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1. Short description of the book chapter 

Dental scientists are eagerly embracing regenerative medicine using tissue engineering 
technology. Enamel, one component of teeth, is the hardest tissue in the body. It cannot 
regenerate by itself, because it is formed by a layer of ameloblasts that is lost by the time the 
tooth crown has completely formed. Although the enamel is spent during lifetime, it is 
vulnerable to wear, damage, and decay. For these reasons, the development of a technique 
that produces artificially-grown enamel using culture and transplantation techniques is 
strongly desired. In this chapter we report a new technique for culturing enamel organ 
epithelial cells that have the capacity to produce enamel. 
After completion of the formation of the tooth crown, which is composed of an 
enamel-dentin complex, tooth root formation begins. Generally, no new ameloblasts or 
enamel is generated from the enamel organ epithelial cells after the tooth root is formed. 
Epithelial cell rests of Malassez, derived from Hertwig’s epithelial root sheath fragments, 
are located in the periodontal ligament, and recently we reported that these cells are also 
capable of enamel production using the same technique. 
Dental epithelial cells including enamel organ epithelial cells and epithelial cell rests of 
Malassez can continue to proliferate when they are subcultured on top of feeder layer cells. 
These subcultured cells were placed onto collagen sponge scaffolds along with dental pulp 
cells and the constructs were transferred into the abdominal cavities of rats. When removed 
after 4 weeks, enamel production was observed in the scaffolds. The key finding of this 
study is that even after multiple divisions, the cells retained the capacity to produce enamel. 
Now that dental epithelial cells can be generated by a culture and transplantation system, 
the next step will be to combine the tissue-engineered enamel with the injured enamel in 
original teeth. 

 
2. Abbreviations 

EOE, enamel organ epithelial; ERM, epithelial cell rests of Malassez; HERS, Hertwig’s 
epithelial root sheath; KLK4, kallikrein-4; MMP-20, enamelysin; PDL, periodontal ligament 
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3. Introduction 

One purpose of studying the development and structure of enamel is to understand how it 
responds to enamel loss caused by caries or fractures. One of frequent dental disease is 
dental caries which is a specific infectious disease of the teeth that results in localized 
dissolution and destruction of the calcified enamel and dentin (1, 2). Enamel is the hardest 
tissue in the body and it does not regenerate because the cells that synthesize the enamel 
matrix are lost during tooth eruption. To replace enamel, dentistry has formulated artificial 
materials that mimic the hardness of enamel but replacing enamel with artificial substitutes 
may not be the most appropriate therapy. The establishment of a novel therapy to engineer 
natural enamel would provide an important approach to repair enamel loss. 
Recently, tissue engineering therapy for tooth replacement has been addressed using 
various strategies and all such attempts share a common feature, which is that odontogenic 
capacity is necessary to generate a tooth structure. The first successful report described tooth 
structures such as the enamel-dentin complex generated in vivo by seeding dissociated 
odontogenic cells from a 6-month porcine third molar onto polyglycolic acid fiber mesh (3). 
The data suggested the presence of epithelial and mesenchymal progenitor/stem cells in the 
early stages of crown formation in the developing tooth. Furthermore, these results 
indicated a high likelihood of developing a technique to generate enamel. Importantly, this 
successful attempt provided one novel strategy to create natural enamel. In this chapter we 
describe our strategy to generate enamel using tissue engineering technology. However, 
many issues still remain to be resolved before we can apply the method to clinical practice. 
So why is it difficult to generate enamel? There are two big obstacles. Firstly, no one has yet 
achieved successful tooth regeneration using subcultured odontogenic cells. One of the 
reasons is that it is difficult to expand the ameloblast-lineage cells that are capable of 
secreting amelogenin which is a constituent of enamel. Recently, dental tissues such as the 
periodontal ligament (PDL), dental papilla and dental follicle have been identified as easily 
accessible sources of undifferentiated cells. Dental mesenchymal stem cells could be feasible 
tools for dental tissue engineering. However, dental epithelial stem cells have not been 
discovered in teeth. Secondly, how can ameloblasts be harvested if they disappear when 
tooth-crown formation is completed? Practically this approach is obviously limited by the 
very small number of cells that can be obtained. 
This article mainly reviews the novel therapy developed to generate natural enamel using a 
subculture and transplantation system, and the new cell sources for enamel regeneration in 
light of the two main difficulties mentioned above.  

 
4. Tooth development 

Tooth development is regulated by inductive signals between ectoderm-derived epithelium 
and neural crest-derived ectomesenchyme (4, 5). Teeth are initiated with an invagination 
from the oral epithelium. The oral epithelium at this stage has been shown to have the 
potential to instruct tooth development. Thereafter, the horseshoe-shaped dental lamina 
generates the future dental arches as the cap stage. During the cap and bell stages, transient 
signaling centers are generated in the epithelium as primary and secondary enamel knots. 
Secondary enamel knots appear at the site of the future cusp tips and contribute to the 
shaping of the tooth crown at the bell stage. At the crown formation stage, the 

enamel-secreting ameloblasts and dentin-secreting odontoblasts differentiate from the inner 
enamel epithelium and dental pulp, respectivelyand dental pulp which being derived from 
the dental papilla, respectively.. Both ameloblasts and odontoblasts are subsequently 
involved in the formation of tooth crowns, which consist of the enamel-dentin complex. 

