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Abstract Abnormal expression of Facioscapulohumeral
muscular dystrophy (FSHD) region gene 1 (FRGI1) is
involved in the pathogenesis of FSHD. FRGI is also
important for the normal muscular and vascular develop-
ment. Our previous study showed that FRGI is one of the
highly expressed genes in the mandible on embryonic day
10.5 (E10.5) than on E12.0. In this study, we investigated
the temporospatial expression pattern of FRG1 mRNA and
protein during the development of the mouse lower first
molar, and also evaluated the subcellular localization of the
FRGI1 protein in mouse dental epithelial (mDE6) cells. The
FRGI1 expression was identified in the dental epithelial and
mesenchymal cells at the initiation and bud stages. It was
detected in the inner enamel epithelium at the cap and early
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bell stages. At the late bell and root formation stages, these
signals were detected in ameloblasts and odontoblasts
during the formation of enamel and dentin matrices,
respectively. The FRGI1 protein was localized in the
cytoplasm in the mouse tooth germ in vivo, while FRGI
was detected predominantly in the nucleus and faintly in
the cytoplasm in mDE6 cells in vitro. In mDE6 cells
treated with bone morphogenetic protein 4 (BMP4), the
protein expression of FRG1 increased in cytoplasm, sug-
gesting that FRG1 may translocate to the cytoplasm. These
findings suggest that FRG1 is involved in the morpho-
genesis of the tooth germ, as well as in the formation of
enamel and dentin matrices and that FRG1 may play a role
in the odontogenesis in the mouse following BMP4
stimulation.

Keywords FRGI1 - Tooth germ - Tooth development -
Expression pattern - Intracellular localization

Introduction

Odontogenesis is regulated by the sequential and reciprocal
epithelial-mesenchymal interactions, similar to processes
in other organs, e.g., hair follicles, salivary glands, lungs,
kidneys (Thesleff 1995). Many reports regarding the
complex multi-step process of gene expression during
odontogenesis have been accumulating. These studies have
demonstrated that various genes encoding signaling mole-
cules, such as bone morphogenetic proteins (BMPs),
fibroblast growth factor, Sonic hedgehog, Wnt families,
Nfic, Pax6, extracellular matrix metalloproteinase inducer,
four and a half LIM domains 2, and Jun activation domain-
binding protein 1 are related to tooth morphogenesis (Th-
esleff and Aberg 1999; Cobourne and Sharpe 2003; Pispa
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and Thesleff 2003; Thesleff 2003; Chen et al. 2009; Li
et al. 2011; Chen et al. 2014; Lei et al. 2014; Xie et al.
2015; Du et al. 2016; Lian et al. 2016). However, the
precise molecular signaling pathways related to the initia-
tion, morphogenesis, differentiation and mineralization of
the tooth germ have not yet been fully elucidated. There-
fore, it is important to identify the regulatory genes that are
involved in the signal networks activated during the tooth
development.

We previously performed cDNA subtraction between
mouse mandibles collected on embryonic day 10.5 (E10.5)
and E12.0 to identify genes that might be involved in the
development of the tooth germ (Yamaza et al. 2001a).
Several dozen genes were found to be differentially
expressed on E10.5 or E12.0, some of which were con-
firmed to be related to tooth development (Yamaza et al.
2001b; Wada et al. 2002; Akhter et al. 2005; Takahashi
et al. 2010; Honda et al. 2011; Ookuma et al. 2013;
Shiotsuka et al. 2013; Kihara et al. 2014). Facioscapulo-
humeral muscular dystrophy (FSHD) region gene 1
(FRG1) is one of the genes highly expressed on E10.5, and
is related to actin binding and angiogenesis (Wuebbles
et al. 2009; Liu et al. 2010; Sun et al. 2011).

FRG1 is a candidate causative gene for FSHD (Grewal
et al. 1998), which is the third most common muscular
dystrophy. This disease leads to progressive atrophy of the
muscles of the face, shoulders and upper arms. While
FSHD is primarily a disease of the skeletal muscle, up to
75 % of FSHD patients also present with vascular defects
(Fitzsimons et al. 1987; Padberg et al. 1995; Osborne et al.
2007). FRGI is required for the normal development of the
vertebrate musculature and vasculature (Hanel et al. 2009;
Wuebbles et al. 2009), and is an actin-bundling protein
associated with muscle attachment sites (Liu et al. 2010).
Overexpressed FRG1 was shown to be localized in
nucleoli, Cajal bodies and actively transcribed chromatin
(van Koningsbruggen et al. 2007; Sun et al. 2011), thus
indicating a role for FRG1 in RNA processing (Hanel et al.
2011). FRGI is a dynamic nuclear and cytoplasmic shut-
tling protein (Hanel et al. 2011). Although FRGI1 has been
suggested to function in the development of the muscula-
ture and vasculature, little is known about the function of
FRGI1 during the initiation, morphogenesis, differentiation
and mineralization of the tooth germ.

In this study, we demonstrate the FRG1 mRNA and
protein expression during the development of the tooth
germ of the mouse lower first molar from initiation to root
formation and eruption. Furthermore, the subcellular
localization of the FRG1 protein was investigated in mouse
dental epithelial cells stimulated with BMP4, which has
been reported to be a critical factor in odontogenesis
(Aberg et al. 1997). Our present findings indicate that
FRG1 may play a potential role in tooth development.
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Materials and methods
Animals

BALB/c embryos and postnatal mice were used in this
study. We used samples obtained on E10.5, 12, 14, 15, 16
and 18 after gestation, and on postnatal day 0 (PO), P1, P3,
P10 and P20 to investigate the FRG1 expression pattern
during the different developmental stages of the tooth.
Adult mice were mated overnight. The embryonic day was
defined as E0.5 based on the presence of a vaginal plug
after allowing 12 h for the mating (Ookuma et al. 2013;
Shiotsuka et al. 2013). Adult BALB/c mice were obtained
from Charles River Japan Inc. (Yokohama, Japan). All
manipulations of mice were approved by the Animal Care
and Use Review Committee, Kyushu University (Fukuoka,
Japan), and were performed in accordance with the
guidelines of the committee.

