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Objectives: To investigate potential functions of transforming growth factor-beta (TGF-β) isoforms in
maturation-stage ameloblasts during amelogenesis.
Methods: In vivo activation of TGF-β was characterized by using matrix metalloproteinase 20 null
(Mmp20-/-) and wild-type (Mmp20þ /þ) mice. Using mHAT9d cells cultured in the presence of each TGF-β
isoform, (1) cell proliferation was determined by MTS assay, (2) immunostaining with anti-cleaved
caspase-3 monoclonal antibody was performed and apoptotic indices were measured, (3) gene expres-
sion was analyzed by RT-qPCR, and (4) the uptake of amelogenin into mHAT9d cells was directly ob-
served using a fluorescence microscope.
Results: TGF-β1 and TGF-β3 were present in the enamel matrix of developing teeth which were activated
by MMP20 in vivo. A genetic study revealed that the three TGF-β isoforms upregulate kallikrein 4 (KLK4)
mRNA levels but downregulate carbonic anhydrase II. Moreover, TGF-β1 and TGF-β2 significantly up-
regulated the mRNA level of amelotin, whereas TGF-β3 dramatically downregulated the mRNA levels of
odontogenic ameloblast-associated protein (ODAM), family with sequence similarity 83 member H
(FAM83H), and alkaline phosphatase (ALP). Immunostaining analysis showed that the apoptosis of
mHAT9d cells is induced by three TGF-β isoforms, with TGF-β3 being most effective. Both TGF-β1 and
TGF-β3 induced endocytosis of amelogenin.
Conclusions: We propose that TGF-β is regulated in an isoform-specific manner to perform multiple
biological functions such as gene expression related to the structure of basal lamina/ameloblasts, mineral
ion transport, apoptosis, and endocytosis in maturation-stage ameloblasts.

& 2019 Japanese Association for Oral Biology. Published by Elsevier B.V. All rights reserved.
1. Introduction

Enamel formation progresses through three developmental
stages: secretion, transition, and maturation. During these three
stages, enamel proteins are secreted, proteolytically processed,
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stages. These enamel proteins eventually diminish from the matrix
and are present in trace amounts by the late maturation stage. The
degradation and removal of enamel proteins progress through the
action of proteases and cleaved proteins, and/or reabsorption of
small fragments from the matrix via endocytosis by maturation-
stage ameloblasts [3].

Following internal reorganization of ameloblasts during the
transition stage, a specialized basal lamina forms along the
distal membrane of maturation-stage ameloblasts, which varies
between ruffle-ended and smooth-ended forms [4]. Although
approximately 50% of ameloblasts undergo apoptosis during
both the transition and maturation stages [5], maturation-stage
ameloblasts synthesize proteins and enzymes associated with
the structure of the basal lamina and the transport of mineral
ions, finally increasing width and thickness of the enamel
crystallites.

Transforming growth factor-beta (TGF-β) induces proliferation,
differentiation, chemotaxis, and apoptosis in monocytes and in
epithelial, mesenchymal, and neuronal cells [6]. TGF-β1, TGF-β2,
and TGF-β3 exhibit similar biological activities in mammals [7,8].
In pigs, the active-form of TGF-β1 is present in the extracellular
matrix of secretory-stage enamel [9], and is activated by enamel-
ysin (MMP20) in vitro [10]. The activated TGF-β1 binds to water-
soluble amelogenin cleavage products to maintain its activity. The
amelogenin-TGF-β1 complex binds to the TGF-β receptor moving
in the liquid phase and regulates multiple events not only in se-
cretory-stage ameloblasts but also in transition- and maturation-
stage ameloblasts via autocrine signal transduction [10].

In this study, we evaluated the different functions of TGF-β
isoforms, focusing on the stages beyond the secretory phase. We
investigated in vivo activation, cell proliferation, apoptosis, gene
expression, and endocytosis at the protein, histological, and ge-
netic levels.
2. Materials and methods

2.1. MMP20 knockout mouse and genotyping

Mmp20(þ/-) mice with C57BL/6 and P129 backgrounds were
purchased from the Mutant Mouse Regional Resource Center
(Columbia, MO) and bred to generate wild-type [Mmp20(þ/þ)],
heterozygous [Mmp20(þ/-)], and null [Mmp20(-/-)] strains. Mice
were genotyped at 4-weeks of age, as previously described [11].

2.2. Enzyme assay (ALP-HPDL system)

Human periodontal ligament cells (HPDLs) were purchased
from Lonza (Lonza, Walkersville, MD, USA). Cell culture and ALP
activity assays were performed based on our previous method [9].

2.3. Enzyme-linked immunosorbent assay (ELISA)

TGF-β1, TGF-β2 and TGF-β3 in protein samples extracted from
the first molars of Mmp20þ /þ , Mmp20þ /- and Mmp20-/- mice at
days 5 and 11 were evaluated with a sandwich enzyme im-
munoassay method using a Quantikine ELISA kit (R&D Systems,
Inc., Minneapolis, MN, USA).

