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Abstract Teraspanin transmembrane protein, Perp (P53 apo-
ptosis effector related to PMP22), which is found in the
plasma membrane as a component of the desmosome, is
reported to be involved in the morphogenesis of the epitheli-
um and the enamel formation of the incisor. However, its
expression pattern and signaling regulation during molar de-
velopment have not been elucidated in detail. We have exam-
ined the precise expression patterns of Perp in developing
lower molars and employed the knock-down of Perp by
antisense oligodeoxynucleotide treatment during in vitro or-
gan cultivation at embryonic day 13 to define the precise
developmental function of Perp. Perp was expressed mainly
in the dental lamina and stellate reticulum regions at the bud
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and cap stages. After Perp knock-down, the tooth germ
showed disruption of the dental lamina and stellate reticulum
with altered apoptosis and proliferation. The changed expres-
sion levels of related signaling molecules from the enamel
knot and desmosome were evaluated by real-time quantitative
polymerase chain reaction. A renal capsule transplantation
method was employed to examine the effects of Perp knock-
down on molar crown development. Ultrastructural observa-
tions revealed that enamel was deposited more densely in an
irregular pattern in the cusp region, and that dentin was hypo-
mineralized after Perp knock-down at the cap stage. Thus,
Perp might play important roles in the formation and integra-
tion of stellate reticulum, dental lamina structure and
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enamel formation through signaling interactions with the
enamel knot and desmosome-related signaling molecules
at the cap stage of lower molar development.

Keywords Signaling regulation - Dental lamina - Stellate
reticulum - Cap stage - Amelogenesis - Dentinogenesis

Introduction

Teeth develop from the ectoderm and the underlying
ectomesenchyme, and their morphogenesis is regulated by
interactions between the epithelium and the underlying mes-
enchyme establishing the primary dental lamina (DL) in the
future tooth rows (Thesleff 2003), which also mark the initial
morphological signs of tooth formation called the placode.
The placode invaginates the mesenchyme forming a bud that
further progresses to produce bell-shaped structures with ep-
ithelial folding (Tummers and Thesleff 2009). At the cap and
bell stages, a group of star-shaped cells, which are connected
to one another by desmosomes, develop between the outer and
inner enamel epithelium in a region called the stellate reticulum
(SR), which expands mainly by an increase in the intercellular
fluid containing glycosaminoglycans, alkaline phosphatase,
and small amounts of RNA and glycogen (Nancy 2012).
Based on these morphological and biochemical features, the
SR seems to act as a cushion against physical forces that might
change the conformation of the developing dentino-enamel
junction giving rise to morphological changes (Nancy 2012).
At the late bell stage, the inner dental epithelium (IDE) dif-
ferentiates into ameloblasts, and the dental papilla cells differ-
entiate into odontoblasts, the two cell types forming the enam-
el and dentin, respectively (Thesleff 2003).

During these distinct morphological alterations during
tooth development, important signaling regulation occurs
through epithelial-mesenchymal interactions mediated by
multiple growth factors and transcription factors (Thesleff
and Mikkola 2002; Tummers and Thesleff 2009). The epithe-
lial-mesenchymal interactions are mediated by the conserved
signal pathways, which include transforming growth factor-f3,
BMP (bone morphogenetic protein), FGF (fibroblast growth
factor), hedgehog, Eda (ectodysplasin), and WNT (Tummers
and Thesleff 2009). During the bud-to-cap stage transition of
tooth development, the enamel knot (EK) signaling center
appears in the epithelium; this center contains non-dividing
cells that stimulate the proliferation of nearby epithelial and
mesenchymal cells and that determine the secondary EK
positions for the sites of future cusps (Jernvall and Thesleff
2000). The various signaling molecules expressed in the EK
include sonic hedgehog (Shh), Bmp-2, Bmp-4, Bmp-7, Fgf4,
Wnt10, and Fgf9, which make the EK an organizing center for
positional information for tooth morphogenesis and for the
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regulation of the growth of tooth cusps (Vaahtokari et al. 1996;
Kettunen and Thesleff 1998; Kratochwil et al. 2002).