In situ hybridization

Specific antisense cRNA probes for FRGl mRNA were
designed according to the NCBI Reference Sequences
(accession number FRGI1: NM_013522.3). A template
cRNA probe for FRGI mRNA was prepared using PCR
amplification with the primer pairs described below, and
was subcloned into the pGEM3Z vector (Promega, Madi-
son, WI). These probes were labeled with digoxigenin
(DIG)-UTP using the DIG RNA Labeling Kit (Roche,
Mannheim, Germany). The gene-specific primers for FRG1
were as follows: 5'-CCC AAG CTT ATG GCC GAA TAT
TCC TAT GTA AAG TCC-3' and 5'-CCG GAA TTC TCA
CTT GCA GTA TCG GTC AGC-3'.

A membrane hybridization was performed to confirm
the specificity and sensitivity of the cRNA probes (Shiot-
suka et al. 2013; Kihara et al. 2014). In situ hybridization
was carried out according to our previous studies (Yamaza
et al. 2001b; Wada et al. 2002; Akhter et al. 2005;
Kobayashi et al. 2006; Xie et al. 2007; Honda et al. 2008;
Xie et al. 2009; Akhter et al. 2010; Takahashi et al. 2010;
Honda et al. 2011; Ookuma et al. 2013; Shiotsuka et al.
2013; Kihara et al. 2014). The embryos and mandibles of
the postnatal mice were fixed in 4 % paraformaldehyde
(PFA) in diethylpyrocarbonate-treated phosphate buffered
saline (PBS, pH 7.4) overnight at 4 °C. After fixation, P3—
P20 mandibles were additionally demineralized with 10 %
ethylenediamine tetra-acetic acid (pH 7.4) at 4 °C for
3 days to 2 weeks depending on the tooth developmental
stage. The samples were then embedded in OCT compound
(Sakura Finetechnical Co. Ltd, Tokyo, Japan) and cut into
serial frontal cryosections at 8-um thickness. The
cryosections were mounted on silane-coated glass slides
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(Muto pure chemicals, Tokyo, Japan). After hybridization,
the DIG-labelled probes were visualized by an alkaline
phosphatase-conjugated anti-DIG antibody using BM
Purple (Roche Molecular Biochemicals).

FRG1 sense probes were used as a negative control.
“Strong” and “weak” signals were used to assess the rel-
ative signal intensity in the same tissue section.

Immunohistochemistry

For the immunohistochemical analysis, the serial cryosec-
tions were prepared in the same way as for in situ
hybridization. To block nonspecific immunoreactions, the
cryosections were incubated with 10 % normal goat serum
(Nichirei Bioscience, Tokyo, Japan) for 30 min at room
temperature (RT). The slides were incubated with primary
antibodies, a rabbit polyclonal FRG1 IgG (diluted 1:800,
FL-258; Santa Cruz Biotechnology, Dallas, TX), a rabbit
monoclonal vascular endothelial growth factor receptor 2
(VEGFR2) IgG (diluted 1:800, 55B11; Cell Signaling
Technology, Denver, MA) and a rabbit polyclonal BMP4
IgG (diluted 1:300, Abcam, Cambridge, UK), at 4 °C
overnight. The sections were then reacted with Alexa Fluor
568 goat anti-rabbit IgG (diluted 1:2000, A11011; Invit-
rogen, Carlsbad, CA) or Alexa Fluor 488 goat anti-rabbit
IgG (diluted 1:2000, A11034; Invitrogen) as a secondary
antibody for 30 min at RT. Finally, the immunostained
sections were counterstained with 4/,6-diamidino-2-
phenylindole, dihydrochloride (DAPI, Dojindo, Kuma-
moto, Japan). The sections were rinsed in PBS three times
between the different steps.

In the in situ hybridization and immunohistochemical
examinations, the tooth developmental stages were defined
according to previous studies (Akhter et al. 2005; Shiot-
suka et al. 2013; Kihara et al. 2014).

Cell line and cell culture

Mouse dental epithelial (mDE6) cells (Ookuma et al. 2013;
Shiotsuka et al. 2013; Kihara et al. 2014) were maintained
in DMEM/F-12 (Invitrogen) supplemented with 10 % fetal
bovine serum (FBS) (Invitrogen), 100 U/ml penicillin and
100 mg/ml streptomycin (Invitrogen) in a humidified
atmosphere of 5 % CO, at 37 °C.

Immunocytochemistry

To study the subcellular localization of the FRG1 protein,
mDES6 cells treated with or without BMP4 (Wako, Osaka,
Japan) were immunostained. The mDE6 cells were seeded
onto an 8-well Permanox plastic chamber slides (Thermo,
Yokohama, Japan; 1 x 10* cells/well) and were cultured in
DMEM/F-12 supplemented with 10 % FBS. At 24 h after

seeding, the cells were exposed to 5 ng/ml BMP4 for 24 h.
After this BMP4 treatment, the cells were fixed in 4 % PFA
in PBS for 10 min on ice. After fixation, cells were per-
meabilized with PBS containing 0.1 % Triton-X-100
(Wako) for 5 min on ice, and were blocked with 10 %
normal goat serum (Nichirei) to prevent non-specific
binding for 30 min at RT. The cells were incubated with
primary antibodies against FRG1 (rabbit monoclonal anti-
FRGI, 1:800, sc-135066; Santa Cruz Biotechnology) and
B-actin (mouse monoclonal anti-B-actin, 1:500, A5441,
Sigma-Aldrich, St. Louis, MO) at 4 °C overnight. These
antibodies were visualized using an Alexa Fluor 488 goat
anti-rabbit antibody (1:2000, A11034; Invitrogen) and
Alexa Fluor 594 goat anti-mouse antibody (1:2000,
A11005; Invitrogen) for 30 min at RT, respectively. Cell
nuclei were counterstained with DAPI for 15 min at RT.
Images were obtained with a Microscope Digital Camera
System, DP71 (Olympus, Inc., Tokyo, Japan).

