts,

but for mature osteoblasts, EMD enhanced their differentiation (Schwartz et al., 2000).

EMD is an osteoconductive agent, not osteoinductive. Its ability to regulate cells in the

osteogenic lineage depends on the stage of cell differentiation. It can make uncommitted

cells with osteoblastic potential and regulated committed osteoblasts (Schwartz et al., 2000).

In our study, EMD greatly enhanced the mRNA level of Runx2 but inhibited the expression

of OC and mineralization in vitro. Runx2 has an essential role in promoting the

differentiation of MSCs into preosteoblasts which do not express osteoblast marker genes

DUAN et al. Page 7

J Cell Physiol. Author manuscript; available in PMC 2014 August 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Nakashima et al., 2002). Previous reports showed that EMD could promote the

mineralization of stem cells and osteo-cementoblastic phenotype cells. However, other

studies reported an inhibitory effect of EMD on the expression of OC (Tokiyasu et al., 2000;

Hakki et al., 2001). The discrepancy among results may be due to differences in cell types,

culture conditions, methods, the concentration and timing of EMD addition to the culture, or

other unknown reasons (Takayama et al., 2005). In our study, EMD greatly enhanced the

mRNA expression of Runx2, which has an essential role in differentiation of MSCs into

preosteoblasts which do not express osteoblast marker genes (Nakashima et al., 2002); while

it inhibited the expression of OC and mineralization in vitro. Therefore, EMD may play a

role in the commitment of mesenchymal progenitors to the osteogenic lineage but inhibits

their total maturation and mineralization.

The scaffold group without EMD showed fibers around the denuded root surface to have an

unorderly arrangement, while in the other two EMD groups, extrinsic fibers were

perpendicular to the denuded surface and in an ordered position seen under microscope.

Previous histological studies showed that EMD treatment combined with GTR induced the

formation of AEFC (Hammarström, 1997; Araújo and Lindhe, 1998). Amelogenin is an

intrinsically disordered protein where the molecules can self-assemble into hydrophobic

supramolecular monodisperse assemblies, called nanospheres, which are slowly processed

by matrix proteases to release active peptides. The amelogenin self-assembly mechanism is

controlled by its local environment, changes in temperature, pH, ionic strength, and protein

concentration. This ability is most likely what makes these molecules so applicable in the

clinic. Meanwhile, EMD has been observed to have a direct cytostatic effect in epithelial

cells and osteoclasts, whose stasis is very important in clinical therapy especially in

periodontal therapy. For successful regeneration of normal PDL fiber attachment, hard

tissues need the exclusion of epithelial cells from the gingiva, giving the advantage to

connective tissue cells and a balance between osteoblast and osteoclast activity (Lyngstadaas

et al., 2009).

Many researchers have reprogrammed iPS cells by using different kinds of somatic cells and

disease-specific cells (Dimos et al., 2008; Park et al., 2008). Human primary keratinocytes

were successfully generated into iPS cells making it more efficient and fast when compared

with reprogramming human fibroblasts, even from single adult human hairs, which is easily

acquired from body. This leaves a big probability of generating a patient-specific or disease-

specific human iPS cell line in the future for therapeutic purposes, although the method of

reprogramming is still inefficient and many fundamental questions remain unanswered. This

type of cell line avoids immunologic rejection and ethical controversy with easier cell

resources, which is a great stem cell choice for tissue engineering. To minimize the species

and individual difference and imitate the transplantation in clinic therapytothe maximum

extent, our in vivo experiment implanted mouse iPS cells into defects of nude mice. In our

study, before we relocated the iPS cells into silk scaffold, they were primarily induced into

EBs.

Many researchers have revealed that the derivation of osteoblasts from pluripotent ES cells

have the capacity to form mineralized tissue both in vitro and in vivo (Buttery et al., 2001;

Bielby et al., 2004). It was demonstrated that OC-hESCs could successfully regenerate new
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bone tissues upon in vivo implantation (Kim et al., 2008). Histological analysis of our in

vivo experiment showed that the experimental specimens have a significant amount of new

alveolar and mandibular bone, 24 days after iPS cells combined with EMD were

transplanted. From the results of the RT-PCR, the expression of BSP, an early osteogenic

marker, was higher in 12 days and lower in 24 days than that of the control group.