Perp (P53 apoptosis effector related to PMP22) is a trans-
membrane protein (21.4 kDa) that is believed to have
tetraspanin characteristics (Attardi et al. 2000). The protein
is present in the plasma membrane and has been reported to be
a component of desmosomes (DS) of stratified epithelia (Thrie
et al. 2005). A recent study, however, has reported that it is
present in all kinds of epithelia (Franke et al. 2013). Perp is
thought to have important roles in the morphogenesis of skin
and related ectodermal structures, including hair and teeth
(Thrie et al. 2005; Senoo et al. 2007). Moreover, it is a direct
target of P63 (Ihrie et al. 2005), a master regulator of epithelial
development. Studies on Perp knockout mice have shown that
a significant downregulation of the genes involved in
amelogenesis occurs and that the enamel structure is affected
(Jheon et al. 2011). Furthermore, reports are available regarding
the putative role of DS on the development of molars and incisors
and their localization on the enamel organ (EO) and EO-derived
cells (Fausser et al. 1998; Kieffer-Combeau et al. 2001; Cam
etal. 2002) and the displacement of ameloblasts from the stratum
intermedium and compromised DS structure in knockout mice
(Jheon et al. 2011). However, these reports have not elucidated
the detailed signaling regulations of Perp in molar development.

In this study, we have examined the detailed expression
pattern and developmental roles of Perp during lower molar
development, which is regulated mainly by EK signaling mole-
cules at the cap stage. For these evaluations, antisense
oligodeoxynucleotide (AS-ODN) treatment has been used as a
knock-down method in a range of in vitro organ culture systems.

Materials and methods

All experiments were performed according to the guidelines
of the Kyungpook National University, School of Dentistry,
Intramural Animal Use and Care Committee.

Animals Adult ICR mice were housed in a temperature-
controlled room (22 °C) under artificial illumination (lights
on from 05:00 to 17:00), at 55 % relative humidity, with
access to food and water ad libitum. The mouse embryos were
obtained from time-mated pregnant mice. The day on which a
vaginal plug was confirmed was designated as embryonic day
0 (E0). Embryos at E12.5, E13.0, E13.5, E14.5, and E16.5 were
used. Post natal mice at day 2 and 6 were also used in our study.

In situ hybridization In situ hybridization on whole mounts
and sections was performed as described previously (Sohn
et al. 2012) by using standard protocols. For both types of
hybridization, digoxigenin-labeled RNA probes were pre-
warmed to 80 °C and hybridized overnight at 62 °C. After
whole mount in situ hybridization, 20-pum-thick frontal frozen
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sections were prepared to examine the detailed expression
pattern of Perp.

In vitro organ cultivation and renal capsule transplantation The
molar tooth buds of embryonic mice were micro-dissected
from the lower jaw at E13 under stereo microscope in
phosphate buffered saline (PBS). The tooth buds were cul-
tured in DMEM (HyClone, Logan, Utah, USA; cat.
no. SH30243.01), supplemented with 10 % fetal bovine
serum (Hyclone) and antibiotics, by means of a modified
Trowell's culture method for a designated period as described
by Kim et al. (2009). The cultivated tooth germs were
transplanted into the renal subcapsular layer of adult male
mice as described previously (Cai et al. 2007). After 3 weeks,
the host mice were killed, and the kidneys were dissected to
obtain the calcified teeth.

AS-ODN treatment AS-ODNs for Perp were designed and
used during in vitro organ culture (Sohn et al. 2012). The
ODNs were designed as AS-ODN Perp 5’-ATGCTGCGCT
GCGGCCTGGC-3’, and sense (S)-ODN 5°-GCCAGGCC
GCAGCGCAGCAT-3". These ODNs were purchased from
GENOTECH (Korea). They were added to the culture medi-
um at a final concentration of 1 uM.