2.4. Cell proliferation assay

The proliferation rate of mHAT9d cells using six 96-well plates
was determined on days 0, 1 and 2 by the CellTiter 96

s

AQuous One
Solution Cell Proliferation Assay (MTS assay) (Promega Corpora-
tion, Madison, WI, USA) [12].
2.5. Reverse transcription quantitative polymerase chain reaction
(RT-qPCR)

RT-qPCR of the total RNA prepared from mHAT9d cells or
murine enamel organ epithelium was performed using the SYBR
Green technique on a LightCycler Nano system (Roche Diagnostics,
Mannheim, Germany). The specific primer sets and reaction con-
ditions are shown in Appendix Table A1.

2.6. Assessment of apoptosis by immunohistochemistry

On day 10, after culturing in the absence or presence of TGF-β
isoforms, mHAT9d cells on chamber slides were immunostained
with anti-cleaved caspase-3 monoclonal antibody. The apoptosis
of mHAT9d cells was assessed by the apoptotic index, calculated as
the percentage of the whole mHAT9d cell population [12].

2.7. Preparation of fluorescent-labeled amelogenin

The P103 amelogenin, which is a cleavage product of P173
original amelogenin, was purified from 5-month-old porcine sec-
ond molar by using our previous method [10,13]. The purified
P103 amelogenin was fluorescent-labeled with HyLyte Fluor 647
labeling Kit (Dojindo Molecular Technologies, Inc., Rockville, MD,
USA). After the removal of excess dye with PD-10 column
(GE Healthcare, Chicago, IL, USA), the HyLyte Fluor 647-labeled
P103 amelogenin was finally purified by reverse phase-high per-
formance liquid chromatography using a Discovery C18 column.

2.8. Uptake of amelogenin-cleaved products into mHAT9d cells

The HyLyte Fluor 647-labeled P103 amelogenin was added to
subconfluent mHAT9d cells (1.0 � 103 cells/well in a 96 well plate)
at a final concentration of 1mg/mL. Following a 1–2 h incubation
in the presence or absence of TGF-β isoforms, the uptake of
amelogenin was observed using a fluorescent microscope (Biozero
BZ-8100, Keyence, Osaka, Japan).

2.9. Statistical analysis

For ELISA and enzyme assays with the ALP-HPDL system, all
values are presented as the mean 7 s.e.m. Statistical significance
was determined using an unpaired Student t-test for ELISA and
ALP-HPDL, a Steel-Dwass test for the MTS assay and a RT-qPCR
analysis and Mann-Whitney U test for apoptosis indices. In all
cases, p o 0.001, p o 0.01 or p o 0.05 were regarded as statis-
tically significant.
3. Results

3.1. Activation of TGF-β by MMP20 in vivo

By using Mmp20þ /þ , Mmp20þ /- and Mmp20-/- mice and the
ALP-HPDL system, we determined the in vivo TGF-β activity. We
initially observed mandibular incisor morphology in 3-month-old
Mmp20þ /þ and Mmp20-/- mice using backscattered scanning
electron microscopy (bSEM) (Appendix Fig. A1) and characterized
enamel proteins extracted from the first molars of Mmp20þ /þ ,
Mmp20þ /- and Mmp20-/- mice at days 5 and 11 (Appendix Fig. A2).

After confirming that above results were consistent with the
previous data [14,15], we determined ALP-inducing activity in
HPDL cells of the enamel extracts. The activity of TGF-β sig-
nificantly differed among Mmp20þ /þ , Mmp20þ /- and Mmp20-/-

mice (Fig. 1A). Both day-5 and day-11 protein samples from mice
of all the genotypes showed enhanced ALP-inducing activity, but



Fig. 1. Detection of TGF-β at days 5 (5) and 11 (11) in wild-type (WT), matrix metalloproteinase 20 (Mmp20) heterozygous (Het) and Mmp20 null (KO) mice. (A) ALP-inducing
activity of HPDL cells exposed to protein fractions at day 5 (left) and day 11 (right) (n ¼ 6). The asterisk (*) on the bar graph indicates a significant difference between the WT
and KO samples. Values are expressed as the mean 7 s.e.m. (*p o 0.05, Student's t-test). (B) ELISA for the detection of TGF-β isoforms: TGF-β1 (left), TGF-β2 (middle) and
TGF-β3 (right) (n ¼ 6). On the bar graph, a significant difference from WT values is indicated with an asterisk (*) for day 5 mice and a dagger (†) for day 11 mice. Values are
expressed as the mean 7 s.e.m. (*p o 0.05 and †p o 0.05, Student's t-test).
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the intensity of ALP-inducing activity in the Mmp20-/- mice was
approximately 1.4–1.7-fold lower than that in Mmp20þ /þ mice.
Fig. 1B shows ELISA results using TGF-β1, TGF-β2 and TGF-β3
antibodies (Appendix Fig. A3). Both TGF-β1 and TGF-β3 were
predominantly detected in the protein samples of all the geno-
types, but TGF-β2 was barely detected. Interestingly, the con-
centrations of TGF-β1 and TGF-β3 in the Mmp20þ /- and Mmp20-/-

mice were significantly lower than those in the Mmp20þ /þ mice.
In addition, the amount of TGF-β3 in the Mmp20þ /- and Mmp20-/-

mice was significantly different between day 5 and day 11.