Otherwise, OC, as well as the transcription factors-Runx2 and Osx, were all higher than

those in the control group, and all in ascending trend. That suggests more active bone

formation activities ongoing in the iPS cell experimental group. EMD may play a role

during the procedure by numbers of cells being increased and induced to the earlier cells in

the osteogenic lineage. Local factors or primary bone-derived cells may be able to promote

iPS cells differentiation into osteoblasts more efficiently and improve its further

differentiation. The scaffold we used was apatite-coated silk fibroin scaffolds, highly porous

scaffolds which performed the role of a temporary matrix to provide anchorage for

dependent cells, biodegradability, and low inflammatory response of silk fibroin, which

made silk fibroin scaffold one of the promising scaffolds for osteogenic applications (Jiang

et al., 2009). The calcium-phosphate (Ca-P) coatings, on the mineralized silk scaffolds

reduced the fibrous encapsulation layer, enhanced direct bone contact and stimulated

differentiation of BMSCs along the osteogenic lineage, which made for better bone

regeneration.

In our study, adequate new alveolar bone and an almost intact layer of new cementum could

be seen in the experimental group, with new normal PDL formed between them, which were

not seen in control group. Furthermore, the sites of new alveolar bone and new cementum

were corresponding. It has been hypothesized that the type of tissue which predominates in

the healing wound determines whether the response is repair or regeneration (Melcher,

1976). Moreover, components of the newly produced cementum matrix provide

informational signaling for recruitment, proliferation, and differentiation of periodontal cells

and regulate regeneration of cementum. It is possible that cementum components have the

potential to participate in the regulation of homeostasis and regeneration of the gingiva,

PDL, and alveolar bone tissues (Grzesik and Narayanan, 2002). New cementum formation

and restoration of soft tissue attachment to cementum are regarded as the major goal of

regenerative periodontal therapy. Our in vivo studies have suggested that transplantation of

mouse iPS cells can promote periodontal tissue regeneration. The mechanism by which iPS

cells are transplanted with EMD promotes cementum regeneration is still being studied in

our laboratory. Previous studies have revealed that the microenvironment and the

surrounding tissue provide the nutrients, growth factors, and extracellular matrices to

support MCS differentiation (Caplan et al., 1998), as well as host and environment factors

can influence transplanted stem cells to differentiate into various connective tissue cells

(Liechty et al., 2000). It has also been reported that brain stem cells give rise to

hematopoietic cells after engraftment into a hematopoietic system (Bjornson et al., 1999),

and bone marrow cells differentiate into epithelial cells after transplantation (Anderson et

al., 2001). It seems that when stem cells are removed and transplanted into different

locations, they undergo reprogramming of gene expression and cross-lineage boundaries.

Local molecules, factors, ECM, cementum components, and ectogenic EMD matrix may

participate in the recruitment expansion, and differentiation of cementoblast progenitors, and
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periodontal defect healing. The direct or indirect interaction between cells and their

periodontal environment may be the reasons why iPS cells could promote periodontal

regeneration.

In a conclusion, mouse iPS cells combined with EMD can greatly enhance the repair of

mouse periodontal defects, by promoting the formation of cementum, alveolar bone, and a

normal PDL. But further research should be required on animal model of chronic

periodontitis, in which the periodontal condition and environment would be more complex.
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Fig. 1.
A: Free-floating embryoid bodies formed from human iPS cells after 5 days of suspension

culture in nonadherent culture dishes (40×). B: Mouse EB formed from mouse iPS cells by

drop suspension (40×).
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Fig. 2.
RT-PCR to measure mRNA expression levels of ColI, OC, and Runx2 in different media

after being cultured for 20 and 30 days. Expressions of Runx2, both significantly increased

in osteogenic media and EMD-stimulated media, that of the latter was the highest (A).

However, OC expressions in EMD-stimulated media were the lowest both in 20 and 30 days

culture (B). ColI mRNA displayed the highest expression levels in osteogenic media both in

20 and 30 days (C). Levels of OC, ColI, and Runx2 were normalized with those of the

loading control β-actin. C, Control media group; O, osteogenic media group; E, EMD-
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stimulated media group. *Statistically significant difference (P <0.05); **Statistically

significant difference (P<0.01).
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Fig. 3.
After cultured for 7 + 21 days in six-well plate, there was almost no mineralization nodule in

