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Abstract

Much information is currently available for molecules in early odontogenesis, but there is limited knowledge regarding ter-
minal cytodifferentiation of ameloblasts and odontoblasts for the determination of normal crown morphology. The present
differential display PCR (DD-PCR) revealed that insulin-like growth factor-binding protein 5 (IGFBPS5) was differentially
expressed in molar tooth germs between the cap (before crown mineralization) and root formation (after crown mineraliza-
tion) stages. Real-time PCR confirmed that the expression levels of IGFBP1-4 were not significantly changed but those
of IGFBP5-7 were upregulated in a time-dependent manner. Immunoreactivities for IGFBP5-7 were hardly seen in molar
germs at the cap/early bell stage and protective-stage ameloblasts at the root formation stage. However, the reactivity was
strong in odontoblasts and maturation-stage ameloblasts, which are morphologically and functionally characterized by wide
intercellular space and active enamel matrix mineralization. The localization of each IGFBP was temporospatial. IGFBP5
was localized in the nuclei of fully differentiated odontoblasts and ameloblasts, while IGFBP6 was localized in the apical
cytoplasm of ameloblasts and odontoblasts with dentinal tubules, and IGFBP7 was mainly found in the whole cytoplasm of
odontoblasts and the intercellular space of ameloblasts. IGFBP silencing using specific siRNAs upregulated representative
genes for dentinogenesis and amelogenesis, such as DMP1 and amelogenin, respectively, and augmented the differentiation
media-induced mineralization, which was confirmed by alizarin red s and alkaline phosphatase staining. These results sug-
gest that IGFBP5—7 may play independent and redundant regulatory roles in late-stage odontogenesis by modulating the
functional differentiation of ameloblasts and odontoblasts.
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Introduction

Odontogenesis, the progression of tooth germs through
complicated and sequential molecular reactions, results in
the proliferation, movement, differentiation, and apoptotic
death of odontogenic cells. Currently, the bioengineering
of tooth germs is suggested to be an ideal tooth rehabili-
tation approach. However, it faces hurdles, including the
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acquisition of normal tooth morphology (e.g., crown size
and shape are faced with difficulty) and the establishment
of odontogenic cells (Ono et al. 2017; Smith et al. 2018).
Accordingly, the detection of molecules involved in the reg-
ulation of the enamel and dentin formation by odontogenic
cells has been mainstream research in tooth developmental
fields.

Odontogenesis begins from the oral epithelium and
ectomesenchymal cells, which develop into the enamel (or
dental) organ and dental papilla, respectively. Dental papilla
cells rapidly increase in length and differentiate into dentin-
forming odontoblasts; concurrent with this change, inner
enamel epithelia differentiate into enamel-forming amelo-
blasts at the late bell stage. According to the morphology
of the enamel organ, odontogenesis is subdivided into four
stages: bud, cap, bell, and dental hard tissue formation
(crown and root formation). Changes in its morphology are
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strictly regulated by genetic programs, and, therefore, the
detection of regulatory genes responsible for these changes
has continuously gained attention. Currently, more than 300
genes are reported to be involved in tooth morphogenesis,
but most are associated with the patterning and morphogen-
esis of tooth germs, events of relatively early morphogenetic
stages from initiation through cap/early bell stages (Thesleff
2006; Lan et al. 2014; Doshi et al. 2016; Sadier et al. 2019;
Wang et al. 2019).

More importantly, further changes in odontogenic cells,
such as differentiation and phenotypic protein expression,
are needed for them to functionally mature to form and
mineralize enamel and dentin matrices. In addition, tooth
bioengineering using fate-determined odontogenic cells
ultimately needs functional cell differentiation leading to
amelogenesis and odontogenesis that may determine nor-
mal crown morphology (Oyanagi et al. 2019). Currently,
however, there is a lack of information regarding molecules
that regulate the terminal functional differentiation of odon-
togenic cells. These secrete growth factors, such as the insu-
lin-like growth factor (IGF), which is a potent mitogen and
transforming growth factor-f that regulate cell proliferation
and differentiation. Additionally, receptors for growth fac-
tors and endothelin receptors were reported to be involved
in odontogenesis (Klopcic et al. 2007; Neuhaus and Byers
2007), implying the importance of ligand-receptor axis in
odontogenesis. This axis is further delicately regulated by
the modulation of specific molecules or ligands (Chen et al.
2017; Juno et al. 2019).