3.2. Proliferation rate of mHAT9d cells

Because TGF-β is activated by MMP20 in vivo, we investigated
the in vivo function of the active-form of TGF-β during amelo-
genesis using a dental epithelial cell line derived from the apical
bud of a mouse incisor (mHAT9d) [16] and the effects of TGF-β
isoforms on cell proliferation (Fig. 2A). We previously determined
that the maximum effective concentration of human recombinant
TGF-β1 for HPDL cells is 1 ng/mL (Appendix Fig. A4). Based on
these data and the supplier's product data sheet, we decided to
use 1 ng/mL of each TGF-β isoform for subsequent cell experi-
ments. Compared to day 0 (before the start of culture), the pro-
liferation rate of cells cultured in the absence of TGF-β isoforms
(i.e., control cells) increased by 2.68-fold at day 2. Culturing cells in
the presence of TGF-β isoforms also increased the rate of pro-
liferation (2.21-fold for TGF-β1, 2.05-fold for TGF-β2 and 1.53-fold
for TGF-β3 at day 2), but these cell growth rates were suppressed
compared to that of the control, in particular, the effect of TGF-β3
was remarkable. Moreover, the cell population doubling time in
the presence of the TGF-β isoforms increased in the order of
TGF-β3 44 TGF-β2 4 TGF-β1 (Fig. 2B).

3.3. Expression of enamel-formation-related genes in mHAT9d cells

We investigated whether TGF-β isoforms affect the mRNA
expression of enamel-formation-related genes in mHAT9d cells
(Fig. 3). For RT-qPCR analysis, day 10 of culture, when the cells
reached confluence after being exposed to the various conditions,
was chosen as the measurement time point. Using RT-qPCR,
primer sets that we designed (Appendix Table A1) and total RNA
isolated from mHAT9d cells at day 10 after culture in the presence
or absence of each TGF-β isoform, we quantified the mRNA
expression levels of amelogenin (Amel), enamelin (Enam), amelo-
blastin (Ambn) and enamelysin (Mmp20) as marker genes for s
ecretory-stage ameloblasts, and amelotin (Amtn), odontogenic
ameloblast-associated protein (Odam), kallikrein 4 (Klk4), carbonic
anhydrase (Car2) and V-type proton ATPase (Atp6v1e1) as marker
genes for maturation-stage ameloblasts. We also measured the
mRNA expression levels of family with sequence similarity 83
member H (Fam83h), WD repeat-containing protein 72 (Wdr72),
and alkaline phosphatase (Alp). Compared to the control cells
grown in the absence of TGF-β, three TGF-β isoforms significantly
upregulated the mRNA level of Klk4 (5.83-fold for TGF-β1, 5.17-fold
for TGF-β2 and 5.29-fold for TGF-β3), but significantly down-
regulated that of Car2 (1.47-fold for TGF-β1, 1.43-fold for TGF-β2
and 3.33-fold for TGF-β3). Both TGF-β1 and TGF-β2 enhanced the
mRNA level of Amtn (2.31-fold for TGF-β1 and 2.35-fold for
TGF-β2), but they did not affect the mRNA levels of Odam, Fam83h,
Wdr72, Alp and Atp6v1e1. Interestingly, TGF-β3 significantly
downregulated Odam (3.77-fold), Fam83h (3.18-fold), Wdr72 (3.69-
fold) and Alp (5.74-fold) but had no effect on Atp6v1e1. The ex-
pression of marker genes for secretory-stage ameloblasts, namely,
Amel, Enam, Ambn and Mmp20, was barely detected in the
mHAT9d cells used in this study. In Table 1, we summarize the
effect of the TGF-β isoforms on the expression of related genes for
maturation-stage-ameloblasts in the mHAT9d cells.

3.4. Apoptosis of mHAT9d cells

As the RT-qPCR analysis was carried out at day 10 after culture, we
also performed the apoptosis experiment at the same time point.



Fig. 3. Effect of TGF-β isoforms on gene expression in mHAT9d cells. RT-qPCR analysis at day 10 after culture in the absence (C) or presence of TGF-β1 (β1), TGF-β2 (β2) and
TGF-β3 (β3). Klk4: kallikrein 4, Amtn: amelotin, Odam: odontogenic ameloblast-associated protein, Fam83H: family with sequence similarity 83 member H, Wdr72: WD
repeat-containing protein 72, Car2: carbonic anhydrase II, Atp6v1e1: V-type proton ATPase, Alp: alkaline phosphatase, Amel: amelogenin, Enam: enamelin, Ambn: amelo-
blastin and Mmp20: enamelysin. PC: the total RNA prepared from enamel organ epithelium of day 5 mouse first molars. N.D: not determined. Each mRNA expression value
was normalized to that of the reference gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and the relative quantification data for Klk4, Amtn, Odam, Fam83H,Wdr72,
Car2, Atp6v1e1, Alp, Amel, Enam, Ambn and Mmp20 in mHAT9d cells were generated on the basis of a mathematical model for relative quantification in a RT-qPCR system (n
¼ 6). All values are presented as the mean 7 s.e.m. (*p o 0.05, Steel-Dwass test).

