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Abstract

Six family transcription factor genes play multiple and crucial roles in the development of the vertebrate sen-

sory system including the eye, olfactory epithelium and otic vesicle, and these genes are highly expressed in the

neural crest-derived cranial mesenchymal cells in the mouse embryo. However, expression patterns have yet to

be determined for the Six family genes in the developing tooth germ. In this study, we examined expression of

six members of the Six family genes in the dental mesenchyme and the dental epithelium of the developing

tooth germs in mice by in situ hybridization. We found dynamic expression patterns for Six1, Six2, Six4 and Six5

in the oral epithelium and mesenchymal cells with distinct expression patterns at the early stage before invagi-

nation of the dental epithelium. In addition, expression of Six1 and Six4 was observed in the inner enamel epi-

thelium of the incisor and molar tooth germs at the cap stage. Expression of Six5 was maintained in the bell

stage tooth germs, and intense expression of Six1 and Six4 was detected not only in the mesenchyme-derived

dental follicle but also in the proliferating inner enamel epithelium of the labial cervical loop of the incisor

tooth germ. Taken together, our results suggest that dynamic expression of Six family genes represents specific

stages of the developing tooth germ. This dynamic expression is embodied in changes in both space and over

time, and these changes in expression suggest that Six family genes may participate in tooth germ morphogen-

esis and the proliferation and ⁄ or differentiation of the incisor ameloblast stem ⁄ progenitor cells.

Key words ameloblast stem ⁄ progenitor cells; incisor; inner enamel epithelium; mesenchyme; molar; Six family

genes.

Introduction

Six family transcription factor genes have been found to be

important in the development of the vertebrate sensory sys-

tem, including the eye, olfactory epithelium and otic vesicle.

Vertebrate Six family transcription factor genes are homo-

logues of the Drosophila sine oculis gene, which is known

to play an essential role in eye formation (Cheyette et al.

1994; Serikaku & O’Tousa, 1994), and six members (Six1–6)

of this gene family have been identified in mammals (Oliver

et al. 1995a,b, Kawakami et al. 1996, 2000). The Six proteins

are characterized by the Six domain and Six-type homeodo-

main, which are necessary for DNA binding and interaction

with Eya proteins (Ikeda et al. 2002; Li et al. 2003). Six3 and

Six6 (optx2) are necessary for the development of the eye

and forebrain (Oliver et al. 1995a; Kobayashi et al. 1998;

Toy et al. 1998; Jean et al. 1999; Lagutin et al. 2003). The

lack of the Six1 gene is associated with decreased cell prolif-

eration in the otic placode (Zheng et al. 2003; Ozaki et al.

2004), and loss of pioneer olfactory neurons (Ikeda et al.

2007; Chen et al. 2008). Six1 and Six4 are both required

for the promotion of cell survival of the trigeminal sensory
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neurons (Konishi et al. 2006). Furthermore, Six1, Six2, Six4,

and Six5 have been found to be highly expressed in the

neural crest-derived mesenchymal cells (Oliver et al. 1995a;

Ohto et al. 1998; Gray et al. 2004). However, the expression

patterns of Six family genes have yet to be characterized in

the developing tooth germ.

We selected the mouse to examine the developing tooth

germ because rodent incisors grow continuously through-

out the life span of the animal. A comparison can thus be

made between murine incisors and molars, which may pro-

vide unique insights into development patterns, gene

expression and cell differentiation. The incisor and molar

tooth germs are formed at the proximal and distal positions

of the maxilla and mandible through a series of epithelial–

mesenchymal interactions mediated by the signaling path-

way of the signaling molecules and transcription factors

(Grobstein, 1967; Thesleff et al. 1995; Tucker et al. 1998;