Western blot analysis

The proteins were extracted from mDEG6 cell. Whole cell
protein was generated according to our previous study
(Ookuma et al. 2013). Nuclear and cytoplasmic fractions
were isolated using the Readypre™ Protein Extraction Kit
(Cytoplasmic/nuclear) (Bio-Rad, Hercules, CA). Western
blot analysis was carried out according to the protocol
described previously (Kiyoshima et al. 2014). Protein
samples (20 ng) were separated by 12.5 % SDS-poly-
acrylamide gel (SDS-PAGE) and then transferred to
Immuno-Blot polyvinylidene difluoride membrane (Bio-
Rad). After blocking, the membrane was incubated with
rabbit monoclonal anti-FRG1 (sc-135066; Santa Cruz
Biotechnology) and goat polyclonal anti-GAPDH (sc-
20357; Santa Cruz Biotechnology) at 4 °C overnight.
Bound antibodies were reacted with a 1:2000 dilution of
HRP-conjugated secondary antibodies and visualized using
the ECL Prime Western Blotting Detection system (GE
Healthcare, Little Chalfont, UK). Emitted light was
detected using the ImageQuant LAS 4000 (GE Healthcare),
a cooled CCD-camera. In the semi-quantitative analyses of
the levels of protein expression, the intensity of the bands
was measured using the ImageQuant TL software (GE
Healthcare). GAPDH was used an internal control protein.
The target protein/GAPDH ratio based on the intensity of
the bands was estimated, as previously described (Ookuma
et al. 2013).

Statistical analysis
All experiments were independently performed at least

three times. The one-way ANOVA with the Tukey—Kramer
comparison test was used to analyze the data of western

@ Springer



378

J Mol Hist (2016) 47:375-387

blot analysis. Differences resulting in a P value of <0.01
were considered to be statistically significant.

Results

Expression pattern of FRG1 mRNA and protein
in the developing mouse tooth germ

The in situ hybridization and the immunohistochemical
analyses were performed to characterize the temporal and
spatial expression of FRGl mRNA and protein in the
developing mouse lower first molar from E10.5 to P20.

Initiation (E10.5)

On this embryonic day, thickening of the oral mucosal
epithelium to form the tooth bud was not yet observed. The
signal of FRG1 mRNA and protein was diffusely detected in the
epithelial layer and mesenchymal cells (Fig. 1a, b, d). How-
ever, some strong signals for the FRG1 protein in the mes-
enchyme appeared to be located in the vascular endothelial cells
(Fig. 1b, d, yellow arrowhead), because the strongly FRGI-
expressing cells were also positive for vascular endothelial
growth factor receptor 2 (VEGFR2) (Fig. S1).

Thickening of the dental epithelium (E12)

On E12, the thickening of the oral mucosal epithelium was
seen in a limited area, indicating tooth bud formation. The
expression of FRGl mRNA and protein was diffusely
detected in the oral mucosal epithelium and mesenchymal
cells (Fig. le, f, h). Some strong signals were found in the
vascular endothelial cells (Fig. 1f, h, yellow arrowhead).

Bud stage (E14)

The tooth bud was formed when the thickened dental
epithelium invaginated into the mandibular ectomes-
enchyme. The expression of FRG1 mRNA was observed in
the epithelial cells of the tooth germ and in the mes-
enchymal cells surrounding the tooth bud on E14 (Fig. 1i).
On E14, the expression pattern of the FRG1 protein was
similar to that of FRG1 mRNA at the bud stage (Fig. 1j, 1).
The intensity of the FRG1 protein expression in these cells
was weaker than that in the vascular endothelial cells that
were positive for VEGFR2 (Fig. S1, yellow arrowhead).

Cap stage (E15-16)
The tooth bud developed to become a cap-shaped structure

with the primary enamel knot (PEK) in the center of the
enamel organ on E15.

@ Springer

Fig. 1 The expression of FRG1 mRNA and protein in the tooth germ
on E10.5-18. a, e On E10.5 and E12, the in situ FRG1 signals were
diffusely detected in the epithelial layer (black arrow) and mes-
enchymal cells at the predicted lower first molar region. b, d, f, h The
FRGI protein was observed in the epithelial layer and mesenchyme. i,
j. 1 At the bud stage (E14), the expression of FRGl mRNA and
protein was observed in the epithelial tooth bud (black arrow) and the
surrounding mesenchymal cells. m, q At the cap stage (E15 and E16),
a strong in situ FRGI signal was detected in the outer enamel
epithelium (black arrows), inner enamel epithelium (black arrow-
head), PEK and in the cervical loop (red arrows). n, p, r, t Strong
expression of the FRGI1 protein was detected in the outer enamel
epithelium (black arrows), inner enamel epithelium (black arrow-
heads), PEK and the cervical loop (red arrows). u, v, x At the early
bell stage (E18), the expression of FRG1 mRNA and protein was
found in the outer enamel epithelium (black arrow), inner enamel
epithelium (black arrowheads), the cervical loop (red arrows), the
stratum intermedium and in the muscular tissue of the tongue (green
arrowhead). ¢, g, k, 0, s, w The nuclei were counterstained with
DAPL Yellow arrowheads indicate some strong signals for the FRG1
protein in the vascular endothelial cells located in the mesenchyme.
Li; lingual side, Bu; buccal side. Scale bars; 50 pm (a-1), 100 pm
(m-x)

On E15, strong FRG1 mRNA expression was observed
in the whole enamel organ including PEK. The dental
papilla and dental sac also showed weak signals for FRG1
mRNA (Fig. Im). On E16, extension of the cervical loop
of the enamel organ appeared to begin. Although the
expression pattern of FRG1 mRNA on E16 was similar to
that on E15, strong FRG1 mRNA expression was noted in
the cervical loop on E16 (Fig. 1q, red arrows).

At the cap stage, the expression pattern of FRG1 protein
was almost the same as that of FRG1 mRNA. On E15,
FRG1 protein expression was observed in the whole
enamel organ including PEK. The intensity became similar
to that in the vascular endothelial cells. The signal was also
found in the dental papilla cells and dental sac (Fig. 1n, p).
On E16, strong FRGI protein expression was still detected
in the outer enamel epithelium, inner enamel epithelium
and cervical loop in the enamel organ, while the central
cells of the enamel organ showed a decrease in the FRGI
protein expression (Fig. 1r, t). The intensity of the FRG1
protein signal in the dental papilla cells and dental sac
appeared to be reduced compared with that on E15 based
on the intensity of the FRG1 protein signal in the vascular
endothelial cells, which was used as an internal control
(Fig. 1In, p, r, t). Some signals were also found in the
vascular endothelial cells around the enamel organ on E15
and E16 (Fig. 1n, p, 1, t, yellow arrowhead).