This study addressed the hypothesis that developing tooth
germs may express specific molecules that act on odonto-
genic cells to induce amelogenesis and dentinogenesis.
To test this, molecules from tooth germs at two different
developmental stages (cap and hard tissue formation) were
compared. Our results revealed that IGF-binding proteins
(IGFBPs) were differentially expressed between the two
stages in molar germ development. These proteins regu-
late IGF signaling globally and locally under various con-
ditions. IGFBP binding increases the half-life of IGF and
blocks its potential binding to the insulin receptor (Allard
and Duan 2018). IGFBPs have high affinity to IGFs that is
equal to or greater than that of IGF receptors and play cru-
cial pathophysiological roles in many tissues (Kang et al.
2015; Hoeflich et al. 2018; Mazerbourg and Monget 2018).
IGFBPs are expressed in dental pulp stem cells (Magnucki
et al. 2013; Al-Kharobi et al. 2018) and are dysregulated in
human cleidocranial dysplasia (Greene et al. 2018). They
regulate IGF-I-induced matrix mineralization in dental pulp
cells (Al-Kharobi et al. 2016) and further enhance differen-
tiation potentials of mesenchymal stem cells (Wang et al.
2017). Considering the functional significance of IGF-I in
modulating bioengineered tooth morphogenesis (Oyanagi
et al. 2019) and in mineralized tissues (Al-Kharobi et al.
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2014), the determination of IGFBP roles in odontogenesis
may provide a clue to develop strategies to control tooth
morphology in tooth bioengineering.

Materials and methods
Histology and tooth germ sampling

All procedures were performed in accordance with the
ethical standards formulated by the animal care and use
committee in Chonnam National University. Newborn
Sprague—Dawley rat pups were housed in approved facili-
ties for laboratory animal care. Portions of the alveolar bone
containing maxillary molar tooth germs were isolated at
postnatal days 3, 6, and 9 (n=35 for each day), and imme-
diately fixed in 4% paraformaldehyde solution. They were
then decalcified in ethylenediaminetetraacetic acid (pH 7.4)
and routinely processed for embedding in paraffin. Five
micrometer-thick sagittal sections were cut for hematoxylin
and eosin, and immunofluorescence staining. For RNA and
protein extraction, the maxillary 2nd and 3rd molar germs
were taken out from their bony crypts and immediately
frozen in liquid nitrogen. Extracted molar germs were also
immediately used for dental papilla cell culture.

Differential display polymerase chain reaction
(DD-PCR) and gene identification

The total RNA was extracted from maxillary 2nd and 3rd
molar germs (n=30 for each germ) using a TRIzol® Rea-
gent (Invitrogen, Carlsbad, CA, USA) and treated with
DNase I (Gibco BRL, Gaithersburg, MD, USA). DD-PCR
was performed using RNAs extracted from the 2nd and 3rd
molar germs at postnatal day 9 using the GeneFishing ™
DEG kit (Seegene, Del Mar, CA, USA) on a Palm-Cycler
thermocycler (Corbett Life Science, Sydney, Australia).
Products were resolved on 1.2% agarose gel and stained
with SYBG® safe DNA gel stain (Invitrogen). Differentially
expressed products were ligated with pPGEM-T® Easy Vec-
tor using T4 DNA ligase (Promega, Madison, WI, USA) and
transformed into DHS5a cells. Isolated plasmid DNAs were
sequenced using a T7 promoter primer.

Induction of differentiation and mineralization

1st and 2nd maxillary molar germ tissues at postnatal day
3 (n=30 for each germ) were minced into small pieces
and digested with 0.1% collagenase (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min at 37 °C, then filtered through
a cell strainer (100 pm). Cells were incubated with Dul-
becco’s Modified Eagle Medium (DMEM) containing 20%
fetal bovine serum (FBS) and an antibiotic—antimycotic



Journal of Molecular Histology (2021) 52:63-75

65

mixture (Invitrogen). Two to three passages of cells were
differentiated into odontoblasts by culturing them in dif-
ferentiation media, i.e., DMEM containing 10% FBS, sup-
plemented with 170 pM ascorbic acid 2-phosphate, 5 mM
B-glycerophosphate (Sigma-Aldrich), and 100 ng/ml BMP2
(R&D Systems, Minneapolis, MN, USA). The medium was
changed every three days. For alkaline phosphatase (ALP)
staining, cells at day 3 were fixed with 3.7% formaldehyde
for 10 min, followed by the addition of the BCIP/NBT sub-
strate (Sigma-Aldrich). The reaction was stopped with the
addition of water. The relative staining density was meas-
ured using the Scion Image software (Scion, Frederick, MD,
USA). For mineralization detection, cells on day 14 were
fixed with 70% ethanol, and then stained with 40 mM aliza-
rin red s (AR) solution (pH 4.2, Sigma-Aldrich). For quan-
titation, the stains were extracted using 10% (w/v) cetylpyri-
dinium chloride in 10 mM sodium phosphate (pH 7.0) for
15 min and measured at 570 nm using a microplate reader
(Bio-Tek Instruments, Winooski, VT, USA).