Tucker & Sharpe, 2004). In the early stage of murine tooth

development, the signaling molecules FGF8 and BMP4 are

secreted from the proximal and distal oral epithelium of the

maxilla and mandible, respectively. These signaling mole-

cules then induce expression of transcription factors and

affect the fate of the underlying oral mesenchymal cells

(Tucker et al. 1998). The discrete regions of the oral epithe-

lium subsequently thicken and specialize into the dental

placode. The dental placode invaginates into the underlying

dental mesenchyme, which consists of mesodermal cells and

neural crest-derived cells (NCCs) that have migrated from

the anterior midbrain to the presumptive tooth-forming

regions (Imai et al. 1996; Miletich & Sharpe, 2004; Yoshida

et al. 2008). The condensed NCCs form the dental papilla

and the dental follicle cells surrounding the enamel epithe-

lium (Lumsden, 1988; Imai et al. 1996; Chai & Maxson,

2006). At the later stage, the surface cells of the invaginat-

ing dental placode form the enamel epithelium, including

proliferating epithelial cells. These epithelial cells differenti-

ate into enamel-secreting ameloblasts. At the same time,

the mesenchymal cells within the dental papilla differenti-

ate into both the dentin-producing odontoblasts and the

dental follicle cells (Thesleff & Sharpe, 1997; Chai et al.

2000; Chai & Maxson, 2006; Fleischmannova et al. 2008).

Regeneration of teeth is limited in most mammals. How-

ever, some rodent species have continuously growing teeth

(Thesleff et al. 2007). The continuous growth of murine inci-

sors is caused by an increase in enamel-forming ameloblasts

originating from a type of epithelial progenitor cells known

as transit-amplifying cells (TA), which surface throughout

the life of the animal. TAs are derived from ameloblast stem

cells (ASCs), which are asymmetrically located in the stellate

reticulum compartment of the labial cervical loop (Smith &

Warshawsky, 1975; Harada et al. 1999; Thesleff et al. 2007).

In contrast, the proliferation of epithelial cells in the lingual

cervical loop is less than that of the labial epithelial cells,

and these cells in the lingual cervical loop do not produce

ameloblasts. The increase in the ameloblasts in the murine

incisors but not in the molars suggests that distinct genetic

pathways are involved in the control of cell proliferation

and differentiation of the inner enamel epithelial cells of

the incisor and molar tooth germs.

In this study, we have found expression of four members

of the Six family in the dental mesenchymal and dental epi-

thelial cells of the developing tooth germs by in situ hybrid-

ization. These four members, Six1, Six2, Six4 and Six5,

exhibited dynamic expression patterns in the inner enamel

epithelium, dental papilla and dental follicle of the mesen-

chyme at the cap and bell stages. Furthermore, Six1 and

Six4 were asymmetrically expressed in the inner enamel epi-

thelium of the incisor tooth germs in the posterior side of

the labial cervical loop, which corresponds to the prolifera-

tion zone. These results suggest that changes in the com-

bined expression levels of Six family genes represent

specific stages of tooth germ development and that the Six

family genes may regulate tooth germ morphogenesis and

the proliferation and ⁄ or differentiation of ameloblast

stem ⁄ progenitor cells in the developing incisors.

Materials and methods

Animals

Animal experiments were carried out in accordance with the

Guide for the Care and Use of Laboratory Animals published by

the National Institutes of Health. The Committee for Animal

Experimentation of the Tohoku University Graduate School of

Medicine approved the experimental procedures described

herein. The midday of the vaginal plug was designated as

embryonic day 0.5 (E0.5). Pregnant ICR mice were purchased

from Charles River Japan (Yokohama, Japan).

Cloning of murine Six family cDNAs

Murine Six family cDNAs were amplified by RT-PCR using mRNA

prepared from the E14.5 ICR mouse embryos (Six1–5¢, Six1–3¢,
Six2–5¢, Six2–3¢, Six4–5¢, Six4–3¢, Six5–3¢, and Six6–5¢) or genomic

PCR using adult liver DNA of ICR mice (Six5–5¢). Primer sets

were designed based on the mouse sequences in the DDBJ ⁄
EMBL ⁄ GenBank database (accession numbers: Six1, AK031122;