Early bell stage (E18)

The cervical loop of the enamel organ extended to the
mesenchymal tissue and enclosed the dental papilla. The
tooth germ exhibited a bell-shaped structure at this stage.
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The in situ signal of FRG1 was strongly expressed in the
inner enamel epithelium, stratum intermedium and cervical
loop (Fig. 1u, red arrows). The FRG1 mRNA signal in the
inner enamel epithelium (black arrowheads) was stronger
than that observed in the outer enamel epithelium (black
arrow) (Fig. 1u). Weak in situ expression of FRG1 was
observed in the dental papilla on E18 (Fig. 1u). The signal
intensity was stronger in the cells facing the inner enamel
epithelium than in the other cells in the dental papilla.

Immunofluorescent signals for FRG1 were observed
particularly in the inner enamel epithelium, stratum inter-
medium and cervical loop on E18 (Fig. 1v, x). A weak
signal was expressed in the outer enamel epithelium, dental
sac and cells of the dental papilla facing the inner enamel
epithelium on E18 (Fig. 1v, x).

There were no apparent differences between the protein
signal and the in situ signal for FRGl on E18. The
expression of FRG1 mRNA and protein were also detected
in the muscular tissue of the tongue, which was used as an
internal control, on E18 (Fig. 1u, v, X, green arrowhead).

Late bell stage (PO-P3)

The inner enamel epithelium differentiated into amelo-
blasts and the dental pulp cells facing the inner enamel
epithelium differentiated into odontoblasts at this stage.
The cells in the stage just before matrix formation are
termed preameloblasts and preodontoblasts, respectively
(Byers et al. 1990; Shiotsuka et al. 2013). Neither enamel
nor dentin matrices had formed on PO, while the formation
of both enamel and dentin matrices between ameloblasts
and odontoblasts was observed in the P1 and P3 tooth
germs.

On PO, strong expression of FRG1 mRNA was detected
in the inner enamel epithelium at the central groove region
and in the preameloblasts and preodontoblasts at the lin-
gual cusp site (Fig. 2a, e, g), while this was not observed in
the cells of the dental papilla facing the inner enamel
epithelium at the central groove region where matrix for-
mation was not observed (Fig. 2a, k, m). The strong signal
for the FRG1 protein was also localized in the inner enamel
epithelium at the central groove region, and in the pre-
ameloblasts and preodontoblasts at the lingual cusp site
where it almost started forming matrices (Fig. 2b, f, g, 1,
m).

On P1, strong FRG1 mRNA expression was detected in
the ameloblasts and odontoblasts at the lingual cusp site
(Fig. 2c, h, j) and in the preameloblasts and preodonto-
blasts at the central groove region (Fig. 2c, n, p). The
in situ signal for FRG1 mRNA was also found in the
stratum intermedium. Strong FRGI1 protein expression was
observed in the preameloblasts and preodontoblasts in the
central groove region (Fig.2d, o, p), although FRGI
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Fig. 2 The expression of FRG1 mRNA and protein in the tooth germ
on PO and P1. a, b On PO, strong expression of FRGl mRNA and
protein was detected in the inner enamel epithelium, and in the
preameloblasts (black arrowhead) and preodontoblasts (white arrow-
head) at the lingual cusp site. ¢, d On P1, strong expression of FRG1
mRNA and protein was observed in the ameloblasts (black arrow)
and odontoblasts (white arrow) at the lingual cusp site, and in the
preameloblasts (black arrowhead) and preodontoblasts (white arrow-
head) at the central groove region. e, k The green- and yellow-boxed
areas in (a) are respectively shown at a higher magnification. f, 1 The
green- and yellow-boxed areas in (b) are respectively shown at a
higher magnification. h, n The green- and yellow-boxed areas in
(c) are respectively shown at a higher magnification. i, o The green-
and yellow-boxed areas in (d) are respectively shown at a higher
magnification. g, j, m, p The HE-stained images correspond to (e) &
®, h) & (), (k) & () and (n) & (o), respectively. pam;
preameloblasts, pod; preodontoblasts, am; ameloblasts, od; odonto-
blasts, iee; inner enamel epithelium, dp; dental papilla, Li; lingual
side, Bu; buccal side. Scale bars; 20 pm (e—p), 100 pm (a-d)

protein expression was not noted in the cells of the dental
papilla facing the inner enamel epithelium on PO (Fig. 2b,
1, m). Strong FRG1 protein expression was also observed
in the ameloblasts and odontoblasts at the cusp site
(Fig. 2d, 1, j).

On P3, the in situ FRG1 signal was strongly expressed in
preodontoblasts on the lateral sides of the tooth germ
(white arrowhead) and odontoblasts (white arrow) (Fig. 3a,
b). The in situ FRGI signal was also detected in the pre-
ameloblasts (black arrowhead) and ameloblasts (black
arrow) (Fig. 3a, b). A strong FRG1 protein signal was
detected in the ameloblasts (black arrow) and odontoblasts
(white arrow) (Fig. 3d, f), similar to that on P1. The FRG1
protein was strongly expressed in the preameloblasts (black
arrowhead) and preodontoblasts (white arrowhead), espe-
cially on the lateral sides of tooth crown (Fig. 3g).
Immunofluorescent and in situ signals were also found in
the stratum intermedium (Fig. 3b, g, blue arrowhead).

Tooth root formation stage (P10)

The enamel matrix formation was almost terminated at this
stage. The external form of the tooth crown was nearly
completed and the root formation was initiated. The ame-
loblasts at the cusp site also started to become reduced
enamel epithelium. The epithelial cells located at the cer-
vical loop of the enamel organ in the developing tooth
germ proliferated and extended toward the mesenchymal
tissue, thus forming Hertwig’s epithelial root sheath
(HERS).