SF2 rat dental epithelial cells were kindly donated from
Prof. Fukumoto at the Graduate School of Dentistry Tohoku
University and grown in growth media: DMEM/F12 (1:1;
Invitrogen) containing 10% FBS and antibiotic—antimy-
cotic mixture. Cells were differentiated into ameloblasts by
culturing them in differentiation media: the above growth
media supplemented with 170 pM ascorbic acid 2-phos-
phate, 5 mM CaCl,, and 0.1 pM vitamin D3 (Arakaki et al.
2012). Differentiation media were changed every other day.
ALP and AR staining were performed on day 4 and day 12,
respectively.

Gene silencing

Cells at the second and third passage were transfected with
specific siRNAs (30 nM) against IGBP5-7 (Bioneer, Dajeon,
Korea) and scrambled RNA as control (Ambion, Carlsbad,
CA, USA) using Lipofectamine RNAIMAX (Invitrogen),
respectively. A day after the transfection, SF2 and dental
papilla cells were treated with differentiation media for 6 and
9 days, respectively. Gene expression measurements were
performed using quantitative real-time PCR.

RT-PCR

Target and reference genes from molar germs (n=30 for
each germ) were amplified in real-time on a Rotor-Gene
RG-3000 (Corbett Research, Morklake, Australia) and
detected using a SYBR Green PCR Master Mix Reagent kit
(Qiagen, Valencia, CA, USA). Data were analyzed using the
Corbett Robotics Rotor-Gene software (Rotor-Gene 6 ver-
sion 6.1, build 90 software). Intensities ratios of the target
genes and f-actin signals were used as a relative measure-
ment of the target gene expression. The mean fold change of

mRNA expression was calculated using the 274" method.
Base sequences of primers, amplicon size, and GenBank No.
are summarized in Table 1.

Western blot

Protein lysates were extracted from molar germs (n=50
for each germ) using the ReadyPrep protein extraction kit
(Bio-RAD, Hercules, CA, USA) and transferred to a Protran
nitrocellulose membrane (Whatman GmbH, Dassel, Ger-
many). The membrane was then incubated with purified rab-
bit polyclonal primary antibodies raised against IGFBP5-7
amino acids of human origin (Santa Cruz Biotech, Dela-
ware, CA, USA). A purified mouse monoclonal primary
antibody against pB-actin (Sigma-Aldrich) was used as the
reference. The membrane was then incubated with horserad-
ish peroxidase (HRP)-conjugated antibodies (Cell Signaling
Technology, Beverly, MA, USA). Reactants were visualized
with Immobilon Western Chemiluminescent HRP substrate
(ECL; Millipore, Billerica, MA, USA).

Immunofluorescence stain

Immunofluorescence staining was performed using the
TSATM Kit (Invitrogen). After endogenous peroxidase was
blocked, tissue sections were stained with the same primary
antibody used for western blot, followed by incubation in
HRP-conjugated secondary antibody. Membranes were
incubated in Alexa Fluor 488® tyramide working solution,
followed by propidium iodide stain for nuclei. Reactants
were photographed using an LSM confocal microscope
(Carl Zeiss, Standort Gottingen-Vertrieb, Deutschland).
Immunological specificity was assessed by substituting
the primary antibody with normal mouse or rabbit serum
(Sigma-Aldrich).

Results

IGFBP5 is differentially expressed in developing
tooth germs

Microscopic observation revealed that the maxillary of 2nd
and 3rd molar germs on postnatal day 9 were at the root
formation (after the amelogenesis and dentinogenesis) and
cap/early bell stages (before the amelogenesis and dentino-
genesis) of development, respectively. The 2nd molar germs
at the root stage were characterized by the presence of the
epithelial diaphragm and had a well-defined crown out-
line. The crown enamel was covered with protective-stage
ameloblasts in the cuspal tip and maturation-stage amelo-
blasts with wide intercellular space in most parts, which are
functionally characterized by the mineralization role of the
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Table 1 Oligonucleotides used

) Gene Sequence (5’ to 3") Amplicon (bp) Genbank No
for real-time RT-PCR

IGFBP-1 Forward tctcaagattcctttgtgctctc 182 BC_078889
Reverse taggtgatgtaaccacagacacg

IGFBP-2 Forward tctattagaagcaggaacggag 203 NM_013122
Reverse gcagtaaaccacagccagte