Six2, BC068021; Six4, D50416; Six5, D83146, and Six6,

AK029309). The oligonucleotide primers which were used are as

follows: Six1–5¢ (44–336 bp, 3¢-GTCGATGCTGCCGTCGTTTG-5¢ and

5¢-GAAGTTTCTCGGCCTCCACGTAG-3¢); Six1–3¢ (558–571 bp, 5¢-AA

GAACCGGAGGCAAAGAGCA-3¢ and 5¢-TACCCTAACCGCCTCCCAT

AG-3¢); Six2–5¢ (302–821 bp, 5¢-CATGTCCATGCTGCCCACCTTC-3¢
and 5¢-CTTGAACCAGTTGCTGACTTGCGT-3¢); Six2–3¢ (875–

1426 bp, 5¢-GAACTCCAATTCCAGCAGCCACAAC-3¢ and TGCCTAG

TTCAAGACTCGGTCTCTG-3¢); Six4–5¢ (887–1890 bp, 5¢-GAGACCCA

GTCCAAAAGCGAA-3¢ and 5¢-GCGGACACATTAACCAACGAC-3¢);
Six4–3¢ (2067–2454 bp, TATTGTCCGGCCCGATGACC-3¢ and

5¢-GCTTCGCAAAGAAAAGGATTTGCTC-3¢); Six5–5¢ (627–1413 bp,

5¢-CGAGTCTGATGGGAACCCCACTAC-3¢ and 5¢-TGGAGCAGTGGAC

GAGGGAA-3¢); Six5–3¢ (1637–2049 bp, 5¢-GTCACACTCTGGGGCC

AATC-3¢ and 5¢-AGCACCTTGACACCATTGTCAG-3¢); and Six6–5¢
(150–1111 bp, 5¢-AAGTAGCCGGGGTATGTGAGAC-3¢ and 5¢-TTCT
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GTTCCAAAGGAGTCTTTGCAG-3¢). Amplification was performed

for 35 cycles under the following conditions: denaturation,

95 �C, 5 min; annealing, 60.8 �C (Six1–5¢, Six4–1¢), 63.5 �C (Six6–

5¢), 66.0 �C (Six1–3¢, Six2–5¢, Six2–3¢, Six4–3¢, Six5–5¢, and Six5–3¢),
1 min; and extension, 72 �C, 1 min. The amplified products were

cloned by blunting these fragments using T4 DNA polymerase

(Invitrogen, Carlsbad, CA) and inserting the fragments into the

EcoRV site of pBluescriptII SK ()) (Stratagene, La Jolla, CA).

In situ hybridization

In situ hybridization on frozen sections for embryonic tissues

was performed as described previously with minor modifications

(Ishii et al. 1998). E10.5 and E13.5 ICR mouse heads were fixed

in 4% paraformaldehyde (PFA) ⁄ phosphate-buffered saline (PBS)

overnight at 4 �C. E16.5 and E18.5 mouse fetuses were fixed by

perfusion with 4% PFA ⁄ PBS and additionally fixed in 4%

PFA ⁄ PBS overnight at 4 �C. Embryos and fetuses were embed-

ded in O.T.C. compound (Sakura, Tokyo), and cut into 12-lm

sections with a cryostat (CM-3050, Leica, Nussloch, Germany).

Digoxigenin (DIG)-labeled riboprobes were synthesized with T3

or T7 RNA polymerase (Promega, Madison, WI). Distinct ribop-

robes were generated from different cDNA fragments, and

these riboprobes were used as a mixture to enhance the signals

of Six1, Six2, Six4 and Six5. Alkaline phosphatase (AP)-conju-

gated anti-DIG antibody (1 : 5000, Roche) and NBT ⁄ BCIP (Wako

Pure Chemical Industries, Osaka, Japan) were used to promote

colour reactions. Images were recorded using a colour CCD cam-

era (HC-25000 3CCD, Fuji, Japan).