Fig. 2. Effect of TGF-β isoforms on the proliferation of mHAT9d cells. (A) MTS assay. Cells in the absence (c) or presence of TGF-β1 (β1), TGF-β2 (β2) and TGF-β3 (β3) on day 0,
1 and 2 were cultured at a final volume of 120 μL/well for 1 h at 37 °C. MTS reagent was added, and an absorbance of 450 nm was recorded using a microplate reader
(n ¼ 8 tests per sample). Values are expressed as the mean 7 s.e.m. (*p o 0.01, Steel-Dwass test). (B) Cell population doubling time against days after cell culture in the
absence (c) or presence of TGF-β1 (β1), TGF-β2 (β2) and TGF-β3 (β3). Cell population doubling time was calculated by a regression curve. Data are means 7 s.e.m.
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Apoptotic bodies were observed in hematoxylin-eosin (HE)-stained
sections from mHAT9d cells cultured with or without each of the
TGF-β isoforms (Fig. 4A). Eosinophilic apoptotic bodies as detected by
light microscopy in HE-stained mHAT9d sections are shown in
Fig. 4A. The same mHAT9d cells were used for an im-
munohistochemical study of cleaved caspase-3-positive cells. Com-
pared to the negative controls, putative preapoptotic cells were ob-
served to be stained brown and were characterized by a positive



Table 1
Effect of TGF-β isoforms on gene expression of related genes for maturation-stage
ameloblasts in mHAT9d cells.

TGF-β1 TGF-β2 TGF-β3

Klk4 ↑ ↑ ↑
Amtn ↑ ↑ -

Odam - - ↓
Fam83h - - ↓
Wdr72 - - ↓
Car2 ↓ ↓ ↓
Alp - - ↓
Atp6v1e1 - - -

Note: Arrow indicates ↑: up-regulation, ↓: down-regulation and -: no effect.

M. Okubo et al. / Journal of Oral Biosciences 61 (2019) 43–54 47
antibody-reaction with mainly cytoplasmic localization. We further
quantitated the occurrence of cleaved caspase-3-positive cells. The
total number of caspase-3-positive apoptotic events for four groups
were counted, and the apoptotic indices (AIs) calculated for the dif-
ferent treatment groups are shown in Fig. 4B. Approximately, 3% of
caspase-3-labeled cells were detected in the control (3.11 7 0.32%).
The AIs of the TGF-β-treated mHAT9d cells were 5.41 7 0.76% for
TGF-β1, 6.98 7 0.94% for TGF-β2, and 11.29 7 1.12% for TGF-β3.
Compared to the control AIs, the AIs in the TGF-β-treated mHAT9d
cells were significantly higher (approximately 1.74-fold for TGF-β1,
2.24-fold for TGF-β2, and 3.63-fold for TGF-β3).
Fig. 4. Effect of TGF-β isoforms on apoptosis in mHAT9d cells. (A) Immunohistochem
following culture in the absence (Control) or presence of TGF-β1, TGF-β2 and TGF-β3. (A)
by transmitted-light microscopy (HE) (magnification: 200� ). Apoptotic bodies in mHAT
without a primary antibody (NC). The images are a high magnification (400� ) of the ar
indices was calculated as the percentage of the whole mHAT9d cell population (n ¼ 15).
U test).
3.5. Uptake of amelogenin-cleaved products into mHAT9d cells