IGFBP-3 Forward tctcaagattcctttgtgetctc 182 NM_012588
Reverse taggtgatgtaaccacagacacg

IGFBP-4 Forward aggcctgtgggagaaaagaa 108 NM_001004274
Reverse tctaccccactecttcceac

IGFBP-5 Forward ttttgttatcccectectcg 205 BC_087030
Reverse tgcgcagaacaggtaagagg

IGFBP-6 Forward agccgctgttgatgetgtta 230 NM_013104
Reverse aggtgtctcttegttctete

IGFBP-7 Forward catcacccaggtcagcaaag 124 NM_001013048
Reverse ggttgggattccgatgactt

ALP Forward actcaggggaacgaggtcac 144 NM_013059.1
Reverse gtccgagtaccagtecegat

OCN Forward atgaggaccctctctctgcete 293 NM_013414.1
Reverse gtggtgccatagatgegcettg

OPN Forward aacagtatcccgatgccaca 237 NM_012881.2
Reverse actgctcagtgctetegtgg

DMP Forward ccacgagcactcaggattca 124 NM_203493.3
Reverse atcctctgtggagtegetct

DSPP Forward ggaggatgaagacacgggtt 178 NM_012790.2
Reverse tggggagccttcttgttctt

Ambn Forward gcgtttccaagagccctgacaac 368 NM_012900.1
Reverse aagaagcggtgtcacatttcctgg

Amelx Forward acccaacaccatcagccaaa 199 NM_001271074.1
Reverse gctcaggaagaatgggggac

B-actin Forward gaatcctgtggcatccatga 124 NM_031144.3

Reverse tcagcaatgcctgggtacat

enamel matrix. In addition, active root dentin formation and
the maturation of the crown dentin matrix by odontoblasts
were noted (Fig. 1a). The maxillary 2nd molar germs were at
the early bell and crown formation stages on postnatal days
3 and 6, respectively (data not shown). DD-PCR revealed
that one gene was highly expressed in 2nd molar germs com-
pared with the 3rd molar germs at postnatal day 9 (Fig. 1b).
This gene was sequenced as a part (293 bp) of IGFBP5
(GenBank accession no. BC_087030). Other differentially
expressed bands, which were detected using other primers,
were meaningless or irrespective of histodifferentiation of
odontogenic cells and accordingly excluded from this study.

The isoforms IGFBP5-7 are upregulated
during tooth germ mineralization in vivo

Differential IGFBPS regulation was confirmed by comparing
its expression between the cap stage (2nd molar germs) and
the root stage (3rd molar germs). Amplicons of the expected
size (211 bp) were generated from both molar germs, but
the mRNA level was much higher in the root stage germs.
Further examination of IGFBP5 expression levels from the

@ Springer

2nd molar germs on postnatal days 3, 6, and 9 revealed that
IGFBPS5 was upregulated in a stage-dependent manner. In
addition, the mRNA levels of IGFBP6—7 were much higher
in the 2nd molar germs than in 3rd molar germs. In contrast,
changes in the IGFBP1-4 mRNA levels were negligible.
Expression levels of GFBP6-7 from the maxillary 2nd molar
germs were also upregulated in a stage-dependent manner.
However, mRNA levels of IGFBP1-—4 were not significantly
changed during the investigated stages (Fig. 2a). Protein lev-
els of IGFBP5-7 in the 2nd molar germs were also examined
by western blot. These were upregulated in a stage-depend-
ent manner, consistent with RT-PCR results (Fig. 2b).

IGFBPs are differentially localized in ameloblasts
and odontoblasts

Differentially expressed IGFBP5-7 were localized in
developing molar tooth germs. Immunoreactivity against
IGFBP5 was hardly seen in 3rd molar germs at the cap/
early bell stages. In contrast, a strong reactivity was spo-
radically found in fully differentiated odontoblasts and
maturation staged-ameloblasts in 2nd molar germs at the
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(A)

Postnatal day 9
M 3rdpM  2nd M

(B)