Three-dimensional reconstruction All serial sections after
in vitro cultivation of tooth organs were photographed by using
a DM2500 microscope (Leica, Germany). The tooth organs
were reconstructed for each specimen. “Reconstruct” software
was used to reconstruct three-dimensional images. Serial frontal
sections with a thickness of 7 um including the lower molar
regions were reconstructed (Sohn et al. 2014). The images were
aligned both automatically and manually by using the software.

Histology and immunohistochemistry The sections were
stained routinely with hematoxylin and eosin and examined
by optical microscopy. The specimens were fixed overnight in
4 % paraformaldehyde (PFA) in PBS at 4 °C, embedded in
paraffin wax by using conventional methods, and then cut at a
thickness of 7 um. The primary antibodies used were against
Perp (Abcam, Cambridge, UK; cat. no. ab48032) and Ki67
(Neo Markers, Calif., USA; cat. no. RM-9106). The secondary
antibodies used were biotinylated goat anti-rabbit or anti-mouse
IgG. The binding of the primary antibody to the sections was
visualized by using a diaminobenzidine tetrahydrochloride
(DAB) reagent kit (Zymed, Calif., USA; cat. no. 00-2014).

TUNEL assay A TUNEL (terminal deoxynucleotidyl-
transferase-mediated dUTP nick-end labeling) assay was per-
formed as described previously (Sohn et al. 2012) by using an
in situ cell apoptosis detection kit (Trevigen, Md., USA)
according to the manufacturer's instructions. DAB was used
as a substrate solution to detect the sites of in situ apoptosis

under a light microscope. At least 10 specimens were exam-
ined in each experiment.

Real-time quantitative polymerase chain reaction Total RNA
was isolated from the cultured tooth germ by using an RNeasy
Micro Kit (QIAGEN, Germany; cat. no. 205111). For cDNA
synthesis, reverse transcription was performed by using the
Omniscript RT Kit (QIAGEN, Germany; cat. no. 205111)
with 2 pg total RNA. Real-time quantitative polymerase chain
reaction (RT-qPCR) was performed by using the Applied
Biosystems 7500/7500 fast real-time PCR system (USA) with
the SYBR Green PCR master mix (Applied Biosystems, USA).
The results of RT-qPCR for each sample were normalized to
hypoxanthine phosphoribosyl transferase. The results were
expressed as the normalized ratios. Table 1 lists the primer
sequences used in this study. The data were expressed as
means£=SD. The mean expression levels were compared between
the experimental and control groups by using Student’s #-test.

Statistical analysis All experiments were performed a mini-
mum of three times. Two-sample #-tests (equal variance) were
used to analyze the significance of the differences. P-values of
<0.05 were considered significant.

Scanning electron microscopy and energy dispersive X-ray
analysis Ultrastructural observations of the enamel surface of
teeth cultivated within the kidney capsule were performed as
described previously (Sohn et al. 2011). Briefly, after being
fixed, washed, and acid-etched, the samples were dehydrated,
mounted on stubs, coated with platinum, and examined by
scanning microscopy (SEM; JEOL JSM-6700 F Field emis-
sion SEM, Japan). The same instrument, but in the position-
tagged spectrometry (PTS) mode, was used to study the
elemental distribution of enamel surface.

Ground sections of calcified teeth Ground sections of the
teeth were prepared as described previously (Kwon et al.
2014). Briefly, the teeth were stained with Villanueva stain
for 3 days, dehydrated, infiltrated with a mixture of propylene
oxide and resin at various concentrations, and embedded in
resin at 60 °C for 5 days. Sections were prepared by using a
diamond saw (Accutom 50, Struer, Ballerup, Denmark) and
ground (Rotopol-35, Struer), after which they were mounted
on slides in historesin mounting media (Leica, Germany).