As enamel proteins undergoing proteolytic cleavage are
removed from the matrix via endocytosis by ameloblasts [17],
we examined whether TGF-β is involved in the endocytic ac-
tivity of mHAT9d cells. To perform this experiment, we initially
purified a water-soluble amelogenin (P103 amelogenin) from
5-month-old porcine second molars and fluorescence-labeled
it with HiLyte Fluor 647 (Appendix Fig. A5). In living mHAT9d
cells, HiLyte Fluor 647-labeled P103 amelogenin was found to
be distributed in the cytosol (Fig. 5). Imaging at 1 and 2 h after
the uptake revealed that both TGF-β1 and TGF-β3 enhanced
the fluorescence intensity of HiLyte Fluor 647-labeled P103
amelogenin, compared to that of the control without TGF-β
treatment (Fig. 5A). Treatment with TGF-β2 also slightly in-
creased the fluorescence intensity (Fig. 5A). We further at-
tempted to confirm that the protein up taken by mHAT9d cells
was indeed P103 amelogenin by using immunofluorescence
staining. Following 6.5 h of TGF-β1 treatment, cells were col-
lected and stained with 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI) and an Alexa Fluor 488-labeled anti-ame-
logenin antibody. When we combined the image of DAPI
staining the nuclei of all fixed mHAT9d cells (Fig. 5B) and the
Alexa Fluor 488 filtered image corresponding to the location of
P103 amelogenin (Fig. 5B), the merged image revealed that
P103 amelogenin was mainly localized in the cytosol of
mHAT9d cells (Fig. 5B). The image of Alexa Fluor 488 was
consistent with that of HiLyte Fluor 647, as described above.
The fluorescence intensity of TGF-β1 and TGF-β3 at 1 h was
ical detection of apoptosis and (B) apoptotic indices in mHAT9d cells on day 10
Eosinophilic apoptotic bodies in hematoxylin-eosin-stained mHAT9d cells detected
9d cells stained by cleaved caspase-3 antibody (CASP3); the control was processed
ea boxed in the Figure. (B) Apoptotic indices in mHAT9d cells. Each of the apoptotic
Values are expressed as the mean percentage 7 s.e.m. (*p o 0.001, Mann-Whitney



Fig. 5. Effect of TGF-β isoforms on the uptake of P103 amelogenin into mHAT9d cells. (A) Fluorescence detection of HyLyte Fluor 647-labeled P103 amelogenin into mHAT9d
cells at 1 and 2 h following uptake in the absence (Control) or presence of TGF-β1, TGF-β2 and TGF-β3 (scale bar, 100 μm). (B) Immunofluorescence analysis of amelogenin in
mHAT9d cells at 6.5 h following culture in the presence of amelogenin (Amel) or in the absence of amelogenin (NC) without the addition of TGF-β isoforms. Detection of
amelogenin (green) in fixed mHAT9d cells was carried out by using a mouse amelogenin antibody at a dilution of 1:500 and an Alexa Fluor 488-conjugated rabbit anti-mouse
antibody at a dilution of 1:500. DAPI was used to stain the cell nuclei (blue) at a concentration of 2 μg/mL (scale bar, 100 μm). (C) Quantification analyses of uptake of HyLyte
Fluor 647-labeled P103 amelogenin into mHAT9d cells at 1 and 2 h following uptake in the absence (Cont) or presence of TGF-β1, TGF-β2 and TGF-β3. The fluorescence
intensity of cells (n ¼ 6) was calculated in the same specified range (0.5 cm � 0.5 cm) by using ImageJ software and normalized the fluorescence intensity of control as 1.
Values are expressed as the mean percentage 7 s.e.m. (*p o 0.05, **p o 0.01 Student-t test).
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significantly higher (2.9-fold for TGF-β1 and 2.1-fold for TGF-
β3) than that of control. The fluorescence intensity of TGF-β2
also showed a tendency to increase, but there was no sig-
nificant difference with respect to control. At 2 h, the fluores-
cence intensity against control of TGF-β1 was reduced (2.1-
fold), but that of TGF-β3 was maintained (2.0-fold) (Fig. 5C).
4. Discussion

TGF-β is activated by several factors, such as pH [18], reactive
oxygen species [19], thrombospondin-1 [20] and integrin [21–25].
MMPs such as MMP2 and MMP9 also activate TGF-β through
proteolytic degradation of the latent TGF-β complex [25,26]. Ac-
tive TGF-β is present in the extracellular matrix of secretory-stage
enamel and induces the differentiation of human periodontal
ligament cells [9]. In the present study, we decided to use
Mmp20-/- mice for a better understanding of in vivo TGF-β acti-
vation by MMP20 [27] and demonstrated that the TGF-β activity in
Mmp20-/- mice was significantly lower than that in Mmp20þ /þ

mice and Mmp20þ /- mice at days 5 and 11. We interpret this
finding as evidence that MMP20 is one of the activators for TGF-β
in the enamel matrix in vivo.

TGF-β is activated by the αvβ6 integrin [23] which is expressed by
ameloblasts. It plays an important role in regulating amelogenin de-
position and the deletion of this integrin causes severe abnormalities
in enamel development with the accumulation of amelogenin [28].
Although MMP20 is one of the key activators of TGF-β in vivo, its
activity has been detected in enamel samples of Mmp20 null mice.
This finding suggests that TGF-β in enamel matrix is also activated by
another factor other than MMP20 such as αvβ6 integrin.
TGF-β signaling is partially mediated by regulating Mmp20 mRNA

expression [29]. In porcine dental pulp tissue, active-form of TGF-β1
enhances Mmp20 mRNA expression [27]. Both TGF-β1 and TGF-β3
were predominant in enamel but TGF-β2 had a trace concentration.
Moreover, the expression of both TGF-β1 and TGF-β3 decreased in
Mmp20þ /- and Mmp20-/- mice, and in particular, TGF-β3 dramatically
decreased in mice at day 11. This finding suggests that the autocrine
signaling of TGF-β through MMP20 is not as well-regulated as other
reactions related to MMP20 in secretory-stage enamel followed by
early maturation-stage enamel.