Fig.1 Developing molars and differential expression of IGFBPS5
mRNA. a Light micrographs of developing upper molar germs
at postnatal day 9. Hematoxylin & Eosin (H&E) stain. (a) The 3rd
molar germ (3rd) is at the cap stage in development, whereas the 2nd
molar germ (2nd) is at the root formation stage. (b) Hertwig epithe-
lial root sheath (HERS) is seen for the root formation. Ameloblasts
(Am) and odontoblasts (Od) are actively engaged in the maturation of
the enamel and the formation/maturation of dentin, respectively. (c)
High magnification near the future cementoenamel junction is char-
acterized by maturation-stage ameloblasts (Am[m]) with a flat api-
cal region and wide intercellular space. (d) High magnification of the
occlusal fissure region is also characterized by Am[m]. (e) High mag-

root stage, specifically localized in the nuclei of both odon-
togenic cells (Fig. 3a). Immunoreactivity against IGFBP6
was also hardly seen in 3rd molar germs at the cap/early
bell stages (data not shown). However, there was sporadic
reactivity in differentiated odontoblasts and maturation-
stage ameloblasts in 2nd molar germs at the root stage,
specifically localized in the apical cytoplasm of amelo-
blasts and the apical cytoplasm and dentinal tubules of
odontoblasts (Fig. 3b). Immunoreactivity against IGFBP7
was also hardly seen in 3rd molar germs at the cap/early
bell stage (Fig. 3c). The reactivity against IGFBP7 seemed

nification of the cusp tip region is characterized by shortened protec-
tive-stage ameloblasts (Am[p]) and the papillary layer (PL) composed
of the stratum intermedium and outer enamel epithelium. (f) High
magnification of the 3rd molar at the cap stage. Either the enamel or
dentin formation is not seen. AB alveolar bone, D dentin, DP dental
papilla, E enamel, OEE outer enamel epithelium, S/ stratum interme-
dium. b A gel image acquired from DD-PCR using a specific primer
ACP73. A differentially expressed band (arrow), approximately
300 bp in size, between the 2nd molar (root formation stage) and 3rd
molar (cap stage) germs is shown. A 100 bp molecular marker (M)
ladder was used

to be sporadically localized in the intercellular space of
maturation-stage ameloblasts at the occlusal fissure (a) and
cervical region (b) of 2nd molar germs at the root stage.
The reactivity in odontoblasts was not localized but gen-
eralized and seen in the cytoplasm and dentinal tubules
of fully differentiated odontoblasts in 2nd molar germs
at the root stage (c, d). However, scarce reactivity was
found in the inner enamel epithelium and dental papilla of
the 3rd molar and protective-stage ameloblasts in the 2nd
molar (d). The negative control did not show any reactiv-
ity (Fig. 3d).
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Fig.2 Expression of IGFBP isoforms. a mRNA levels determined
by real-time PCR (RT-PCR). Generation and comparison of IGFBPs
amplicons between the 2nd molar germs (root formation stage) and
3rd molar germs (cap stage) on postnatal day 9, and the generation
and comparison of IGFBPs amplicons between 2nd molar germs on
postnatal days 3 (early bell stage), 6 (crown stage), and 9 (root forma-

IGFBPs may negatively regulate the enamel
and dentin formation

Dental papilla cells acquired from developing molars were
primary cultured for analyzing the expression of IGFBP
and dentinogenesis marker molecules during mineraliza-
tion using RT-PCR. As shown in Fig. 4a, marker genes,
such as osteocalcin (OCN), osteopontin (OPN), and dentin
matrix acidic phosphoprotein 1 (DMP1) were upregulated
on day 8 and further enhanced on day 11 by media differen-
tiation. ALP and dentin sialophosphoprotein (DSPP) were
significantly upregulated on day 11. The expression levels of
IGFBP5-6 was unchanged on day 8 but significantly upregu-
lated on day 11. In contrast, the mRNA levels of IGFBP7
remained unchanged during the investigated time points
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tion stage). Data (mean+ SD) were acquired from three independent
experiments. A p<0.05 was considered significant. A 100 bp molec-
ular marker (M) ladder was used. b Protein levels of IGFBP5-7 at
three different stages of 2nd molar germs were determined by West-
ern blotting

(Fig. 4b). To elucidate a functional relationship of IGFBPs
with dentinogenesis marker molecules, we treated dental
papilla cells with siRNA for IGFBP5-7 for 9 days, respec-
tively. Notably, all treatments affected the investigated genes
DMP1, DSPP, and OCN, which are late stage odontoblast
differentiation markers that regulate matrix mineralization
(Papagerakis et al. 2002) and were significantly upregulated
(Fig. 4c). This result was further confirmed by ALP and AR
staining. Differentiation media with control siRNA induced
dentin matrix mineralization, and the induced mineralization
was further augmented by the silencing of IGFBP5-7 with
the specific siRNA, respectively (Fig. 4d).