 
5. Enamel 

Enamel, the most highly mineralized dental tissue, is composed of crystalline calcium 
phosphate and is approximately 96% mineral with the remaining 4% consisting of organic 
components and water. The basic micro-structural unit of enamel is an enamel rod, which is 
tightly packed and adherent to other enamel rods. The interwoven architecture of enamel 
rods contributes to both its strength and resistance to fracture. 
Enamel is generated by ameloblasts which are epithelial cells derived from the enamel 
organ in the developing tooth, which covers the dentin-pulp complex. Differentiation of 
epithelial cells towards ameloblasts is regulated by an interaction between the epithelial and 
mesenchymal cells. The major difference between enamel and mucosa is the absence of any 
epithelial response because the cells that form enamel are lost at the time of tooth eruption, 
which means that enamel is neither replaceable nor repairable after eruption.  
Amelogenin is produced by ameloblasts and is the most abundant protein within the 
enamel, accounting for more than 90% of the total enamel-related proteins. Studies in 
amelogenin knockout mice showed that amelogenin plays an important role in enamel 
biomineralization (6, 7), and while ameloblast differentiation is relatively normal in these 
mice, an abnormally thin enamel layer is formed (8). Amelogenins are essential for the 
formation of hydroxyapatite in enamel (9), and they are also recognized as a key factor in 
controlling the orientation and elongated growth of enamel rods during the mineralization 
process (10). In addition to amelogenin, the developing enamel is composed of several 
structural proteins such as ameloblastin (sheathlin/amelin), enamelin, and tuftelin. They are 
eventually degraded by the action of proteinases such as enamelysin (MMP-20) and 
kallikrein 4 (KLK4) (formerly known as enamel matrix serine proteinase 1). Ameloblastin is 
the most abundant non-amelogenin enamel-specific glycoprotein (11-13), and functions as a 
cell adhesion molecule for ameloblasts, but not for dental epithelial cells (14). Ameloblastin 
expression in ameloblasts peaks at the secretory stage and diminishes at the maturation 
stage, and maintenance of normal levels of ameloblastin in enamel formation is important 
because overexpression of ameloblastin in ameloblasts impairs the enamel structures (15). 
Furthermore, although dental epithelial cells can differentiate into ameloblasts in 
ameloblastin knockout mice, the ameloblasts detach from the matrix surface at the secretory 
stage and lose polarity (14), suggesting that ameloblastin is essential for maintaining normal 
ameloblast differentiation and attachment to the enamel matrix. In a recent study however , 
amelogenin and ameloblastin double knockout mice still showed a very thin layer of enamel, 
which was due to the presence of enamelin which was still expressed in the teeth of these 
double knockout mice. The enamelin gene has also been implicated in human amelogenesis 
imperfecta. Enamelin knockout mice do not form normal enamel, because of the lack of 
mineralization at the secretory surface of the ameloblasts (16), which suggests that enamelin 
is also necessary for enamel formation. 
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One purpose of studying the development and structure of enamel is to understand how it 
responds to enamel loss caused by caries or fractures. One of frequent dental disease is 
dental caries which is a specific infectious disease of the teeth that results in localized 
dissolution and destruction of the calcified enamel and dentin (1, 2). Enamel is the hardest 
tissue in the body and it does not regenerate because the cells that synthesize the enamel 
matrix are lost during tooth eruption. To replace enamel, dentistry has formulated artificial 
materials that mimic the hardness of enamel but replacing enamel with artificial substitutes 
may not be the most appropriate therapy. The establishment of a novel therapy to engineer 
natural enamel would provide an important approach to repair enamel loss. 
Recently, tissue engineering therapy for tooth replacement has been addressed using 
various strategies and all such attempts share a common feature, which is that odontogenic 
capacity is necessary to generate a tooth structure. The first successful report described tooth 
structures such as the enamel-dentin complex generated in vivo by seeding dissociated 
odontogenic cells from a 6-month porcine third molar onto polyglycolic acid fiber mesh (3). 
The data suggested the presence of epithelial and mesenchymal progenitor/stem cells in the 
early stages of crown formation in the developing tooth. Furthermore, these results 
indicated a high likelihood of developing a technique to generate enamel. Importantly, this 
successful attempt provided one novel strategy to create natural enamel. In this chapter we 
describe our strategy to generate enamel using tissue engineering technology. However, 
many issues still remain to be resolved before we can apply the method to clinical practice. 
So why is it difficult to generate enamel? There are two big obstacles. Firstly, no one has yet 
achieved successful tooth regeneration using subcultured odontogenic cells. One of the 
reasons is that it is difficult to expand the ameloblast-lineage cells that are capable of 
secreting amelogenin which is a constituent of enamel. Recently, dental tissues such as the 
periodontal ligament (PDL), dental papilla and dental follicle have been identified as easily 
accessible sources of undifferentiated cells. Dental mesenchymal stem cells could be feasible 
tools for dental tissue engineering. However, dental epithelial stem cells have not been 
discovered in teeth. Secondly, how can ameloblasts be harvested if they disappear when 
tooth-crown formation is completed? Practically this approach is obviously limited by the 
very small number of cells that can be obtained. 
This article mainly reviews the novel therapy developed to generate natural enamel using a 
subculture and transplantation system, and the new cell sources for enamel regeneration in 
light of the two main difficulties mentioned above.  