TGF-β inhibits the growth of cells such as epithelial cells, en-
dothelial cells, embryonic fibroblasts and hematopoietic cells by
inhibiting cyclin dependent kinase activities associated with the
G1 to S phase progression [30–35]. mHAT9d is a mouse inner
enamel epithelial cell line derived from the apical bud region of a
mouse incisor [16,36]. We demonstrated that three TGF-β isoforms
inhibited cell growth in mHAT9d cells and that TGF-β3 was the
most suppressive at day 2 in particular. Considering that the cell
population doubling time was increased by TGF-β3 (approxi-
mately 2.0 to 2.5-fold) over that induced by TGF-β1 and TGF-β2,
our finding suggests that the cell growth in mHAT9d cells is
regulated in TGF-β isoform-specific manner.

A transcriptome study of laser micro dissected ameloblasts
obtained from day 5 and days 11–12 mouse first molars showed
that 373 genes were more highly expressed in secretory-stage
ameloblasts, whereas 614 genes were increased in maturation-
stage ameloblasts [37]. We analyzed mRNA levels of the widely
known marker genes of secretory- and maturation-stage
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ameloblasts (see “Selected genes for RT-qPCR analysis” in the Ap-
pendix A). Our RT-qPCR analysis at day 10 after culture in the
absence of TGF-β isoforms demonstrated that most maturation-
stage genes such as Klk4, Amtn, Odam, Atp6v1e1 and Car2 were
expressed in mHAT9d cells, but trace levels of Amel, Enam, Ambn
and Mmp20 were detected. This result suggests that the mHAT9d
cells used in the present study show maturation stage
characteristics.

TGF-β1, TGF-β2 and TGF-β3 have similar functions in mammals
[7,8]. TGF-β isoforms are expressed by ameloblasts throughout ame-
logenesis, but their expression levels vary depending upon the dif-
ferentiation stage. We demonstrated that the mRNA expression levels
of the TGF-β isoforms were predominantly in the order of TGF-β2
44 TGF-β1 4 TGF-β3 in mHAT9d cells. However, our ELISA analysis
showed that TGF-β2 was barely detected in the mouse enamel matrix
at both day 5 and day 11. The reason for this contradiction between
cultured cells and the matrix is currently unknown.

Three TGF-β isoforms bind to two TGF-β type I receptors (TGFBR1)
and two TGF-β type II receptors (TGFBR2) to form a heterodimeric
complex involved in signal transduction. We previously showed the
presence of the mRNA of the TRFBR1 transcript through secretory-,
transition- and maturation-stages, although its level at the secretory-
stage was higher than that at other two stages [10]. TGF-β isoforms
have indicated that TGF-β1 is closely related to the differentiation of
enamel organ cells and the initiation of matrix secretion; TGF-β2,
to cellular differentiation; and TGF-β3, to mineral maturation
matrix [38]. In other areas of research such as embryogenesis, wound
healing and palatal suture fusion TGF-β isoforms (especially TGF-β1
and TGF-β3) have been shown to possess distinct and opposing
effects in vivo [39–42]. In the present study, we demonstrated that
three TGF-β isoforms specifically regulate gene expression in ma-
turation-stage ameloblasts; in particular, it is very interesting that
TGF-β3 downregulated the expression of most of the genes, such as
Amtn, Odam, Fam83h, Wdr72, Car2 and Alp, but upregulated the
expression of Klk4. These findings suggest that an antagonistic
relationship and/or a different pathway (i.e. Smad and non-Smad)
may exist among TGF-β isoforms in ameloblasts.

In general, apoptosis is a process of programmed cell death that
takes place throughout the life of an organism. Approximately 25%
of ameloblasts undergo apoptosis in the short transition stage, and
approximately another 25% of ameloblasts are lost throughout the
maturation stage [5]. Both in vitro and in vivo studies have shown
that TGF-β1 induces ameloblast apoptosis during the maturation
stage [43]. A histological study using ameloblast-specific TGF-β
receptor type II conditional knockout (cKO) mice at postnatal day
7 showed that TUNEL-positive ameloblasts were found in both
control and cKO mice but that the number of TUNEL-positive cells
was almost the same in both genotypes, suggesting that there are
few differential effects of TGF-β signaling on ameloblasts at the
secretory stage [44]. We demonstrated that three TGF-β isoforms
induced apoptosis of ameloblasts and that, in particular, TGF-β3
caused extensive apoptosis of mHAT9d cells. Considering the re-
sults of the MTS assay and RT-qPCR analysis, this finding suggests
that TGF-β3, unlike TGF-β1 and TGF-β2, exhibits different beha-
viors with respect to cell proliferation, gene expression and
apoptosis in mHAT9d cells.