BrdU labeling

For short-pulse labeling of S-phase cells using bromodeoxyuridine

(BrdU, Sigma Chemical Co., St. Louis, MO), 50 mg mL)1 BrdU ⁄ PBS

solution was directly injected into the abdominal cavity of preg-

nant mice. Two hours later, the fetuses were fixed by perfusion

with 4% PFA ⁄ PBS and fixed in the same solution overnight at

4 �C. To detect BrdU-incorporated cells, sections were treated

with a 2 N HCl solution for 30 min at 37 �C and neutralized in Tris-

buffered saline Tween-20 (TBST). The sections were then blocked

with 2% goat serum ⁄ TBST and subsequently incubated overnight

at 4 �C with anti-BrdU mouse monoclonal antibody (1 : 50, Becton

Dickinson, Mountain View, CA) which was diluted with 2% goat

serum ⁄ TBST. A biotin-conjugated affinity purified anti-mouse IgG

donkey antibody (1 : 400, Chemicon International, Inc., Temecula,

CA) was used as a secondary antibody. The signal was enhanced

using both an ABC kit (Vector Laboratories, Burlingame, CA) and

enhanced DAB kit (Pierce, Rockford, IL). Images were recorded

using an Axioplan fluorescent microscope equipped with a colour

CCD camera (HC-25000 3 CCD, Fuji, Tokyo, Japan).

Results

Expression of Six family genes in the tooth-forming

areas of the maxilla and mandible

In situ hybridization on serial frontal sections revealed that

four members of the Six family genes (Six1, Six2, Six4 and

Six5)wereexpressedintheoralepitheliumandtheunderlying

mesenchyme with distinct spatial expression patterns at

E10.5 (Fig. 1A–L). In contrast, Six3 and Six6 expression was

not observed in the developing tooth-forming regions

(Fig. 1E,F,K,L). Six1 was highly expressed in the proximal

mesenchyme of the maxilla and mandible (Fig. 1A,B), and

Six2 was expressed in the maxillary mesenchymal cells and

in the proximal mandibular mesenchymal cells (Fig. 1C,D).

The Six4 signal was detected proximally in the oral epithe-

lium and mesenchyme of the maxilla, and its expression in

the mandible was uniform in both the oral epithelium and

the underlying mesenchyme (Fig. 1G,H). The Six4 expres-

sion domain partially overlapped with Six1 and Six2

domains (Fig. 1A,C,G). Six5 was uniformly expressed in the

epithelium and mesenchyme of the maxilla and mandible

(Fig. 1I,J). The sense RNA probes showed no hybridization

signal for any Six family gene (data not shown). Our

results revealed that Six1, Six2, Six4 and Six5 of the Six

family genes are expressed in the tooth-forming regions,

including the presumptive dental epithelium and the mes-

enchyme in the early stage of murine tooth development.

Six1 and Six2 are expressed in the dental

mesenchyme, and Six4 and Six5 are expressed both

in the dental epithelium and mesenchyme at the bud

stage

We next examined the expression patterns of Six family

genes in the tooth germ at the bud stage (E13.5). Six1 expres-

sion was not detected in the dental epithelium of the upper

and lower tooth germs (Fig. 2A2–A5). In the molar tooth

germs, Six1 expression was detected in the dental mesen-

chyme facing the dental epithelium (Fig. 2A4,A5), and

intense Six2 expression was detected in the dental mesen-

chymal cells with a pattern similar to Six1 (Fig. 2A4,A5,B4,B5).

However, in the incisor-forming region, the Six2 signal was

detected only in a population of mesenchymal cells

surrounding the dental epithelium at a low expression level

(Fig. 2B2,B3), and Six2 expression was not detected in the

dental epithelium (Fig. 2B4,B5). Six4 and Six5 expression was

observed in the dental epithelium and dental mesenchyme

of the incisor and the molar tooth germs (Fig. 2D1–D5 and

E1–E5). Six3 and Six6 expression was detected in the neural

retina (Fig. 2C1,F1), but not in the tooth-forming regions

(Fig. 2C2–C5 and F2–F5). These results suggest that Six1 and

Six2 are the dominant Six genes expressed in the dental mes-

enchyme, and Six4 and Six5 are similarly expressed both in

the dental epithelium and the mesenchyme at the bud stage.