 
4. Tooth development 

Tooth development is regulated by inductive signals between ectoderm-derived epithelium 
and neural crest-derived ectomesenchyme (4, 5). Teeth are initiated with an invagination 
from the oral epithelium. The oral epithelium at this stage has been shown to have the 
potential to instruct tooth development. Thereafter, the horseshoe-shaped dental lamina 
generates the future dental arches as the cap stage. During the cap and bell stages, transient 
signaling centers are generated in the epithelium as primary and secondary enamel knots. 
Secondary enamel knots appear at the site of the future cusp tips and contribute to the 
shaping of the tooth crown at the bell stage. At the crown formation stage, the 

enamel-secreting ameloblasts and dentin-secreting odontoblasts differentiate from the inner 
enamel epithelium and dental pulp, respectivelyand dental pulp which being derived from 
the dental papilla, respectively.. Both ameloblasts and odontoblasts are subsequently 
involved in the formation of tooth crowns, which consist of the enamel-dentin complex. 

 
5. Enamel 

Enamel, the most highly mineralized dental tissue, is composed of crystalline calcium 
phosphate and is approximately 96% mineral with the remaining 4% consisting of organic 
components and water. The basic micro-structural unit of enamel is an enamel rod, which is 
tightly packed and adherent to other enamel rods. The interwoven architecture of enamel 
rods contributes to both its strength and resistance to fracture. 
Enamel is generated by ameloblasts which are epithelial cells derived from the enamel 
organ in the developing tooth, which covers the dentin-pulp complex. Differentiation of 
epithelial cells towards ameloblasts is regulated by an interaction between the epithelial and 
mesenchymal cells. The major difference between enamel and mucosa is the absence of any 
epithelial response because the cells that form enamel are lost at the time of tooth eruption, 
which means that enamel is neither replaceable nor repairable after eruption.  
Amelogenin is produced by ameloblasts and is the most abundant protein within the 
enamel, accounting for more than 90% of the total enamel-related proteins. Studies in 
amelogenin knockout mice showed that amelogenin plays an important role in enamel 
biomineralization (6, 7), and while ameloblast differentiation is relatively normal in these 
mice, an abnormally thin enamel layer is formed (8). Amelogenins are essential for the 
formation of hydroxyapatite in enamel (9), and they are also recognized as a key factor in 
controlling the orientation and elongated growth of enamel rods during the mineralization 
process (10). In addition to amelogenin, the developing enamel is composed of several 
structural proteins such as ameloblastin (sheathlin/amelin), enamelin, and tuftelin. They are 
eventually degraded by the action of proteinases such as enamelysin (MMP-20) and 
kallikrein 4 (KLK4) (formerly known as enamel matrix serine proteinase 1). Ameloblastin is 
the most abundant non-amelogenin enamel-specific glycoprotein (11-13), and functions as a 
cell adhesion molecule for ameloblasts, but not for dental epithelial cells (14). Ameloblastin 
expression in ameloblasts peaks at the secretory stage and diminishes at the maturation 
stage, and maintenance of normal levels of ameloblastin in enamel formation is important 
because overexpression of ameloblastin in ameloblasts impairs the enamel structures (15). 
Furthermore, although dental epithelial cells can differentiate into ameloblasts in 
ameloblastin knockout mice, the ameloblasts detach from the matrix surface at the secretory 
stage and lose polarity (14), suggesting that ameloblastin is essential for maintaining normal 
ameloblast differentiation and attachment to the enamel matrix. In a recent study however , 
amelogenin and ameloblastin double knockout mice still showed a very thin layer of enamel, 
which was due to the presence of enamelin which was still expressed in the teeth of these 
double knockout mice. The enamelin gene has also been implicated in human amelogenesis 
imperfecta. Enamelin knockout mice do not form normal enamel, because of the lack of 
mineralization at the secretory surface of the ameloblasts (16), which suggests that enamelin 
is also necessary for enamel formation. 
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6. Enamel organ epithelial cell culture 