Endocytosis of degraded proteins occurs throughout all stages
of enamel formation. Enamel proteins are sequentially processed
and degraded into cleaved fragments, which are internalized by
ameloblasts [45]. In the secretory stage, degraded enamel proteins
are resorbed via vesicles including stippled materials, which ori-
ginate from ameloblast-membrane infoldings of Tomes’ process
[17,46]. In the maturation stage, degraded enamel proteins
permeate the area between convoluted tubules of the basal lamina
followed by uptake via vesicles originating from membrane in-
vaginations of ruffle-ended ameloblasts [17]. Amelogenin interacts
with the transmembrane proteins CD63 and lysosome-associated
membrane protein 1 (LAMP1) to perform endocytosis, and
residues of PLSPILPELPLEAW in the amelogenin structure are
required for binding to CD63 and LAMP1 [47]. In a cellular uptake
study using porcine enamel matrix proteins, amelogenin coloca-
lized with LAMP1 in the perinuclear region of mouse pre-
osteoblasts MC3T3-E1 and ameloblast-like LS8 cells [48]. The P103
amelogenin is a cleavage product of the P173 original amelogenin
in the secretory-stage enamel (Appendix Fig. A6). The active-form
of TGF-β1 binds to this amelogenin to maintain its activity and
moves in the liquid phase to bind to TGF-β receptor on the surface
of ameloblasts [10]. We selected P103 amelogenin for the uptake
study into mHAT9d cells. We demonstrated that P103 amelogenin
lacking CD63 and LAMP1 binding sites (Appendix Fig. A6) was
localized in the perinuclear region of mHAT9d cells and that both
TGF-β1 and TGF-β3 were associated with the promotion and
sustainability of P103 amelogenin uptake into cells. Considering
that TGF-β activity is regulated by two distinct endocytic path-
ways, namely, the clathrin- and caveolar/lipid-raft-mediated
pathways [49], our finding suggests that the regulation system of
endocytosis for amelogenin depends on TGF-β without involving
CD63 and LAMP1 interactions in the cell.
5. Conclusions

Based on the fundamental knowledge obtained in the present
study, we propose that TGF-β is regulated in an isoform-specific
manner to exert multiple biological functions such as cell pro-
liferation, gene expression related to the structure of basal lamina/
ameloblasts and mineral ion transport, apoptosis, and endocytosis
for maturation-stage ameloblasts. Further studies are necessary to
elucidate the TGF-β signaling pathway with respect to each TGF-β
isoform during amelogenesis.
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Fig. A2. Protein characterization at days 5 (5) and 11 (11) in wild-type (WT), matrix metalloproteinase 20 (Mmp20) heterozygous (Het) and Mmp20 null (KO) mice. (A) SDS-
PAGE (15% gel) stained with Simply Blue. (B) Western blot using a specific antibody against mouse amelogenin. (C) A casein zymogram of protein fractions incubated with
CaCl2 (left) or with EDTA (right). We normalized the amount of protein applied per lane to the SDS-PAGE gel for each genotype on a per-tooth basis. The number of teeth used
for each group, the total milligrams of protein extracted, and the milligrams of protein extracted per tooth are listed in Appendix Table A2.

Fig. A3. ELISA for TGF-β isoforms. (A) Cross-matching of each TGF-β antibody against other TGF-β isoforms (TGF-β standard). Numbers indicate a concentration (pg/mL) of
each TGF-β isoform standard. (B) ELISA for the detection of TGF-β isoforms at days 5 (5) and 11 (11) fromwild-type (WT), matrix metalloproteinase 20 (Mmp20) heterozygous
(Het) and Mmp20 null (KO) mice. Following the creation of calibration curve for each TGF-β isoforms, the concentration of each TGF-β isoforms was calculated and bar graph
shown in main Fig. 1B. TGF-β1 (left), TGF-β2 (middle) and TGF-β3 (right). Blank: antibody only without protein samples.
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Fig. A6. Amino acid sequences of murine and porcine amelogenins. Numbers in parenthesis indicate the number of amino acid residues. A dotted line indicates the lacked
sequence. The bold red indicates the binding site to the transmembrane proteins CD63 and lysosome-associated membrane protein 1 (LAMP1) to perform endocytosis.
M180: murine amelogenin. P173: major porcine amelogenin. P103: water-soluble amelogenin cleaved from P173 amelogenin by MMP20.

Fig. A4. Maximum effective concentration of human recombinant TGF-β1 (Cell Signalling Technology) for ALP-inducing activity in HPDL cells.

Fig. A5. Purification of HyLyte Fluor 647-labeled P103 amelogenin by reverse phase-high performance chromatography. (A) Upper and lower panels show the UV (at 230
nm) (red) and fluorescent (at Ex 655 nm and Em 670 nm) (blue) chromatograms for HyLyte Fluor 647-labeled P103 amelogenin, respectively. (B) SDS-PAGE (5–20% gradient
gel) stained with Simply Blue showing a purified HyLyte Fluor 647-labeled P103 amelogenin.
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See Appendix Tables A1 and A2.
Table A1
Selected primers, size of amplified product (bp) for RT-qPCR analysis shown in main Fig. 3 and Table 1.