Intense Six1 and Six4 signals appear in the inner

enamel epithelium of the incisor and molar tooth

germs at the late cap stage

We next looked at the expression patterns of the Six

family genes in the developing tooth germs at the late
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cap stage (E16.5). Interestingly, an intense Six1 signal

emerged in the inner enamel epithelium of the upper

and lower molar tooth germs. Moreover, Six1 was also

expressed in the dental follicle (Fig. 3A4,A5). However,

Six1 expression was not detected in the primordia of

these epithelia at earlier stages (Fig. 1A,B). In the incisor

tooth germs, Six1 expression was also detected in the epi-

thelial cells forming the inner enamel epithelium

(Fig. 3A2,A3) and was maintained in the dental mesen-

chyme forming the dental follicle of the molar and inci-

sor tooth germs at lower levels (Fig. 3A2–A5). Six2

expression was maintained in the dental mesenchyme

forming the dental papilla and the dental follicle in the

molar tooth germs (Fig. 3B4,B5). Interestingly, we also

observed pronounced expression of Six4 in the inner

enamel epithelium of the molar and incisor tooth germs

(Fig. 3D2–D5). We also detected Six4 expression in the

dental follicle of the upper incisor tooth germ (Fig. 3D2).

Six5 expression was detected in the inner enamel epithe-

lium, outer enamel epithelium, stellate reticulum and

dental mesenchyme (Fig. 3E1–E5). No expression of Six3

and Six6 was observed in the tooth germs (Fig. 3C2–C5

and F2–F5). These results suggest that Six1 and Six4 are

highly expressed in the enamel epithelial tissue at the

later cap stage.

Expression of Six1 and Six4 is maintained in the

inner enamel epithelium of the incisor and molar

tooth germs at the bell stage

The morphological structure of the tooth germs changes

into the bell shape with cell proliferation and differentia-

tion in the later stages. At E18.5, the Six1 and Six4 expres-

sion in the inner enamel epithelium was maintained both

in the incisor and the molar tooth germs (Fig. 4A2–A5 and

D2–D5). Six1 exhibited different expression levels in individ-

ual epithelial cells in the molar tooth germs (Fig. 4A4,A5).

In contrast to the Six1 expression, Six4 was uniformly

expressed in the inner enamel epithelium in the molar

tooth germs (Fig. 4D4,D5). Six1 expression was also

detected in the dental follicle of the molar tooth germs

(Fig. 4A4,A5). Six2 expression was observed in the dental

papilla and the dental follicle of the molar tooth germs

(Fig. 4B4,B5). The Six5 signal was detected in the inner

enamel epithelium, outer enamel epithelium, and stellate

reticulum and in the peripheral region of the dental papilla

(Fig. 4E1–E5). These results demonstrate that Six family

gene expression overlaps in the inner epithelium and the

dental follicle mesenchyme of the developing tooth germs

at the bell stage, and Six1 and Six4 expression is maintained

in the inner epithelium from the late cap to the bell stage.
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Six1 and Six4 are expressed in the ameloblast stem/

progenitor cells at the labial cervical loop of the

incisor tooth germs

The expression of amelogenin (Amelx), a gene crucial for

enamel formation, has been detected at the anterior (api-

cal) region of the labial inner enamel epithelium at E16.5 in

the murine incisor tooth germs (Klein et al. 2008). The pres-

ence of Amelx suggests that the anterior enamel epithelial

cells differentiate into ameloblasts and that the posterior

(proximal) enamel epithelial cells remain undifferentiated

as the ameloblast stem ⁄ progenitor cells. To determine

whether the expression of Six1 and Six4 observed in the

incisor enamel epithelium could be correlated with cell pro-

liferation, we compared the expression domains of Six1 and

Six4 with proliferation regions along the antero–posterior

axis by the BrdU-pulse labeling method at E18.5 (Fig. 5). We

found that Six1 expression was higher in the posterior

region of the upper and the lower incisor germs, and this
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expression pattern overlapped with the BrdU-incorporated