Tissue engineering protocols generally involve the proliferation of tissue-specific stem cells 
in vitro that support development of a particular cellular phenotype (17). These cells are 
grown under specific culture conditions and can be transplanted into the body, in order to 
generate new tissue or organs (18). Recently, dental pulp stem cells isolated from post-natal 
pulp (19) and from deciduous tooth pulp (20) have been described. Dental mesenchymal 
stem cells have been highlighted for their ability to form dentin or periodontium (21), 
however, in contrast, the characterization of dental epithelial stem cells has proven to be 
more elusive because they are hard to grow in vitro. To date, it has proved difficult to 
maintain primary enamel organ epithelial (EOE) cells in cultures for prolonged periods with 
the primary phenotype (22). In fact, although the establishment of a primary culture system 
for porcine ameloblasts has been previously reported, the approach involved the 
transformation and immortalization of EOE cells with the transforming genes of simian 
virus 40 (23). Recently, a system for multiplication without transformation has been 
reported, using mouse ameloblasts as the cell source (24). We have tried to develop a 
strategy using only culture techniques to grow EOE cells to generate enamel however there 
are two obstacles that must be overcome in order to successfully grow EOE cells. The first 
obstacle is that porcine epithelial cell growth is disrupted if contaminated with dental 
mesenchymal cells, due to the high proliferation capacity of the mesenchymal cells (22, 25). 
Secondly, expansion of porcine dental epithelial cells in vitro has been problematic due to 
their tendency to terminally differentiate after only a few passages (25). In order to 
overcome these obstacles, we combined two techniques: a non-serum culture system and a 
3T3-J2 feeder layer system, derived from a mouse teratoma (Fig. 1). Den Besten and 
colleagues had previously reported that a non-serum selective medium (LHC-9) enables the 
growth of only EOE cells while the accompanying mesenchymal cells are killed (22), 
however one disadvantage of this non-serum selective medium is the low growth potential 
of the EOE cells. We were encouraged by reports of the adaptation of a feeder layer 
technique for the culture of keratinocytes which enabled the long-term culture of these cells 
during which time they retained an epithelial phenotype (26, 27) and we considered that the 
disadvantages of a non-serum medium could be overcome using the feeder layer technique. 
Then, to determine whether the feeder layer system would be effective for EOE cells, enamel 
organs were harvested from the third molar teeth of a 6-month-old-pig (Fig. 2). Since enamel 
organs are connected to dental follicles, primary cultures of the EOE cells appeared to be 
contaminated with dental follicle cells, as we expected. The EOE cells were isolated from the 
mesenchymal cells using the non-serum medium, and then seeded onto a 3T3-J2 feeder 
layer for sequential subcultures (Fig. 3a). The EOE cell colonies grew with time in culture 
(Fig. 3b) and were able to be maintained for at least 4 passages. The subcultured EOE cells 
from both the primary culture and after 4 passages expressed amelogenin, ameloblastin, 
MMP-20 (28), KLK4 (29), and enamelin (30), but not alkaline phosphatase (Fig. 4a). No 
obvious changes in the expression of ameloblast-related genes were detected during 
long-term culture. Furthermore, expression of amelogenin in subcultured EOE cells was 
shown by fluorescence immunocytochemistry (Fig. 4b), and Western blotting revealed 
secretion of amelogenin by the EOE cells into the culture medium. 
By using 3T3-J2 cells as a feeder layer, we have successfully overcome the limitations of 
odontogenic epithelial cell culture. The passaged cells express the ameloblast-specific 

markers amelogenin, ameloblastin and enamelysin, but not enamelin. The culturing of 
epithelial cells on a feeder layer of 3T3 cells has proven to be a major advance, because this 
provides an environment that considerably improves cell proliferation (26, 27). The 
development and characterization of these cultured epithelial cells is also useful for further 
studies of enamel tissue engineering. 