Gene Sequence (5'-43') bp Gene Sequence (5'-43') bp

Tgf-β1 F TGGGACCCTGCCCCTATATT 143 Amtn F CGCACATACTCTCCCGTTCA 101
R CACGTAGTAGACGATGGGCA R CACCCTGAGCTCCAAGTTGT

Tgf-β2 F GAAGACCCCACATCTCCTGC 134 Odam F GCACAGCTCCAGAAACTCCT 125
R GGCGAAGGCAGCAATTATCC R GCTGGGCTTTGGTGAAGTTG

Tgf-β3 F GATCACCACAACCCACACCT 150 Fam83h F TTCCAAGGCACAGAGGTCAC 211
R ATAAAGGGGGCGTACACAGC R GGGCGTTCATTTCATCCAGC

Mmp20 F GGCGAGATGGTGGCAAGAG 166 Wdr72 F AAGGGGACTGTCTACCCTCA 150
R CTGGGAAGAGGCGGTAGTT R CCACAACGTTATTCTCCCCGA

Amel F ATCCCTGAGCTTCAGACAGAAA 107 Car2 F AACCGGATGGATTGGCTGTT 128
R CATAGCAAAAGCTGCTCCCAG R GAAGTTAGCAAAGGCCGCAC

Enam F TGCAGAAATCCGACTTCTCCT 114 Atp6v1e1 F CTCAGAGCAAGGGATGACCTC 94
R CATCTGGAATGGCATGGCA R GCACTTGGTAACGGGTCGTA

Ambn F ATGAAGGGCCTGATCCTGTTC 130 Alp F GGGCAATGAGGTCACATCCA 85
R GTCTCATTGTCTCAAGGCTCAAA R GTGGTTCACCCGAGTGGTAG

Klk4 F TGACCCTGTGTACCACCTCA 130 Gapdh F CCATCACCATCTTCCAGGAG 346
R TTGTCCCATAGACACGAGCC R ACAGTCTTCTGGGTGGCAGT

Note: The reactions ran for 45 cycles, with denaturing at 95 °C for 10 seconds, annealing at 60 °C for 10 seconds, and extension at 72 °C for 15 seconds. F: forward and R:
reverse.

Table A2
Number of teeth used for each group, total amount of protein extracted, and amount protein extracted per a tooth obtained fromMmp20(þ/þ),Mmp20(þ/-) andMmp20(-/-)
mice for the characterization by SDS-PAGE, Western blot and zymography shown in Appendix Fig. A2.

Mmp20(þ/þ)
(WT)

Mmp20(þ/-)
(Het)

Mmp20(-/-) (KO)

Day 5 total amount 9.22mg/39 teeth 13.92mg/48
teeth

6.62mg/32 teeth

amount/one tooth 0.236mg 0.290mg 0.207mg
Day 11 total amount 44.7mg/39 teeth 50.75mg/48

teeth
20.22mg/24
teeth

amount/a tooth 1.146mg 1.057mg 0.843mg
Selected genes for RT-qPCR analysis

In the secretory stage, ameloblasts are polarized columnar cells, and enamel proteins such as amelogenin, ameloblastin, and enamelin
are expressed during the secretory stage of ameloblasts, in addition to MMP20 as described above [50]. In the maturation stage, ame-
loblasts alternate between a ruffle-ended and smooth-ended morphology [51], and enamel proteins are degraded by kallikrein 4, which is
a key serine protease expressed in maturation-stage ameloblasts [52]. Maturation-stage ameloblasts are bound to enamel by a basal
lamina-like structure [53], and both amelotin and ODAM are localized to the ameloblast basal lamina [54,55]. In addition to these ex-
tracellular proteins, intracellular proteins such as FAM83H and WDR72 are also expressed in ameloblasts. In situ hybridization analysis has
shown that FAM83H is highly expressed in presecretory- and secretory-stage ameloblasts [56]. Moreover, the expression of AA3409316, a
mouse homolog of human FAM83H, has been detected in the ameloblasts of a 3-week-old mouse anterior tooth [57]. An im-
munohistochemical study has shown that the WDR72-positive signal in mouse incisors is increased in maturation-stage ameloblasts
compared with that in secretory-stage ameloblasts [58]. Maturation-stage ameloblasts also show increased mineral ion transport.
V-ATPase plays a key role in maintaining cellular pH homeostasis [59]. It is a multisubunit protein complex, and Atp6v1e1 is the highest
expressed in rat maturation-stage ameloblasts [60]. Carbonic anhydrase II (Car2) is also expressed at the beginning of the maturation stage
[59]. Alkaline phosphatase has been detected in the stratum intermedium of the enamel organ at the secretory stage, whereas it has been
present in ameloblasts at the maturation stage [61]. Thus we selected above genes and analysed mRNA level with qPCR analysis.
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