Results

Expression and localization patterns of Perp in developing
lower molars

In order to understand the developmental function of Perp in
molar morphogenesis, the expression pattern of Perp was
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Table 1 Primer sequences used (Perp P53 apoptosis effector related to
PMP22, Bmp bone morphogenetic protein, Fgf fibroblast growth factor,
Shh sonic hedgehog, Dsc desmocollin, Dsg desmogelin, Dsp

desmoplakin, Pkg plakoglobin, Pkp plakophilin, Hprt hypoxanthine
phosphoribosyl transferase, EK enamel knot, DS desmosome)

Gene  Accession number Direction Primer sequence References Product size (bp) Remark

Perp  NM_022032.4 Forward ~AGACCTTCAGGCTTCACGAT 136
Reverse ~ AGGTCATCCTCGTAGTTGGG

Bmp2 NM_007553.3 Forward ~AAGTGGCCCATTTAGAGGAG 104 EK signaling
Reverse ~ CAATGGCCTTATCTGTGACC

Bmp4 NM 007554.2 Forward ~ACCTCAAGGGAGTGGAGATT 113 EK signaling
Reverse ~ GATGCTTGGGACTACGTTTG

Fgf4 ~ NM_010202.5 Forward ~TCGCCTACCATGAAGGTAAC 114 EK signaling
Reverse ~ TCTCCATCGAGAGAAAGTGC

Shh NM 009170.3 Forward ~CAGCGCGTGTACGTGGTGGC Stewart et al. 2002 335 EK signaling
Reverse ~ GGAGCGTCGGCAGCACCTG

Dscl  NM_013504.4 Forward  CTTTTCTTTCTCCTGGTTCTGGTATT Ferone et al. 2013 68 DS signaling
Reverse ~ GAGGGAACGTGAAGGGAAACT

Dsc3  NM_007882.3 Forward ~CCACCGTCTCTCACTACATGGA Ferone et al. 2013 69 DS signaling
Reverse ~ TGTCCTGAACTTTCATTATCAGTTTGT

Dsgl ~ NM_010079.2 Forward TCACCCCCTTTTTCATTATCTACTG Ferone et al. 2013 66 DS molecule
Reverse ~ GTGGATTCTCCAAGTCTTGACCTT

Dsg3  NM_030596.3 Forward TTTGCAAAACCCTGCAGAGA Ferone et al. 2013 67 DS molecule
Reverse ~ CTGAAGTGATCTTGGCAATTGG

Dsp NM_023842.2 Forward CACCGTCAACGACCAGAACTC Ferone etal. 2013 76 DS molecule
Reverse ~ GATGGTGTTCTGATTCTGATGTCTAGA

Pkg NM_010593.2 Forward ~TTCCGGCTCAACACCATTC Ferone et al. 2013 65 DS molecule
Reverse ~ CGCTGGATGTTCTCCACAGA

Pkp3  AF136719.1 Forward ~CAAAAATGTTACAGGGATCCTATGG Ferone etal. 2013 64 DS molecule
Reverse ~ GGCGAGGCGGTCCTTTAG

Hprt NM_013556.1 Forward ~ CCTAAGATGATCGCAAGTTG 86 Internal standard
Reverse =~ CCACAGGGACTAGAACACCTGCTAA

examined by using in situ hybridization methods. From E12.5
to E16.5, the specific expression pattern of Perp was observed
in the tooth-forming tissue (Fig. 1a-c). After whole mount in
situ hybridization, frozen frontal sections were prepared
(Fig. 1d-e). At E12.5, Perp was expressed in the epithelial
thickening (Fig. 1d). At E13.5, strong and broad epithelial
expression was examined in the DL and oral epithelium (OE),
respectively (Fig. le). At E14.5, the epithelial expression
pattern of Perp was expressed distinctly in the DL and SR
(Fig. 1f). However, the expression of Perp was not detected in
the EK, outer dental epithelium (ODE), IDE, or the mesen-
chyme (Fig. 1f). The in situ hybridization on sections revealed
similar results to those of the cryo-sections of the whole
mounts examined by in situ hybridization (data not shown).
AtE16.5, Perp was expressed in the DL and SI (Fig. 1g-i), but
not the SR (Fig. 1f). The localization of Perp was examined by
using immunohistochemistry at E16.5 and on postnatal day 2
(PN2) and PN6 in order to understand its developmental roles
during later prenatal and postnatal stages including differenti-
ation, matrix secretion, and mineralization (Fig. S1). AtE16.5,
Perp was localized in the DL, SR, and SI (Fig. Sla-d). At PN2
and PN, strong positive localization was observed in the DL
and OE (Fig. Sle-l). In particular, a similar localization pattern
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of Perp to that at E16 was found in SR and SI, except for the
ameloblasts at PN2 and PN6 (Fig. Sle-l).