 
7. Enamel tissue engineering 

Developing a technique to manipulate EOE cells is a significant advance towards enamel 
replacement and therefore we attempted to develop a strategy to generate enamel based on 
subcultured EOE cells using tissue engineering technology. To examine the enamel-forming 
capability of subcultured EOE cells, we made use of techniques we had developed 
previously by transplanting cells onto a biodegradable scaffold in vivo (31-33). Newly 
generated tooth tissue was formed by tissue engineering techniques requiring an interaction 
between dental mesenchymal cells and EOE cells (31). As previously described, the 
constructs were prepared by isolating fresh dental pulp cells from the third molars of pigs 
during the early stage of crown formation (32). Dental pulp cells were first plated on top of a 
scaffold and then subcultured EOE cells were seeded directly on top of the pulp cells. In the 
primary control group, the scaffolds were seeded with subcultured EOE cells alone. In the 
secondary control group, oral epithelial cells obtained from the oral mucosa were 
subcultured (34) and seeded in combination with fresh dental pulp cells onto the scaffolds. 
We had previously determined that the use of a collagen sponge was superior to that of 
polyglycolic acid fiber mesh (Nipro Corporation, Japan), and so collagen sponges were used 
as scaffolds for the dental cells (35). Interestingly, histological analysis showed subcultured 
EOE cells gave rise to ectopic cartilage tissue under the primary control group conditions 
(36), while the implants grown under the conditions of the secondary control group not only 
generated enamel but also cartilage. Amelogenin gene splice products have the ability to 
enhance the transcription factor sox9 (37, 38), therefore, amelogenin secreted from the 
cultured EOE cells may induce chondrocytes from the mesenchymal stem cells in the 
surrounding omentum of the rat host. Four weeks after transplantation of EOE cells 
combined with dental pulp cells in scaffolds, several phenomena related to amelogenesis 
were distinguished in the implants. In the most mature structures, enamel was readily 
found in the implants (Fig. 5a). Furthermore, amelogenin immunoreactivity was detected in 
tall columnar epithelial cells on the surface of the dentin or enamel, indicating that the 
tissue-engineered enamel contains well-developed ameloblasts (Fig. 5b). Together, these 
results indicate that the subcultured EOE cells have the potential to generate enamel. 
Interestingly, enamel formation was always observed after dentin was formed in the 
implants. On the other hand, when subcultured EOE cells were combined with subcultured 
dental pulp cells, enamel-dentin complexes were not observed in any of the implants. In 
addition, the production of enamel by EOE cells was observed within 4 weeks of 
transplantation of the constructs (33), which was markedly earlier than that observed with 
constructs established from non-cultured EOE cells which generated enamel at 15-25 weeks 
after transplantation (3, 31, 39). Enamel production may have been facilitated in our culture 
model because EOE cells were maintained at an undifferentiated stage in the 
ameloblast-lineage cell phenotype by the 3T3 feeder layer. Our culture model provides a 
promising step towards a new therapy for reforming enamel but further study is needed on 
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the primary phenotype (22). In fact, although the establishment of a primary culture system 
for porcine ameloblasts has been previously reported, the approach involved the 
transformation and immortalization of EOE cells with the transforming genes of simian 
virus 40 (23). Recently, a system for multiplication without transformation has been 
reported, using mouse ameloblasts as the cell source (24). We have tried to develop a 
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from both the primary culture and after 4 passages expressed amelogenin, ameloblastin, 
MMP-20 (28), KLK4 (29), and enamelin (30), but not alkaline phosphatase (Fig. 4a). No 
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We had previously determined that the use of a collagen sponge was superior to that of 
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enhance the transcription factor sox9 (37, 38), therefore, amelogenin secreted from the 
cultured EOE cells may induce chondrocytes from the mesenchymal stem cells in the 
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were distinguished in the implants. In the most mature structures, enamel was readily 
found in the implants (Fig. 5a). Furthermore, amelogenin immunoreactivity was detected in 
tall columnar epithelial cells on the surface of the dentin or enamel, indicating that the 
tissue-engineered enamel contains well-developed ameloblasts (Fig. 5b). Together, these 
results indicate that the subcultured EOE cells have the potential to generate enamel. 
Interestingly, enamel formation was always observed after dentin was formed in the 
implants. On the other hand, when subcultured EOE cells were combined with subcultured 
dental pulp cells, enamel-dentin complexes were not observed in any of the implants. In 
addition, the production of enamel by EOE cells was observed within 4 weeks of 
transplantation of the constructs (33), which was markedly earlier than that observed with 
constructs established from non-cultured EOE cells which generated enamel at 15-25 weeks 
after transplantation (3, 31, 39). Enamel production may have been facilitated in our culture 
model because EOE cells were maintained at an undifferentiated stage in the 
ameloblast-lineage cell phenotype by the 3T3 feeder layer. Our culture model provides a 
promising step towards a new therapy for reforming enamel but further study is needed on 

www.intechopen.com



Tissue Engineering286

how to combine the newly-generated enamel with the original dental dentin or enamel in 
the tooth. As EOE cells disappear in adult teeth after tooth eruption we also need to discover 
new cell sources to advance this technology in the clinical setting. 

 
8. New cell sources for enamel tissue engineering 

8.1 Epithelial cell rest of Malassez  
The epithelium surrounding the teeth after eruption is anatomically classified into 4 types of 
epithelium; the oral gingival epithelium, the oral sulcular epithelium, the junctional epithelium, 
and the epithelial cell rests of Malassez (ERM). The epithelium, except for ERM, covers the 
surface, while ERM, developmental residues of Hertwig's epithelial root sheath (HERS), are 
embedded within the PDL tissue. Since ERM are a direct lineage from HERS, derived from the 
enamel organ through the cervical loop structures, we hypothesized that ERM retain their 
original ability to secrete a matrix conducive to generating enamel in a fashion similar to the 
enamel organ in the crown formation stage. Previously, there was a report supporting our 
hypothesis showing that removal of stem cells from their natural milieu may change their 
differentiation properties. A well-studied example of this phenomenon involves hematopoietic 
stem cells. Furthermore, we recently reported that the epithelial cells from HERS can 
differentiate into ameloblasts and produce enamel-dentin complexes when combined with 
non-cultured dental pulp cells in the core of the dental pulp (40). 
The epithelial cell rests of Malassez in the periodontium were thought to be completely 
quiescent (41, 42), however it is now known that ERM can be induced to differentiate into 
cementoblasts (43, 44) with disruption of Patched, the hedgehog receptor, leading to shorter 
roots (45). Moreover, it has been suggested that ERM might prevent resorption of the root 
surface (46) and although ERM are generally in the G0 phase of the cell cycle, ERM can be 
stimulated to proliferate in response to injury (47). ERM also have the potential to 
differentiate in two different directions: squamous metaplasia and formation of cystic 
lesions, and ameloblastic differentiation during the formation of odontogenic tumors (48, 49), 
suggesting that ERM have a mitotic activity (50, 51). In fact, when the ERM cells are cultured 
in vitro, they actively proliferate but there have been no reports of the in vivo behavior of 
subcultured ERM cells. To investigate the potential of ERM cells for generating enamel, we 
established a cell culture system for ERM cells in order to preserve as many of the original 
cellular characteristics as possible, and then designed a study to examine the tissue-forming 
capability of ERM cells(53). 
Firstly, we examined the presence of ERM cells in deciduous incisor teeth. In histological 
sections, clusters of aggregated cells were easily recognized in the PDL of porcine deciduous 
incisor teeth. The clustered cells expressed cytokeratin-14, an epithelial cell marker. 
Interestingly, immunolabeling for amelogenin was not observed in any of the epithelial cell 
clusters.  
We then prepared three types of epithelial cells (ERM, EOE cells, and oral gingival epithelial 
cells) and PDL cells from the same mandible of a 6-month-old pig. The deciduous incisor 
teeth were removed from the mandible and then the PDLs were removed from the middle 
one-third of the incisor tooth roots. The PDLs were placed in culture dishes and then ERM 
cells and PDL cells migrated from the explants. Before the cells reached confluence, the 
serum containing growth medium was replaced with a non-serum epithelial cell-selective 