SF2 rat dental epithelial cells were differentiated into
ameloblasts for analyzing the expression of IGFBPs and
amelogenesis marker molecules during mineralization. As
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shown in Fig. 5a, amelogenin (Amelx), a representative gene
for amelogenesis was upregulated in a time-dependent man-
ner and OPN was highly upregulated in all investigated times
using the treatment with differentiation media. ALP was
upregulated at a later stage, day 6, but OCN expression was
unchanged. Changes in IGFBP5 expression during amelo-
genesis were negligible, but expression levels of IGFBP6-7
were upregulated on day 5 and further enhanced on day 7
(Fig. 5b). To elucidate a functional relationship of IGFBPs
with amelogenesis marker expression, we treated SF2 with
siRNA for IGFBP5-7 for 6 days, respectively. Notably, all
treatments upregulated Amelx, ameloblastin (Ambn), OPN,
and ALP mRNA levels except OCN (Fig. 5c¢). This result
was further confirmed by ALP and AR staining. Treatments
using differentiation media with control siRNA induced
enamel matrix mineralization and this induced mineraliza-
tion was further augmented by the silencing of IGFBP5-7
with the specific siRNA, respectively (Fig. 5d).

Discussion

The present study revealed the involvement and significance
of IGFBP5-7 in late stage odontogenesis after initiation of
the crown enamel and dentin mineralization, i.e., negative
regulation of late stage amelogenesis and dentinogenesis.
IGFs were shown to have a working mechanism in coordi-
nating mineralized matrix formation in osteoblasts and den-
tal pulpal cells (Al-Kharobi et al. 2014, 2016). Furthermore,
IGF-I increases the size and cusp number of bioengineered
teeth via the induction of enamel knot formation (Oyanagi
et al. 2019). The strong binding affinity of IGFBPs to IGFs
and the key regulation of IGFs actions by IGFBPs in various
tissues (Hoeflich et al. 2018) imply that IGFBPs may pro-
vide a way to control tooth morphology in IGF-aided tooth
bioengineering and regeneration.

The IGF family is a system composed of IGFs, IGF recep-
tors, IGFBPs, and IGFBP proteases. IGF-I and IGF-II stimu-
late growth, differentiation, and survival of various cells,
including ameloblasts and odontoblasts. IGFs were related to
the expression of amelogenin, ameloblastin, and enamelin at
the secretory stage (Catén et al. 2005). However, IGFs alone
are limited to explain molecular mechanism which works
for odontogenic cell differentiation during amelogenesis
and dentinogenesis (Tompkins 2006; Lee et al. 2018; Xiong
et al. 2019). IGFs are known to be modulated by a family of
high-affinity IGFBPs, but few studies have addressed how
IGFs are functionally modulated in amelogenesis and odon-
togenesis. The present study revealed that IGFBP5-7 were
upregulated, whereas changes in levels of IGFBP1-4 were
negligible during enamel and dentin mineralization. This
result contrasts a report that IGFBP2 stimulates differentia-
tion in osteoblasts (Xi et al. 2014). In particular, expression

levels of IGFBP5-7 increased in a time-dependent manner
from the cap through the root stage, implying that these
molecules may have functional significance in the matura-
tion of the enamel matrix via the regulation of ameloblasts
differentiation or by maintaining their differentiation state,
since ameloblasts at this stage have completed the formation
of the enamel matrix. This suggestion is evidenced by the
expression of IGFBP5-7 in maturation-stage ameloblasts
(either ruffled ended or smooth ended), which are function-
ally characterized by their involvement in enamel matrix
mineralization and morphologically characterized by their
wide intercellular space and long columnar shape. In con-
trast, they were hardly expressed in either inner enamel epi-
thelium and dental papilla cells or protective-stage amelo-
blasts, which are characterized by short cuboidal shape and
no further involvement in matrix mineralization.

IGFBPS5 possesses a nuclear localization sequence
in its carboxy-terminal domain and interacts with LIM
protein-2, which facilitates its transport into the nucleus
where the complex then modulates the transcription of
genes involved in osteoblast proliferation and/or differen-
tiation (Schedlich et al. 2000; Amaar et al. 2002). The pre-
sent study also demonstrated that IGFBPS was localized in
the nuclei of differentiated odontoblasts and ameloblasts,
providing a possibility that IGFBP5 may act by the IGF-
independent mechanism in these cells. This suggestion is
also supported by the report that locally injected IGFBPS5
had an effect on osteoblasts in IGF-I knockout mice (Miya-
koshi et al. 2001).