On P10, strong expression of FRGl1 mRNA was
observed in the ameloblasts secreting enamel matrix on the
lateral sides of the tooth crown and at the presumptive
buccal cusp site (Fig. 4a, black arrows). In addition, strong
expression of FRG1 mRNA was also found in the
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odontoblasts in the presumptive cusp site (white arrow) and
in preodontoblasts on the lateral sides of the tooth (white
arrowhead) (Fig. 4a, b). A weak signal was found in the
HERS (Fig. 4a, b, c, red arrow). The in situ FRGI1 signal
was detected in the stratum intermedium. The FRG1 pro-
tein expression pattern (Fig. 4d, f, g, h) was similar to that
of the mRNA. FRGI mRNA and protein were both
strongly expressed in the odontoblasts and ameloblasts
secreting enamel matrix, but their signal intensity became
reduced in the enamel epithelium at the presumptive lin-
gual cusp sites where ameloblasts became reduced enamel
epithelium (Fig. 4g, yellow arrow). Weak FRGI1 protein
expression was seen in the HERS (Fig. 4h, red arrow).

Tooth eruption stage (P20)

The tooth root formation was almost completed by this
stage, and the tooth crown was exposed at the surface of

FRG1

Li Bu Li Bu

Fig. 3 The expression of FRG1 mRNA and protein in the tooth germ
on P3. a, b The in situ signal for FRGl was detected in the
preameloblasts (black arrowhead), ameloblasts (black arrow), pre-
odontoblasts (white arrowhead), odontoblasts (white arrow), and
stratum intermedium (blue arrowhead). (b) shows a higher magni-
fication image of the boxed area in (a). ¢ The HE-stained image
corresponding to (b). d, f The expression of FRGI1 protein was
observed in the ameloblasts (black arrow) and odontoblasts (white

@ Springer

the oral mucosa. The ameloblasts/reduced enamel epithe-
lium disappeared from the tooth at this stage. The
expression of FRG1 mRNA was strongly expressed in the
odontoblasts (Fig. 41, j, white arrow). The FRGI1 protein
showed a similar expression pattern to the mRNA (Fig. 41,
n, o, white arrow).

Subcellular localization of the FRG1 protein
in the mouse dental epithelial cells
with or without BMP4 treatment

To investigate the subcellular localization of the FRGI
protein, immunocytochemistry using an anti-FRG1 anti-
body was performed using mDEG6 cells. The FRG1 protein
signal in the mouse tooth germ was detected in the cyto-
plasm in vivo (Figs. 2, 3, 4), while the FRG1 in mDE6
cells was expressed predominantly in the nucleus (Fig. Sa,
d). BMP signaling has been reported to be critical for

Li ' Bu Li Bu

arrow) at the cusp sites and in the preameloblasts (black arrowhead)
and preodontoblasts (white arrowhead) in the lateral sides of the tooth
germ. e The nuclei were counterstained with DAPI. g The boxed area
in (f) is shown at a higher magnification. The expression of FRG1
protein was also detected in the stratum intermedium (blue arrow-
head). Li; lingual side, Bu; buccal side. Scale bars; 50 pm (b, ¢, g),
200 pm (a, d-f)
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Fig. 4 The expression of FRGI
mRNA and protein in the tooth
germ on P10 and P20. a, b On
P10, FRG1 mRNA expression
was observed in the ameloblasts
(black arrows), odontoblasts
(white arrow), preodontoblasts
(white arrowhead) and HERS
(red arrow). (b) shows a higher
magnification image of the
boxed area in (a). The dotted
line indicated the border
between the tooth crown and
root. ¢ The HE-stained section
corresponding to (b). d, f The
FRGI protein was detected in
the ameloblasts (black arrows),
odontoblasts (white arrow) and
preodontoblasts (white
arrowhead) on P10. g, h The
green- and yellow-boxed areas
in (f) are respectively shown at a
higher magnification. In (g), the
FRG1 protein was not observed
in the reduced enamel
epithelium (yellow arrow). In
(h), the FRG protein was
detected in the preodontoblasts
(white arrowhead) and HERS
(red arrow). i, j On P20, strong
expression of FRG1 mRNA was
found in the odontoblasts (white
arrow). (j) shows a higher
magnification image of the
boxed area in (i). k The HE-
stained section corresponding to
(j)- 1, n, o The FRG1 protein
was detected in the odontoblasts
(white arrow). (0) shows a
higher magnification image of
the boxed area in (n). e, m The
nuclei were counterstained with
DAPL Li; lingual side, Bu;
buccal side. Scale bars; 50 pm
(b—d, h, j, k, 0), 200 um (a, e, f,
i, I-n)
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mammalian tooth development (z&berg et al. 1997; Thesleff
2003). The expression of BMP4, which is a member of the
BMP family, was detected in the inner enamel epithelium
on E18 and its expression pattern was similar to that of
FRG1 (Fig. S2). Therefore, the FRGI1 localization was
immunocytochemically examined in mDE6 cells treated
with BMP4. Intriguingly, the FRG1 protein was detected in
the both nucleus and cytoplasm in the mDE6 cells treated
with 5 ng/ml BMP4 (Fig. 5e, h). We next examined the
protein expression level of FRGI using the mDE6 cell
extract fractionated to nuclear and cytoplasm by western
blot analysis. Although there was no significant change in
the total FRG1 protein expression level between untreated
and BMP4-treated mDEG6 cells (Fig. 6a), the cytoplasm
FRG1 was significantly increased in the cells treated with
BMP4 compared to mDE6 cells with no stimulation
(Fig. 6b).

In addition, double-immunostaining for FRG1 and [-
actin was performed using the mDE6 cells (Fig. 5b, f),
because FRG1 has been reported to help stabilize the actin
cytoskeleton (Sun et al. 2011). In the double-immunos-
tained mDEG6 cells treated with BMP4, the cytoplasmic
FRG1 colocalized with B-actin (Fig. 5h).

Discussion

In this study, to unveil the potential role of FRGI during
odontogenesis in the mouse lower first molar, we performed
in situ hybridization and immunohistochemistry. We also
compared the subcellular localization of FRG1 in the
BMP4-treated mDEG6 cells to that of the untreated mDEG6
cells. The in situ hybridization and immunohistochemistry

FRG1 B-actin

control

5ng/ml BMP4

Fig. 5 The subcellular localization of the FRGI1 expression in the
dental epithelial cells. a The endogenous FRG1 (green) was localized
predominantly in the nucleus of the mDE6 cells without BMP4
treatment. € The FRG1 protein in the mDEG cells treated with 5 ng/ml
BMP4 was localized in both the nucleus and cytoplasm. b, f The B-

@ Springer

studies showed a specific expression pattern of FRG1 dur-
ing the tooth development. Of note, the subcellular
translocation of FRG1 was induced by the BMP4 treatment.