medium. After replacement with the non-serum medium, the PDL cells were detached from 
the culture dish and the ERM cells subsequently survived. The growth of the ERM cells in 
non-serum medium was quite slow, similar to the behavior of EOE cells. ERM cells were 
then subcultured on 3T3-J2 feeder cell layers with complete-MEM medium, the same 
reagents used in the culture of EOE cells (36) and oral gingival epithelial cells (52). The ERM 
cells colonies increased with time and became confluent after 2 weeks. Subcultured ERM 
cells were passaged and this was repeated ten times with feeder cell layers. All passaged 
cells showed the typical polygonal-shaped epithelial morphology. Interestingly, when ERM 
were subcultured on collagen type I coated without a feeder cell layer, the ERM cells 
displayed an extended morphology. 
We compared the cell characteristics of the subcultured ERM, EOE cells, and oral gingival 
epithelial cells, produced using the same feeder cell layer technique. No appreciable 
differences were found in any of the cell morphologies (Fig. 6a-c), and all cell populations 
were able to grow on the feeder cell layer at similar growth rates. Gene expression patterns 
of the subcultured ERM were then compared to EOE cells using ameloblast-related markers. 
Both ERM and EOE cells expressed ameloblastin and tuftelin, while EOE cells alone 
expressed amelogenin, MMP20, and KLK4. None of the cell populations expressed enamelin. 
The expression patterns of the ameloblast-related genes in ERM were inconsistent with 
those in EOE cells. In particular, subcultured ERM did not show expression of amelogenin 
as well as the histological observation of the root surface of deciduous teeth. These results 
suggest ERM would not have the potential to grow enamel. 
The possibility that ERM cells can differentiate into ameloblasts was examined in vitro using 
a co-culture model with dental pulp cells. Presumably, dental pulp has the potential to 
induce dental epithelial cells into ameloblasts (40). Surprisingly, although no 
immunoreactivity for amelogenin was observed in the ERM cells alone over a 4-week 
culture period (Fig. 7a-c), when ERM cells were co-cultured with dental pulp cells, both 
cytokeratin-14 and amelogenin were clearly positive (Fig. 7d-f). Since there was now a 
possibility of ERM differentiating into ameloblasts, the capacity of subcultured ERM cells to 
produce enamel was examined by transplanting subcultured ERM cells, seeded onto 
scaffolds, into the omentum of athymic rats. Histological analysis showed that all implants 
displayed the appropriate stages of amelogenesis from initiation to maturation. At 8 weeks 
post-transplantation, enamel-dentin complex structures were recognized in the implants 
(Fig. 8a). At high magnification, the width of the enamel was approximately 100 µm (Fig. 8b). 
Amelogenin expression was also detected in the region of the tall columnar cells. These 
results demonstrate that subcultured ERM have the potential to differentiate into 
ameloblasts and generate enamel in vivo, suggesting that ERM could be a new cell source 
for tissue engineering techniques investigating enamel replacement in the future (53).  
Generally, tissue-specific stem cells are thought to be activated by a repair and regeneration 
process and they are maintained in a quiescent state until they are required to act on behalf 
of the tissue. The normal behavior of stem cells is strictly governed by the cellular 
microenvironment. ERM are able to grow in vitro and become free of the influence of the 
PDL cells. It could be that ERM have the characteristics of epithelial stem/progenitor cells. 

 
8.2 Bone marrow stroma cells 
It has been known that bone marrow contains stem cells that can give rise to various types 
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new cell sources to advance this technology in the clinical setting. 