proliferation region in which TAs reside (Fig. 5A,D,E,

H,I,L,M,P). Furthermore, Six1 expression was also detected

in the stratum intermedium, which is located between the

inner enamel epithelium and newly forming cells of the

stellate reticulum (Fig. 5I). We also found that Six4 expres-

sion was detected in the posterior inner enamel epithe-

lium, which included TAs, but not in the anterior inner

enamel epithelium of the incisor tooth germs at E18.5

(Fig. 5B,D,F,H,J,L,N,P). Six1 and Six4 expression decreased in

anterior TAs, which were labeled with BrdU (Fig. 5I,J,L). Six1

and Six5 were expressed in the stellate reticulum including

ASCs (Fig. 5F,G,H,N,O,P). Six5 was also detected in the ante-

rior enamel epithelium including differentiated amelo-

blasts, and in the dental follicle and odontoblast

(Fig. 5C,G,K,O). Six1 and Six4 expression was only detected

in the labial side of the upper and lower incisor tooth germs

(Fig. 5A,B and Table 1). Therefore, these findings indicate

that epithelial cells expressing Six1 and Six4 would likely

include proliferating ameloblast stem ⁄ progenitor cells.
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mandible; Mx, maxilla; Tg, tongue. Scale bars = 400 lm (A1,B1,C1,D1,E1,F1), 200 lm (A2–A5,B2–B5,C2–C5,E2–E5,F2–F5).
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Discussion

Expression of Six family genes during murine tooth

development

Previous reports suggest that maxillary and mandibular

mesenchymal cells highly express Six1, Six2, and Six4 in the

mouse embryo, and these genes are simultaneously in the

same region in the early developmental stages (Oliver et al.

1995b; Ohto et al. 1998; Kawakami et al. 2000). We found

that Six1, Six2 and Six4 overlapped in the proximal mesen-

chyme, whereas Six1, Six2 and Six4 were differentially

expressed in the distal mesenchyme in the E10.5 maxillary

and mandibular arches (summarized in Table 1 and
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Fig. 6A). Furthermore, while Six4 was also found in the oral

epithelium including the presumptive dental epithelium,

Six1 expression was restricted to the oral mesenchyme. The

expression of Six5 in E10.5 mouse pharyngeal region has

been suggested by whole-mount staining (Gray et al. 2004),

and we also clearly demonstrated that Six5 is expressed not

only in the cranial mesenchymal cells but also in the oral

epithelial cells. Taken together, the expression patterns of

Six1, Six2, Six4, and Six5 suggest that Six family genes may

have a role in regionalization of the cranial mesenchyme,

possibly in a redundant manner, at the early stage of tooth

development.

The shape of the tooth germ changes through a series

of epithelial–mesenchymal interactions. At the bud stage
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(E13.5), Six1 and Six2 transcripts were widely found in

the maxillary and mandibular mesenchymal tissues. How-

ever, Six2 expression was not detected in most of the

dental mesenchymal cells surrounding the dental epithe-

lium of the upper and lower incisor tooth germs, in con-

trast to Six1 and Six4 expression. Therefore, development

of the incisor and molar tooth germs seems to be charac-

terized by distinct combinations of Six family gene

expression.

At the late cap stage (E16.5), Six4 expression diminishes in

the dental follicle cells of the molar tooth germ, while Six1

is expressed in the inner enamel epithelial cells in the molar

tooth germ. Our results indicate that the expression levels

of Six1 are unequal in the E16.5 and E18.5 molar inner

enamel epithelial cells, whereas Six4 expression is detected

in these cells at equal expression levels. This observation

raises the possibility that Six4 expression initially starts in

the undifferentiated epithelial cells, and that Six1 expres-

sion may be detected in differentiated cells such as the

preameloblasts in ameloblast development.