At the initiation of tooth development, the expression of
FRG1 mRNA and protein was observed in both the oral
mucosal epithelium and mesenchymal cells on E10.5 and
E12. Subsequently, the tooth morphology progresses
toward the bud, cap and bell stages. At the bud and cap
stages (E14-16), the expression of FRG1 mRNA and
protein was detected in the enamel organ. A weak signal
was also observed in the dental papilla. At the early bell
stage (E18), a strong signal for FRG1 mRNA was detected
in the inner enamel epithelium and the cervical loop, and a
weak signal was found in the cells of the dental papilla
facing the inner enamel epithelium. The FRG1 expression
in the developing tooth germ, except for the enamel knot in
the early stages (E14-18), corresponded with the local-
ization of BrdU-positive cells, which represent cells with
high proliferative activity, as observed in our previous
studies (Shigemura et al. 1999). The FRG1 expression was
also seen in the PEK (E15), which has been regarded as a
signaling center regulating tooth crown morphogenesis
(Jernvall et al. 1994; Vaahtokari et al. 1996). Therefore,
FRG1 may be involved in the morphogenesis of the crown
during tooth development.

At the differentiation of ameloblasts and odontoblasts,
and the mineralization of enamel and dentin, which
occurred on PO, a strong signal for FRGI mRNA was
detected in the preameloblasts and preodontoblasts at the
lingual cusp site, where the predentin matrices first start
forming. At the central groove region, where the formation
of predentin was not observed, the expression of FRG1
mRNA and protein was not detected. Interestingly, on P1,

DAPI

merge

actin (red) was observed in the cytoplasm of the mDEG6 cells. d,
h Double-immunostaining showed a partial overlap of FRG1 (green)
and B-actin (red). ¢, g The nucleus was stained with DAPI. Scale
bars; 50 pm
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Fig. 6 The translocation of FRGl by BMP4. a There was no
significant difference in the total protein expression between
untreated and BMP4-treated mDE6 cells. b The expression level of
cytoplasm FRG1 was significantly increased in mDE6 cells

signals for the FRG1 mRNA and protein were observed in
the preameloblasts and preodontoblasts at the central
groove region after the initiation of the matrix formation.
The FRG1 mRNA and protein also continued to be
expressed in the ameloblasts and odontoblasts at the lingual
cusp site where the matrix formation was observed. On P3,
the matrix was formed at the lateral sides of the tooth
crown, and the expression of FRG1 was detected in the
preameloblasts and preodontoblasts at this site, and in the
ameloblasts and odontoblasts at the occlusal site of the
tooth crown. Moreover, at the root formation stage (P10,
20), FRG1 was expressed in the preodontoblasts and
odontoblasts at the tooth root, while FRG1 was not found
in the reduced enamel epithelium in the lingual cusp site on
P10. Thus, FRG1 was expressed in the preodontoblasts,
odontoblasts, preameloblasts and ameloblasts correspond-
ing to the stage of the matrix formation. These results
suggest that FRGI is involved in the differentiation of
ameloblasts and odontoblasts. In addition, FRG1 may be
associated with the secretion and formation of enamel and
dentin matrices.

In this study, the FRG1 protein in the mouse tooth germ
was localized to the cytoplasm in vivo, while nuclear
FRGI1 was detected in the mDES6 cells in vitro. Endogenous
FRGI1 is a dynamic nuclear—cytoplasmic shuttling protein
(Sun et al. 2011). The nuclear FRG1 is associated with
multiple aspects of RNA biogenesis, including RNA
splicing and mRNA transport (Sun et al. 2011). On the
other hand, cytoplasmic FRG1 may have a structural role
in stabilizing the actin cytoskeleton (Sun et al. 2011).
FRG1 may play different roles depending on its subcellular
localization. It has been reported that BMP4 expression
was detected in the ameloblasts and odontoblasts during
the differentiation of these cells, and during the deposition

B
(fold) *

1.5} | |
rof L

FRG1 (cytoplasm)
Ratio
o
o0

0

FRG1 -

GAPDH #s
BMP4- BMP4+

stimulated by BMP4 compared to mDE6 cells with no stimulation.
The data is mean £ SD from triplicate samples. *P < 0.01 versus
BMP4- by a one-way ANOVA with the Tukey—Kramer comparison
test

of enamel and dentin matrices (Aberg et al. 1997; Thesleff
2003). The expression pattern of FRGI1 during tooth
development in this study was similar to that of BMP4.
Thus, immunocytochemical studies were performed using
mDESG6 cells treated with BMP4. The subcellular FRG1 in
the mDEG6 cells treated with BMP4 appeared to be partially
translocated from the nucleus to the cytoplasm. Further-
more, western blot analysis showed that cytoplasmic pro-
tein was significantly increased in the mDEG6 cells treated
with BMP4, although no marked changes were observed in
the total FRGI protein. These results suggested that FRG1
was translocated from the nucleus to the cytoplasm by
BMP4 treatment. In addition, the cytoplasmic FRGI dis-
played an overlap with B-actin. This finding was identical
to that in a previous study (Sun et al. 2011). Furthermore,
the FRG1 expression was observed to be located in the
cytoplasm of the ameloblasts and odontoblasts which
formed the enamel and dentin matrix, respectively. The
actin cytoskeleton has been reported to be important for the
differentiation of ameloblasts and odontoblasts via the
regulation of the amelogenin and DSPP expression (Biz
et al. 2010). Thus, the present findings suggest that the
cytoplasmic FRG1 may also be involved in the tooth germ
development, including the generation of enamel and
dentin matrix through B-actin formation.

In the present study, we demonstrated the stage-specific
temporal and spatial expression patterns of FRG1 mRNA
and protein during tooth development in mice. Based on
the expression pattern during odontogenesis in the mouse,
FRG1 appears to be related to the morphogenesis of the
tooth germ, the differentiation of ameloblasts and odonto-
blasts and matrix formation. Furthermore, FRG1 was
localized in the cytoplasm of ameloblasts and odontoblasts
in vivo, while its expression was translocated into the
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cytoplasm and colocalized with B-actin in the mouse dental
epithelial cells treated with BMP4 in vitro. Because the
mechanism underlying the translocation of FRG1 by BMP4
treatment remains unknown, further studies are necessary
to understand the interaction between FRG1 and BMP4 and
the biological function(s) of FRG1 during tooth germ
development. However, the present study demonstrated the
expression pattern of FRG1 in the developing tooth germ,
and thus suggests the possible role of FRG1 in tooth germ
morphogenesis.