 
8. New cell sources for enamel tissue engineering 

8.1 Epithelial cell rest of Malassez  
The epithelium surrounding the teeth after eruption is anatomically classified into 4 types of 
epithelium; the oral gingival epithelium, the oral sulcular epithelium, the junctional epithelium, 
and the epithelial cell rests of Malassez (ERM). The epithelium, except for ERM, covers the 
surface, while ERM, developmental residues of Hertwig's epithelial root sheath (HERS), are 
embedded within the PDL tissue. Since ERM are a direct lineage from HERS, derived from the 
enamel organ through the cervical loop structures, we hypothesized that ERM retain their 
original ability to secrete a matrix conducive to generating enamel in a fashion similar to the 
enamel organ in the crown formation stage. Previously, there was a report supporting our 
hypothesis showing that removal of stem cells from their natural milieu may change their 
differentiation properties. A well-studied example of this phenomenon involves hematopoietic 
stem cells. Furthermore, we recently reported that the epithelial cells from HERS can 
differentiate into ameloblasts and produce enamel-dentin complexes when combined with 
non-cultured dental pulp cells in the core of the dental pulp (40). 
The epithelial cell rests of Malassez in the periodontium were thought to be completely 
quiescent (41, 42), however it is now known that ERM can be induced to differentiate into 
cementoblasts (43, 44) with disruption of Patched, the hedgehog receptor, leading to shorter 
roots (45). Moreover, it has been suggested that ERM might prevent resorption of the root 
surface (46) and although ERM are generally in the G0 phase of the cell cycle, ERM can be 
stimulated to proliferate in response to injury (47). ERM also have the potential to 
differentiate in two different directions: squamous metaplasia and formation of cystic 
lesions, and ameloblastic differentiation during the formation of odontogenic tumors (48, 49), 
suggesting that ERM have a mitotic activity (50, 51). In fact, when the ERM cells are cultured 
in vitro, they actively proliferate but there have been no reports of the in vivo behavior of 
subcultured ERM cells. To investigate the potential of ERM cells for generating enamel, we 
established a cell culture system for ERM cells in order to preserve as many of the original 
cellular characteristics as possible, and then designed a study to examine the tissue-forming 
capability of ERM cells(53). 
Firstly, we examined the presence of ERM cells in deciduous incisor teeth. In histological 
sections, clusters of aggregated cells were easily recognized in the PDL of porcine deciduous 
incisor teeth. The clustered cells expressed cytokeratin-14, an epithelial cell marker. 
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clusters.  
We then prepared three types of epithelial cells (ERM, EOE cells, and oral gingival epithelial 
cells) and PDL cells from the same mandible of a 6-month-old pig. The deciduous incisor 
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(Fig. 8a). At high magnification, the width of the enamel was approximately 100 µm (Fig. 8b). 
Amelogenin expression was also detected in the region of the tall columnar cells. These 
results demonstrate that subcultured ERM have the potential to differentiate into 
ameloblasts and generate enamel in vivo, suggesting that ERM could be a new cell source 
for tissue engineering techniques investigating enamel replacement in the future (53).  
Generally, tissue-specific stem cells are thought to be activated by a repair and regeneration 
process and they are maintained in a quiescent state until they are required to act on behalf 
of the tissue. The normal behavior of stem cells is strictly governed by the cellular 
microenvironment. ERM are able to grow in vitro and become free of the influence of the 
PDL cells. It could be that ERM have the characteristics of epithelial stem/progenitor cells. 

 
8.2 Bone marrow stroma cells 
It has been known that bone marrow contains stem cells that can give rise to various types 
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of epithelial cells. One experimental study was designed to determine whether bone 
marrow cells could differentiate into ameloblasts (55) and the success of this study provides 
a new cell source for enamel tissue engineering. Basically, bone marrow contains two types 
of stem cell - hematopoietic and mesenchymal. The ability of hematopoietic stem cells to 
give rise to epithelial cells has already been shown for tissues such as skin, lung, and liver. 
However, although bone marrow cells have the potential to differentiate into dental 
mesenchymal cells (56), their ability to differentiate into ameloblasts has never been 
examined. Bone marrow cells were collected from tibias and femurs of CD1 mice and 
isolated using c-kit, a cytokine tyrosine kinase receptor expressed by hematopoietic 
progenitor cells. Dental epithelium was dissociated into single cells and the single cell 
suspension was mixed with the bone marrow cell suspension to form a pellet. The pellet 
was re-associated with dental mesenchyme obtained from the tooth germ at embryonic day 
14. After 20 days of culture, a tooth crown was generated from the constructs. The 
c-kit-positive bone marrow cells were present in the inner dental epithelium and expressed 
both amelogenin and ameloblastin, as shown by in situ hybridization (53). This was the first 
report to show that bone marrow cells can differentiate into ameloblasts. However, so far, 
no studies have shown that bone marrow cells alone, without dental epithelial cells, can 
differentiate into ameloblasts.  