Regarding the molecular function of IGFBP5, there have
been more suggestions for their role than the simple seques-
tering of IGF. IGFBP5 was expressed in the differentiated
spinous cells of the gingival epithelium and was able to
enhance their migration, differentiation, and anti-apoptosis
processes (Hung et al. 2008). Furthermore, a "loss of func-
tion” approach to the knockdown of endogenous IGFBP5
expression in osteosarcoma cells revealed that endogenous
IGFBPS5 was important in maintaining bone cell survival and
differentiation but had little effect on cell proliferation (Yin
et al. 2004). About 25% of ameloblasts in rats die during
postsecretory transition, whereas another 25% do so dur-
ing proper maturation (Smith and Warshawsky 1977; Smith
1979). Our results revealed the localization of IGFBPS in
ameloblasts and odontoblasts at the root formation stage and
its absence in either proliferating cells, preodontoblasts, or
preameloblasts, suggest that this factor may locally regulate
the differentiation of matured odontogenic cells or maintain
the differentiation state rather than proliferation. This sug-
gestion is supported by reports showing that IGFBPS expres-
sion is associated with non-proliferative states, such as cell
differentiation and quiescence (Bach 2005), and its mRNA
expression is enhanced in serum withdrawal-induced cell
death (Mazerbourg and Monget 2018).
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The expression levels of IGFBP6 were higher at the hard
tissue forming stage than the cap stage and increased in a
time-dependent manner. IGFBP6 was localized in the distal
region in the cytoplasm of ameloblasts and odontoblasts, and
it was involved in growth arrest with features of senescence
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and was associated with non-proliferative states, such as cell
differentiation and quiescence (Han et al. 1999; Han and
Carter 2000). In addition, IGFBP6 overexpression inhib-
ited Caco-2 cell growth and mediated the growth-inhibitory
effect of all-trans retinoic acid by suppressing the IGF-II
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«Fig.3 Localization of IGFBP5-7 in molar germs on postnatal day 9.
a Reactivity against IGFBPS is seen in the 2 molar (2nd) and devel-
oping alveolar bone (AB). (a) High magnification. The reactivity
is not seen in either dental papilla cells (¥) or inner enamel epithe-
lium (#) in 3rd molar germs (3rd) at the cap stage. Strong reactivity
is seen in nuclei of fully differentiated odontoblasts (Od), but not in
the protective-stage ameloblasts (Am[p]) at the cusp tip. (b) Higher
magnification showing reactivity in the nuclei of maturation-stage
ameloblasts (Am[m]) but rarely in the dental follicle (DF) and Her-
twig epithelial root sheath (HERS). b Immunoreactivity against
IGFBP6 is localized in ameloblasts and odontoblasts but not in the
dental papilla and dental follicle in 2nd molar germ at the root stage.
(a) Strong reactivity is seen in the cytoplasm, in the dentinal tubules
(DT) processes of odontoblasts (Od), and (b) the distal cytoplasm of
maturation-stage ameloblasts (Am[m]) at the occlusal fissure region.
¢ Immunoreactivity against IGFBP7 in the root stage molar germ.
The reactivity is found intercellularly in maturation-stage ameloblasts
(Am[m]) at the occlusal fissure region (a) and cervical region (b). (c)
The reactivity is also seen in the whole cytoplasm and processes in
dentinal tubules of odontoblasts (Od). (d) The reactivity is not found
in dental papilla cells (*) or the inner enamel epithelium (#) in the 3rd
molar and protective-stage ameloblasts (Am[p]) in the 2nd molar. d
Negative control did not show any reactivity. Am ameloblasts, D den-
tin, DF dental follicle, DP dental papilla, E enamel, Od odontoblasts,
OF occlusal fissure

autocrine loop (Kim et al. 2002). The present IGFBP6 local-
ization suggests its secretion into matrices to regulate IGF
action as an autocrine or paracrine factor.

IGFBP7, also known as IGFBP-related protein 1, can
negatively modulate the stimulatory effect of VEGF on
angiogenesis by interfering with its expression and signal-
ing (Tamura et al. 2009; Chen et al. 2010). Recombinant
IGFBP7 was found to inhibit the proliferation and enhance
differentiation of human keratinocytes (Nousbeck et al.
2010). IGFBP7 has been shown to mediate senescence
and apoptosis in melanocytes, suppress melanoma growth
in vivo (Wajapeyee et al. 2008), and suppress cell survival
in cholangiocarcinoma (Yue et al. 2018). The RT-PCR and
western blot data revealed that IGFBP7 expression also cor-
responds to the hard tissue formation stage. IGFBP7 was
localized in the whole cytoplasm of fully differentiated
odontoblasts at the secretory stage, along with their pro-
cesses and the intercellular space of maturation-stage amelo-
blasts. This molecule was not found either in the cap stage or
protective-stage ameloblasts, which ended the enamel matrix
mineralization.