Acknowledgments The authors disclosed receipt of the following
financial support for the research described in this article: Grants-in-
Aid from the Ministry of Education, Culture, Sports, Science and
Technology of Japan, Nos. 25462862 (to K.N.), 15H05023 (to N.W.)
and 26670826 (to N.W.).

References

Aberg T, Wozney J, Thesleff I (1997) Expression patterns of bone
morphogenetic proteins (Bmps) in the developing mouse tooth
suggest roles in morphogenesis and cell differentiation. Dev Dyn
210:383-396

Akhter M, Kobayashi I, Kiyoshima T, Matsuo K, Yamaza H, Wada
H, Honda JY, Ming X, Sakai H (2005) Possible functional
involvement of thymosin beta 4 in developing tooth germ of
mouse lower first molar. Histochem Cell Biol 124:207-213

Akhter M, Kobayashi I, Kiyoshima T, Nagata K, Wada H, Ookuma
Y, Fujiwara H, Honda JY, Sakai H (2010) In situ expression of
15 kDa interferon alpha responsive gene in the developing tooth
germ of the mouse lower first molar. J] Mol Histol 41:185-191

Biz MT, Marques MR, Crema VO, Moriscot AS, dos Santos MF
(2010) GTPases RhoA and Racl are important for amelogenin
and DSPP expression during differentiation of ameloblasts and
odontoblasts. Cell Tissue Res 340:459-470

Byers MR, Schatteman GC, Bothwell M (1990) Multiple functions
for NGF receptor in developing, aging and injured rat teeth are
suggested by epithelial, mesenchymal and neural immunoreac-
tivity. Development 109:461-471

Chen J, Lan Y, Baek JA, Gao Y, Jiang R (2009) Wnt/beta-catenin
signaling plays an essential role in activation of odontogenic
mesenchyme during early tooth development. Dev Biol
334:174-185

Chen X, Chen G, Feng L, Jiang Z, Guo W, Yu M, Tian W (2014)
Expression of Nfic during root formation in first mandibular
molar of rat. J] Mol Histo 45:619-626

Cobourne MT, Sharpe PT (2003) Tooth and jaw: molecular mech-
anisms of patterning in the first branchial arch. Arch Oral Biol
48:1-14

Du J, Wang Q, Yang P, Wang X (2016) FHL2 mediates tooth
development and human dental pulp cell differentiation into
odontoblasts, partially by interacting with Runx2. J Mol Histol
47:195-202

Fitzsimons RB, Gurwin EB, Bird AC (1987) Retinal vascular
abnormalities in facioscapulohumeral muscular dystrophy. A
general association with genetic and therapeutic implications.
Brain 110(pt 3):631-648

Grewal PK, Todd LC, van der Maarel S, Frants RR, Hewitt JE (1998)
FRGI, a gene in the FSH muscular dystrophy region on human

@ Springer

chromosome 4q35, is highly conserved in vertebrates and
invertebrates. Gene 216:13-19

Hanel ML, Wuebbles RD, Jones PL (2009) Muscular dystrophy
candidate gene FRG] is critical for muscle development. Dev
Dyn 238:1502-1512

Hanel ML, Sun CY, Jones TI, Long SW, Zanotti S, Milner D, Jones
PL (2011) Facioscapulohumeral muscular dystrophy (FSHD)
region gene 1 (FRGI1) is a dynamic nuclear and sarcomeric
protein. Differentiation 81:107-118

Honda JY, Kobayashi I, Kiyoshima T, Yamaza H, Xie M, Takahashi
K, Enoki N, Nagata K, Nakashima A, Sakai H (2008) Glycolytic
enzyme Pgkl is strongly expressed in the developing tooth germ
of the mouse lower first molar. Histol Histopathol 23:423-432

Honda JY, Kobayashi I, Kiyoshima T, Nagata K, Wada H, Ookuma
Y, Fujiwara H, Shiotsuka M, Takahashi I, Sakai H (2011) In situ
expression of the mitochondrial ATPase6 gene in the developing
tooth germ of the mouse lower first molar. J Mol Histol 42:83-90

Jernvall J, Kettunen P, Karavanova I, Martin LB, Thesleff I (1994)
Evidence for the role of the enamel knot as a control center in
mammalian tooth cusp formation: non-dividing cells express
growth stimulating Fgf-4 gene. Int J Dev Biol 38:463-469

Kihara M, Kiyoshima T, Nagata K, Wada H, Fujiwara H, Hasegawa
K, Someya H, Takahashi I, Sakai H (2014) Itm2a expression in
the developing mouse first lower molar, and the subcellular
localization of Itm2a in mouse dental epithelial cells. PLoS ONE
9:¢103928

Kiyoshima T, Fujiwara H, Nagata K, Wada H, Ookuma YF,
Shiotsuka M, Kihara M, Hasegawa K, Someya H, Sakai H
(2014) Induction of dental epithelial cell differentiation marker
gene expression in non-odontogenic human keratinocytes by
transfection with thymosin beta 4. Stem Cell Res 12:309-322

Kobayashi I, Kiyoshima T, Wada H, Matsuo K, Nonaka K, Honda JY,
Koyano K, Sakai H (2006) Type II/IIl Runx2/Cbfal is required
for tooth germ development. Bone 38:836-844

Lei H, Liu H, Ding Y, Ge L (2014) Immunohistochemical localization
of Pax6 in the developing tooth germ of mice. J Mol Histol
45:373-379

Li J, Huang X, Xu X, Mayo J, Bringas P Jr, Jiang R, Wang S, Chai Y
(2011) SMAD4-mediated WNT signaling controls the fate of
cranial neural crest cells during tooth morphogenesis. Develop-
ment 138:1977-1989

Lian M, Zhang Y, Shen Q, Xing J, Lu X, Huang D, Cao P, Shen S,
Zheng K, Zhang J, Chen J, Wang Y, Feng G, Feng X (2016)
JABI accelerates odontogenic differentiation of dental pulp stem
cells. J Mol Histol. doi:10.1007/s10735-016-9672-5