Comparative analysis of Six family gene expression also

revealed that individual members of the Six family are

expressed in specific regions and stages of the molar and

incisor tooth germs. An intense Six1 signal was detected

in the stratum intermedium in incisor tooth germs at

the bell stage. Six5 expression was pronounced in the

Table 1 Expression of Six1, Six2, Six4 and Six5 in murine incisors and molars.

Age Region Six1 Six2 Six4 Six5

E10.5 Medial Upper Oral epithelium ) ) ) +

Oral mesenchyme ) + ) +

Lower Oral epithelium ) ) + +

Oral mesenchyme ) ) + +

Proximal Upper Oral epithelium ) ) + +

Oral mesenchyme + + + +

Lower Oral epithelium ) ) + +

Oral mesenchyme + + + +

E13.5 (bud stage) Incisors Upper Dental epithelium ) ) + +

Dental mesenchyme + +* ) +

Lower Dental epithelium ) ) + +

Dental mesenchyme + +* ) +

Molars Upper Dental epithelium ) ) + +

Dental mesenchyme + + + +

Lower Dental epithelium ) ) + +

Dental mesenchyme + + + +

E16.5 ⁄ E18.5 (late cup stage ⁄ bell stage) Incisors Upper Inner enamel epithelium +** ) +** +

Outer enamel epithelium ) ) ) +

Basal epithelium ) ) + +

Stellate reticulum ) ) +*** +

Dental follicle + ) + +

Dental papilla ) ) ) +

Lower Inner enamel epithelium +** ) +** +

Outer enamel epithelium ) ) ) +

Basal epithelium +* ) + +

Stellate reticulum ) ) +*** +

Dental follicle ) ) ) +

Dental papilla ) ) ) +

Molars Upper Inner enamel epithelium + ) + +

Outer enamel epithelium ) ) ) +

Stellate reticulum ) ) ) +

Dental follicle + + ) +

Dental papilla +* +* ) +

Lower Inner enamel epithelium + ) + +

Outer enamel epithelium ) ) ) +

Stellate reticulum ) ) ) +

Dental follicle + + ) +

Dental papilla +* +* ) +

*Partial expression.

**Expression in the posterior epithelial cells on the labial side.

***Expression on the labial side.
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mesenchyme-derived dental papilla and odontoblasts in

incisor and molar tooth germs at the cup and bell stages,

whereas Six1, Six2, and Six4 were downregulated in the

same regions and stages. Thus, Six1 and Six5 may possess

specific and discrete functions that operate in the later

development of dental epithelial and mesenchymal cells.

Possible roles of Six1 and Six4 in the ameloblast

stem/progenitor cells in the incisor tooth germ

In the rodent incisor tooth germ, ASCs in the stellate reticu-

lum compartment of the labial cervical loop produce TAs,

and these cells anteriorly translocate and differentiate into

enamel-forming ameloblasts. Recent studies have shown

that the FGF3 and FGF10 signaling molecules from the

dental papilla mesenchyme promote the proliferation of

ASCs and TAs in the labial cervical loop, while follistatin and

Sprouty inhibit cell proliferation of epithelial cells in the lin-

gual cervical loop through inhibition of the BMP and FGF

signaling pathways (Harada et al. 2002; Wang et al. 2004,

2007; Klein et al. 2008). In the mouse, transcripts of Amelx

have been detected in the anterior inner enamel epithelium

at E16.5 (Klein et al. 2008). This observation suggests that

the anterior epithelial cells start to differentiate into amelo-

blasts that secrete enamel matrix, which is independent of

ameloblast formation from epithelial stem cells in the cervi-

cal loop (Lesot et al. 2002). The intense expression of Six1 is

notably only detected in the labial-posterior side of the inci-

sor tooth germ, which includes BrdU-positive TAs (Harada

et al. 1999, 2002; Wang et al. 2007). Furthermore, Six4

expression also becomes restricted to the labial-posterior

epithelium and the stellate reticulum in which BrdU-positive

TAs ⁄ ASCs reside. In contrast to Six1 and Six4 expression, Six5

expression was detected in the inner enamel epithelium and

stellate reticulum on both the labial and lingual sides. These

results suggest that Six1 and Six4 rather than Six5 contribute

to ameloblast proliferation and differentiation after E16.5.