EMD-stimulated media (C). A: Control group; (B) osteogenic media group; (C) EMD-

stimulated media group (100×). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Fig. 4.
H&E staining sections of mandibular isolated from nude mice of three different groups at 24

days postsurgery. Silk scaffold + EMD + iPS cells experimental group (E/24d) showed

increased mandibular bone compared with scaffold only (S/24d) and scaffold + REMD

control (C/24d) groups. Photographs were taken at 40× magnification. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 5.
More newly formed hard tissue could be seen in EMD + iPS cells group (B) than in EMD

group (A). Meanwhile, the defect cubes cut from the 3D CT imaging showed the higher

density of newly formed tissue in EMD + iPS cells group (b). D: Defect.
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Fig. 6.
Silk scaffold + EMD + iPS cells experimental group showed increased expressions of bone

transcription factors-Runx2 (D) and Osx (C) compared to Silk scaffold + EMD control

group 24 days post-surgery. Expression of bone marker OC (B) increased 12 and 24 days

post-surgery in experimental group, while BSP(A) expression increased 12 days and

decreased 24 days post-surgery. Levels of BSP, OC, Runx2, and OSX were normalized with

those of the loading control GAPDH. *: Statistically significant difference (P<0.05); **:

Statistically significant difference (P< 0.01).
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Fig. 7.
Extrinsic fibers perpendicular to the denuded root surface could be seen at all cases in EMD-

treated groups (C,D), while for those in scaffold group, fibers surrounded the denuded root

surface were disorder and there were almost no vertical fibers seen 24 days after

transplantation (A,B). A,C: 200×; B,D: 400×. ←, New extrinsic fibers. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 8.
New alveolar bone in silk scaffold + REMD + iPS cells experimental group (B) was more

intact and adequate than that in silk scaffold + EMD control group (A). New cementum

almost completely covers the denuded root surface in experiment group (B), while in control

group, cementum could be seen at the margin of defect where an adequate new alveolar

bone could be seen (A). The sites of new alveolar bone and new cementum formation were

consistent to some extent. —, Suppositional margins of defect; nAB, new alveolar bone;

nPL, new periodontal ligament; →, new cementum. Photographs were taken at 100×. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE 1

The sequences of the primers for RT-PCR in vitro experiment

Primer Sequence

β-Actin Forward: 5′-ACAGAGCCTCGCCTTTGCC-3′

Reverse: 5′-ACATGCCGGAGCCGTTGTC-3′

Runx2 Forward: 5′-CAGTCACCTCAGGCATGTCC-3′

Reverse: 5′-GTGCTGCTGGTCTGGAAGG-3′

ColI Forward: 5′-GCAAGGGAGAAAAGGGTGAACC-3′

Reverse: 5′-GTGGCTCCAGCAGGACCAG-3′

OC Forward: 5′-CTCCAGGCACCCTTCTTTCC-3′

Reverse: 5′-ATTCCTCTTCTGGAGTTTATTTGGG-3′
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TABLE 2

The sequences of the primers for RT-PCR in vivo experiment

Primer Sequence

GAPDH Forward: 5′-AGGTCGGTGTGAACGGATTTG-3′

Reverse: 5′-TGTAGACCATGTAGTTGAGGTCA-3′

Runx2 Forward: 5′-GCTCACGTCGCTCATCTTG-3′

Reverse: 5′-CCAACCGAGTCATTTAAGGCT-3′

BSP Forward: 5′-CAGGGAGGCAGTGACTCTTC-3′

Reverse: 5′-AGTGTGGAAAGTGTGGCGTT-3′

OC Forward: 5′-GCGCTCTGTCTCTCTGACCT-3′

Reverse: 5′-GCCGGAGTCTGTTCACTACC-3′

Osx Forward: 5′-ATGGCGTCCTCTCTGCTTG-3′

Reverse: 5′-TGAAAGGTCAGCGTATGGCTT-3′
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TABLE 3

New bone area percentage (not including residual biomaterial, group means±SD; n=6)

12 days 24 days

Silk scaffold   7.23 ± 0.68 39.57 ± 1.58

Silk scaffold + EMD   8.28 ± 1.06% 41.25 ±2.14c

Silk scaffold + EMD + iPS cells 15.43 ± 2.43a,b 58.53 ± 2.67a,b

a
Statistically significant difference comparedtosilk scaffold and silk scaffold + EMD + iPS cells group (P< 0.01).

b
Statistically significant difference compared to silk scaffold + EMD and silk scaffold + EMD + iPS cells group (P < 0.01).

c
Statistically significant difference compared to silk scaffold and silk scaffold+EMD control group (P< 0.05).
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