Liu Q, Jones TI, Tang VW, Briecher WM, Jones PL (2010)
Facioscapulohumeral muscular dystrophy region gene-1 (FRG-
1) is an actin-bundling protein associated with muscle-attach-
ment sites. J Cell Sci 123:1116-1123

Ookuma YF, Kiyoshima T, Kobayashi I, Nagata K, Wada H,
Fujiwara H, Yamaza H, Nonaka K, Sakai H (2013) Multiple
functional involvement of thymosin beta-4 in tooth germ
development. Histochem Cell Biol 139:355-370

Osborne RJ, Welle S, Venance SL, Thornton CA, Tawil R (2007)
Expression profile of FSHD supports a link between retinal
vasculopathy and muscular dystrophy. Neurology 68:569-577

Padberg GW, Brouwer OF, de Keizer RJ, Dijkman G, Wijmenga C,
Grote JJ, Frants RR (1995) On the significance of retinal
vascular disease and hearing loss in facioscapulohumeral
muscular dystrophy. Muscle Nerve Suppl 2:S73-S80

Pispa J, Thesleff I (2003) Mechanisms of ectodermal organogenesis.
Dev Biol 262:195-205

Shigemura N, Kiyoshima T, Kobayashi I, Matsuo K, Yamaza H,
Akamine A, Sakai H (1999) The distribution of BrdU- and
TUNEL-positive cells during odontogenesis in mouse lower first
molars. Histochem J 31:367-377


http://dx.doi.org/10.1007/s10735-016-9672-5

J Mol Hist (2016) 47:375-387

387

Shiotsuka M, Wada H, Kiyoshima T, Nagata K, Fujiwara H, Kihara
M, Hasegawa K, Someya H, Takahashi I, Sakai H (2013) The
expression and function of thymosin beta 10 in tooth germ
development. Int J Dev Biol 57:873-883

Sun CY, van Koningsbruggen S, Long SW, Straasheijm K, Klooster
R, Jones TI, Bellini M, Levesque L, Briecher WM, van der
Maarel SM, Jones PL (2011) Facioscapulohumeral muscular
dystrophy region gene 1 is a dynamic RNA-associated and actin-
bundling protein. J Mol Biol 411:397-416

Takahashi KF, Kiyoshima T, Kobayashi I, Xie M, Yamaza H,
Fujiwara H, Ookuma Y, Nagata K, Wada H, Sakai T, Terada Y,
Sakai H (2010) Protogenin, a new member of the immunoglob-
ulin superfamily, is implicated in the development of the mouse
lower first molar. BMC Dev Biol 10:115

Thesleff I (1995) Tooth morphogenesis. Adv Dent Res 9:12

Thesleff 1 (2003) Epithelial-mesenchymal signalling regulating tooth
morphogenesis. J Cell Sci 116:1647-1648

Thesleff 1, Aberg T (1999) Molecular regulation of tooth develop-
ment. Bone 25:123-125

Vaahtokari A, Aberg T, Jernvall J, Keranen S, Thesleff I (1996) The
enamel knot as a signaling center in the developing mouse tooth.
Mech Dev 54:39-43

van Koningsbruggen S, Straasheijm KR, Sterrenburg E, de Graaf N,
Dauwerse HG, Frants RR, van der Maarel SM (2007) FRG1P-
mediated aggregation of proteins involved in pre-mRNA
processing. Chromosoma 116:53-64

Wada H, Kobayashi I, Yamaza H, Matsuo K, Kiyoshima T, Akhtar
M, Sakai T, Koyano K, Sakai H (2002) In situ expression of heat
shock proteins, Hsc73, Hsj2 and Hsp86 in the developing tooth
germ of mouse lower first molar. Histochem J 34:105-109

Wuebbles RD, Hanel ML, Jones PL (2009) FSHD region gene 1
(FRG1) is crucial for angiogenesis linking FRGI1 to facioscapu-
lohumeral muscular dystrophy-associated vasculopathy. Dis
Model Mech 2:267-274

Xie M, Kobayashi I, Kiyoshima T, Yamaza H, Honda JY, Takahashi
K, Enoki N, Akamine A, Sakai H (2007) Functional implication
of nucleolin in the mouse first molar development. J Biol Chem
282:23275-23283

Xie M, Kobayashi I, Kiyoshima T, Nagata K, Ookuma Y, Fujiwara H,
Sakai H (2009) In situ expression of ribosomal protein L21 in
developing tooth germ of the mouse lower first molar. J Mol
Histol 40:361-367

Xie M, Xing G, Hou L, Bao J, Chen Y, Jiao T, Zhang F (2015)
Functional role of EMMPRIN in the formation and mineralisa-
tion of dental matrix in mouse molars. J Mol Histol 46:21-32

Yamaza H, Matsuo K, Kiyoshima T, Shigemura N, Kobayashi I,
Wada H, Akamime A, Sakai H (2001a) Detection of differen-
tially expressed genes in the early developmental stage of the
mouse mandible. Int J Dev Biol 45:675-680

Yamaza H, Matsuo K, Kobayashi I, Wada H, Kiyoshima T, Akhtar
M, Ishibashi Y, Sakai T, Akamine A, Sakai H (2001b)
Expression of Set-alpha during morphogenesis of mouse lower
first molar. Histochem J 33:437-441

@ Springer



	Facioscapulohumeral muscular dystrophy (FSHD) region gene 1 (FRG1) expression and possible function in mouse tooth germ development
	Abstract
	Introduction
	Materials and methods
	Animals
	In situ hybridization
	Immunohistochemistry
	Cell line and cell culture
	Immunocytochemistry
	Western blot analysis
	Statistical analysis

	Results
	Expression pattern of FRG1 mRNA and protein in the developing mouse tooth germ
	Initiation (E10.5)
	Thickening of the dental epithelium (E12)
	Bud stage (E14)
	Cap stage (E15--16)
	Early bell stage (E18)
	Late bell stage (P0--P3)
	Tooth root formation stage (P10)
	Tooth eruption stage (P20)

	Subcellular localization of the FRG1 protein in the mouse dental epithelial cells with or without BMP4 treatment

	Discussion
	Acknowledgments
	References