 
8.3 Oral keratinocytes 
At an early stage the embryonic oral epithelium provides the instructive signals for tooth 
initiation and development. These signals are received by the mesenchymal cells, which are 
then primed to become odontogenic and in turn act as a source of reciprocal signals back to 
the epithelium. In mice, dental epithelium prior to embryonic day 12.5 has these instructions, 
and then at this stage, the ability shifts to the dental mesenchyme from the epithelium. Of 
note, non-dental embryonic epithelium can differentiate into dental epithelium when there 
is interaction with odontogenic mesenchyme (55). Thus it is possible that non-dental 
epithelial cells may be a new cell source for enamel tissue engineering technology.  
Of particular interest is whether post-natal non-dental oral epithelium can differentiate into 
ameloblasts to generate enamel. A recent study (57) designed to investigate this question 
obtained oral epithelium from the palatal epithelium of ICR mice at post-natal day 1 and the 
palatal epithelial cells were separated from the mesenchyme. Mandibular molar teeth from 
embryonic day 12.5-16.5 were isolated and dental mesenchyme was separated from the 
dental epithelium. The dissociated epithelial cells were combined with the mandibular 
molar mesenchyme for re-association. The epithelium covered the entire surface of the 
molar mesenchyme. After 2 days of culture, the re-associations were transplanted under the 
kidney capsule of an adult mouse as the host. Samples were obtained 14 days after 
transplantation and analyzed by histology. The re-association of palatal epithelium with 
dental mesenchyme formed tooth germs associated with enamel-dentin complexes (58). 
Therefore palatal mucosal epithelium, not only from embryos but also from newborn mice, 
has the potential to differentiate into ameloblasts and then generate enamel. However, the 
palatal epithelia of mice more than 2 days of age could not differentiate into ameloblasts. As 
we prefer to use older cells for enamel tissue engineering, clearly further studies are needed 
to resolve this problem for the clinical setting.  

 

9. Conclusions and future directions 

For a long time metal and resin have been investigated as potential sources to replace 
enamel. In our laboratory, we are focusing on producing enamel by tissue engineering 
methods as these techniques are believed to be an extremely powerful approach to replacing 
enamel. This goal has remained elusive until recently when we finally identified a new 
tissue engineering method to generate enamel using a specialized enamel organ culture 
technique and transplantation system. However, two problems still remain to be solved 
before this technique can be used for clinical applications. Firstly, there is still no method to 
combine the tissue-engineered enamel with the injured enamel of the original teeth. 
Secondly, we still cannot control the shape and size of the tissue-engineered enamel. If these 
two above issues could be addressed then a method to reform the injured enamel on teeth 
could be developed. The authors thank Dr. Haward Green (Harvard Medical School) for 
critical reading of the manuscript. 
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However, although bone marrow cells have the potential to differentiate into dental 
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suspension was mixed with the bone marrow cell suspension to form a pellet. The pellet 
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c-kit-positive bone marrow cells were present in the inner dental epithelium and expressed 
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report to show that bone marrow cells can differentiate into ameloblasts. However, so far, 
no studies have shown that bone marrow cells alone, without dental epithelial cells, can 
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then primed to become odontogenic and in turn act as a source of reciprocal signals back to 
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two above issues could be addressed then a method to reform the injured enamel on teeth 
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Figure legends 

 
Fig. 1. A strategy for tissue-engineered enamel. 
 
First, enamel organ epithelium was isolated from dental pulp and dental follicles. Enamel 
organ epithelial (EOE) cells were isolated from mesenchymal cells in culture using a 
non-serum medium. EOE cells were subcultured on the 3T3-J2 feeder layer cells. Thereafter, 
subcultured EOE cells were combined with primary dental pulp cells and the constructs 
were transplanted into the omentum of immunodeficient rats. 
 

 
Fig. 2. A third molar tooth stained with hematoxylin and eosin (H & E). Tooth crown 
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formation is partly achieved. Enamel organ epithelium is connected with the dental follicle. 
 

 
Fig. 3. a: Phase contrast micrograph of 3T3-J2 feeder layer cells. 
b: The isolated enamel organ epithelial (EOE) cells were seeded onto the 3T3-J2 feeder layer 
and the EOE cell colonies grew with time in culture. 
 

 
 

 
Fig. 4. a: The subcultured enamel organ epithelial (EOE) cells from both the primary culture 
and after 4 passages expressed amelogenin, ameloblastin, MMP-20, kallikrein-4 (KLK4), and 
enamelin, but not alkaline phosphatase. 
b: Fluorescence immunocytochemistry showing the expression of amelogenin in 
subcultured EOE cells at passage 2. 
 

 
Fig. 5. a: Four weeks after transplantation, enamel was readily found in the implants. 
b: Amelogenin immunoreactivity was detected in tall columnar epithelial cells on the 
surface of the dentin or enamel. 

 
Fig. 6. a-c: There was no appreciable difference in cell morphology among epithelial cell 
rests of Malassez (ERM) (a), enamel organ epithelial (EOE) cells (b), and oral gingival 
epithelial cells (c). 
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Fig. 7. Cytokeratin14 (CK14) and amelogenin expressions in vitro 
a-c: When ERM were co-cultured with 3T3-J2 cells (a), immunofluorescence showed that 
ERM were positive for cytokeratin-14 (b) and were negative for amelogenin (c).  
d-f: When ERM were co-cultured with primary dental pulp cells (d), both cytokeratin-14 (e) 
and amelogenin (f) were clearly positive.  
 

 
Fig. 8. a: At 8 weeks post-transplantation, enamel-dentin complex structures were 
recognized in the implants. 
b: At high magnification view, the width of the enamel was approximately 100 µm. 
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