Evaluation of Perp knock-down by using in vitro organ
cultivation

The AS-ODN method was used as a loss-of-function study to
determine the precise developmental function of Perp in molar
morphogenesis during in vitro molar organ cultures at E13, an
ideal developmental stage for evaluating the developmental
roles of Perp through interactions with EK signaling mole-
cules (Tucker and Sharpe 2004). The knock-down of Perp by
AS-ODN treatment for 1 day showed, by using RT-qPCR, an
almost 65 % decrease in the levels of expression compared
with those of the control (Fig. 2a). At E13, the 2-day cultivated
specimens showed similar morphological changes to those of
the E14.5 tooth germ (Fig. 2b, c). The epithelium of the
cultured AS-ODN tooth showed a uniform opaque region of
EK (Fig. 2h) compared with the alternating transparent and
opaque region of SR and EK in the control (Fig. 2b). More-
over, the bucco-lingual diameter was increased, and the mesial
end was more rounded after AS-ODN treatment (Fig. 2h)
compared with the control (Fig. 2b). Hematoxylin and eosin
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Fig. 1 a—c Whole mount in situ hybridization with digoxigenin-labeled
Perp mRNA probes at embryonic day 12.5 (E12.5) to E14.5. d—f Frozen
sections obtained after whole mount in situ hybridization. Expression is
detected in the oral epithelium and epithelial thickening at E12.5 (a, d). At
E13.5, Perp expression is detected in the molar-forming region (b, e).
Strong expression of Perp is seen in the dental lamina (DL) and oral
epithelium (OF) and is not observed in the enamel knot (EK) and

staining of the frontal section of cultivated teeth showed that
the DL and SR structures were disrupted in the AS-ODN
specimen (Fig. 2k) compared to the control (Fig. 2e). In the
AS-ODN tooth, the cells in the DL were arranged at denser
intervals (Fig. 2i, arrow) with an increased width of DL
structure. The structure of SR was disrupted in the epithelial
region close to the EK (Fig. 2k, 1, boxed area). In order to
understand the altered morphology of the developing tooth
after AS-ODN treatment, the tooth germ was reconstructed
from frontal serial sections (Fig. 2d, g, j, m). Three-
dimensional reconstruction of AS-ODN-treated specimens
showed that the tooth organ was much wider at the bucco-
lingual side, but the DL and SR structures were disrupted
(Fig. 2j, m) when compared with those of the control

(Fig. 24, g).

Altered cellular physiology after knock-down of Perp

ATUNEL assay and immunostaining of Ki67 were employed
to evaluate the effects of the knock-down of Perp on cellular
physiology, including proliferation and apoptosis. Histologi-
cal examination revealed altered localization patterns of apo-
ptotic cells and Ki67-positive cells, particularly in DL and SR

i BEd65 &

e w

mesenchyme (e). At E14.5, epithelial Perp expression is detected in the
OE, DL, and stellate reticulum (SR) and is not detected in the EK, inner
dental epithelium (/DE), or outer dental epithelium (ODE; ¢, f). In situ
hybridization of sections at E16.5 shows the Perp expression in DL and
stratum intermedium (S7; g—i). Dotted lines demarcate the section levels
(a—c) and margin of the SI with the ameloblast (i). Bars 500 um (a—c),
100 pum (d—g), 50 um (h, i)