It has been reported that Six1 and Six4 are involved in

the regulation of proliferation and differentiation of cells

derived from the sensory placodes and the neural crest

(Zheng et al. 2003; Ozaki et al. 2004; Ikeda et al. 2007; Chen

et al. 2008). For example, apoptosis increased in the otic

vesicle epithelium in the Six1 homozygous mutant embryo

(Ozaki et al. 2004), and Hes1 and Hes5, which inhibit neuro-

nal differentiation, were upregulated in the olfactory epi-

thelium (Ikeda et al. 2007), suggesting that Six1 has

bimodal functions in the morphogenesis of various tissues.

Six1 is also necessary for cyclinA1 expression in the embry-

onic mammary gland, and Six1-overexpression facilitates

cell proliferation in mouse embryonic fibroblasts (Coletta

et al. 2004). Therefore, it is possible that Six4 maintains

stemness of ASCs in the labial cervical loop, and that Six1

and Six4 cooperatively regulate the proliferation and ⁄ or

differentiation of TAs.

Interestingly, the region expressing Six1 faces the FGF3-

producing dental mesenchyme in the incisor tooth germs

while Six4 expression is extended into the basal epithelium

neighboring FGF10-producing mesenchymal cells (Harada

et al. 2002). FGF10 is known to inhibit apoptosis of ASCs

and to maintain a stem cell pool of self-renewing ASCs

(Harada et al. 2002). However, transcription factors regu-

lated by FGF signaling pathway and markers of TAs ⁄ ASCs

have not yet been identified in the incisor tooth germs. In

the wild-type mice, Fgf3 is asymmetrically expressed only in

the labial side by E16.5 (Harada et al. 1999). In contrast, the

Fgf3 expression was ectopically observed in the lingual mes-

enchyme of the Sprouty4 mutant mice at E16.5, suggesting

that epithelial–mesenchymal FGF signaling loop in the

labial incisor establishes ASCs in the cervical loop by E16.5

(Klein et al. 2008). The Six1 and Six4 genes are most likely

regulated by FGF3 and FGF10 on the labial side in light of
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Fig. 6 Schematic illustration showing expression patterns of Six family

genes during murine tooth development. (A) Expression patterns at

E10.5. (B) Expression patterns in the lower incisor and molar tooth

germs at the bud stage (E13.5). (C) Expression patterns in the upper

incisor and lower molar tooth germs at the late cap (E16.5) and the

bell (E18.5) stages. (D) Expression patterns in the upper incisor germs

at E18.5 along the anterior–posterior (apical–proximal) axis. Six1

expression, orange; Six2 expression, pink; Six4 expression, green; Six5

expression, blue; Md, mandible; Mx, maxilla; Mes, mesenchyme; OE,

oral epithelium; DE, dental epithelium; DM, dental mesenchyme; DF,

dental follicle; IEE, inner enamel epithelium; OEE, outer enamel

epithelium; O, odontoblast; SR, stellate reticulum; DP, dental papilla;

A, anterior; P, posterior.
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the onset of expression of these two genes in the incisor

epithelium, and Six1 is characterized as a first TAs marker,

although the role of Six1 in ameloblast formation remains

to be studied.

Concluding remarks

We found that dynamic changes in the combinations of

Six1, Six2, Six4 and Six5 expression represent specific stages

of murine tooth germ development, and the expression of

Six1 and Six4 was also detected in the inner enamel epithe-

lium of the molar and incisor tooth germs in the later

stages. Furthermore, the expression of Six1 and Six4 became

restricted to the proliferation zone within the labial incisor

cervical loop in which the epithelial ameloblast stem ⁄
progenitor cells reside.
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