In attempting to elucidate a potential functional relation-
ship between IGFBP5-7 and odontoblastic differentiation
of dental papilla cells, our results showed that odontogenic
marker genes were upregulated from day 8 and further
enhanced on day 11 as shown in Fig. 4. Consistent with these
results, the expression levels of IGFBP5—-6 were unchanged
on day 8 but significantly upregulated on day 11. This sug-
gested that IGFBPs may have been involved in odontoblast
differentiation at later stages of mineralization. In contrast,
mRNA levels of IGFBP7 remained unchanged, which might
be due to high basal level of IGFBP7 expression (data not
shown). The high basal level of IGFBP7 was also reflected
from its unlocalized but whole area of immunoreactivity in
odontoblasts as shown in Fig. 3c. Secondly, when we treated
dental papilla cells with siRNA for IGFBPs for days 4 and
10, all treatments significantly upregulated marker genes,
except for OPN. DMP1 is critical for proper dentin miner-
alization and is exported to the extracellular matrix where
it orchestrates mineralized matrix formation. OCN is a non-
collagenous, vitamin K-dependent protein that contains three
gamma-carboxyglutamic acid (Gla) motif. OCN is a later
stage bone formation and differentiation marker of osteo-
blasts (Papagerakis et al. 2002), regulates mineralization in
the bone matrix (Zoch et al. 2016), and facilitates mineral
deposition in the presence of calcium and bone remodeling
(Razzaque 2011; Burr et al. 2015; Shan et al. 2019). Thirdly,
the involvement of IGFBPs in mineralization was also con-
firmed by ALP and AR staining. Mineralization induced by
the differentiation media was further augmented by IGFBP
silencing. Altogether, these results suggest that IGFBP5-7
may play a key role in the regulation of in dentin matrix
mineralization by downregulating genes, such as OC and
DMPI1, during later stage odontoblasts differentiation either
directly or indirectly through IGF binding.

In evaluating the relationship between IGFBP5-7 and
ameloblastic differentiation of SF2 rat dental epithelial
cells, IGFBP5-7 expression levels were upregulated
as shown in Fig. 5. During the induced mineralization,
Amelx (a representative gene for amelogenesis), OPN
(a highly expressed gene in ameloblast-like cells) (Hyun
et al. 2019), and ALP levels were upregulated. In contrast,
IGFBPS5 was unexpectedly unchanged. This may due to
different culture conditions or culture times. Regarding
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Fig.4 Functional regulation of dentinogenesis by IGFBPs in den-
tal papilla cells. mRNA levels were measured by real-time PCR
(RT-PCR). a Cells were treated with differentiation media for 8 and
11 days. Each gene marker expression was compared with its expres-
sion on day 0. b Gene expression levels of IGFBPs were compared
with their respective expression level on day 0. ¢ Cells were trans-

the functional regulation of amelogenesis by IGFBPs,
all IGFBP siRNA treatments upregulated genes, such as
Amelx and ALP, and augmented mineralization, which
was further confirmed by ALP and AR staining. Alto-
gether, these results suggest that IGFBP5-7 may play a
role in the regulation of mineralization in enamel matrix
by downregulating the expression of representative genes,
such as Amelx and ALP, during later stage ameloblasts
differentiation either directly or indirectly through IGF
binding.
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fected with IGFBPs or control siRNAs. The mRNA levels of each
gene were compared. d Differentiation media (DM) treatments with
control siRNA were compared with those with specific siRNA for
each IGFBP by alkaline phosphatase (ALP) and alizarin red s (AR)
stain. GM: growth media only. All data were acquired from three
independent experiments. A p <0.05 was considered significant

This study is the first to provide the differential expres-
sion of IGFBPs and their functional relationships in amelo-
blasts and odontoblasts in developing tooth germs. Further
studies are needed to elucidate their precise mechanism and
function, including their redundancy in tooth development
using differentiation-inducing agents, such as retinoic acid
(Esteban-Pretel et al. 2010) or knockout animal models. This
study may provide practical knowledge when considering
IGFBPs as mineralization-regulating agents in tooth bioen-
gineering and regeneration.
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Fig.5 Functional regulation of amelogenesis by IGFBPs in SF2 epi-
thelial cells. mRNA levels were measured by real-time PCR (RT-
PCR). a Cells were treated with differentiation media for 3, 4, and
6 days. Each gene marker expression was compared with its expres-
sion on day 0. b Gene expression levels of IGFBPs were compared
with their respective expression level on day 0. ¢ Cells were treated
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with IGFBPs or control siRNAs. The mRNA levels of each gene
were compared. d Differentiation media (DM) treatments with con-
trol siRNA were compared with those with specific siRNA for each
IGFBP by alkaline phosphatase (ALP) and alizarin red s (AR) stain.
GM: growth media only. All data were acquired from three independ-
ent experiments. A p<0.05 was considered significant
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