after AS-ODN treatment (Fig. 3a, d, f, h). Following 2 days of
cultivation at E13, the control and AS-ODN specimens
showed the mesenchymal and epithelial localization of apo-
ptotic cells (Fig. 3a, d). In particular, the AS-ODN-treated
specimen revealed an increased localization of apoptotic cells
in the DL and SR (Fig. 3e) but the localization of apoptotic
cells in the EK remained unaltered (Fig. 3a, d). In the desig-
nated area of 50 pm? of DL and SR, the number of TUNEL
positive cells in AS-ODN (15.242.3; Fig. 3e) was higher than
that of the control (6.4+2.1; Fig. 3b). Ki67 immunostaining in
the cultivated tissue sections showed that Ki67-positive mes-
enchymal cells in the dental papilla were identical between the
control and AS-ODN specimens (Fig. 3f, h). We found that
proliferation was decreased in the designated area of 50 um?
in the DL and SR of the AS-ODN specimens (18.0£2.6;
Fig. 3i) compared with the control (28.8+1.5; Fig. 3g).

Altered expression patterns of signaling molecules
after knock-down of Perp

RT-gPCR was employed after knock-down of Perp at E13

followed by 1 day in vitro cultivation to examine the altered
expression patterns of well-known signaling molecules
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Fig. 2 aDownregulated Perp expression after antisense
oligodeoxynucleotide (4S-ODN) treatment. **P<0.01. b—-m Morpholog-
ical alterations of the molar tooth after AS-ODN treatment during in vitro
cultivation (b—g control; h-m AS-ODN). E13 embryonic tooth after 2-
day cultivation by a modified Trowell’s culture method shows alternating
opaque and transparent regions with a dome-shaped mesial end (b),
whereas the AS-ODN-treated tooth organ shows a uniform opaque region
with a rounded mesial end (h). Hematoxylin and eosin staining of the
control and AS-ODN reveals morphological changes in the SR and DL

expressed in EK at the cap stage in molar development. After
the knock-down of the Perp, we examined the expression
pattern of DS-related molecules (i.e., Dscl, Dsc3, Dsgl,
Dsg3, Dsp, Pkg, Pkp3), because the localization of DS in
the enamel organ has previously been described, and because
Perp is a component of DS (Fausser et al. 1998; Thrie et al.
2005), and of EK signaling molecules (Bmp2, Bmp4, Fgf4,
Shh) expressed at the cap stage (Tummers and Thesleff 2009;
for an explanation of all these abbreviations, see Fig. 4). The
EK signaling genes, Bmp2 and Bmp4, showed increased
expression patterns (Fig. 4a), whereas Fgf4 and Shh showed
decreased expression patterns after AS-ODN treatment
(Fig. 4a). The altered expression patterns were confirmed by
in situ hybridization on sections (Fig. 4c-j). As a control, 2-
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structures (c, e, f, i, k, ). DL is wider and shorter containing compactly
arranged cells in AS-ODN (between arrows in i) compared with control
(c). SR is poorly developed (k, 1) and disrupted in the cervical region
compared with control (e, f). Serial frontal sections and three-dimensional
reconstruction (3D-Recon) of a molar at E13+2-day culture shows short
and thick DL and compressed SR (g, j) in AS-ODN when compared with
control (d, g). Dotted lines indicate the section levels (Epi, gray epithe-
lium, light blue SR, arrows DL). Bars 100 pm (a—c, fi, 1), 50 um (d, j),
10 um (e, k)

day cultivated teeth at E13 showed similar expression patterns
of Bmp2, Bmp4, Fgf4 and Shh to those at E14.5 (Fig. 4c-f).
After the knock-down of Perp, specimens examined by in situ
hybridization exhibited similar results to those obtained in RT-
gPCR experiments (Fig. 4g-j). Increased expression of Bmp2
and Bmp4 after the knock-down of Perp was seen in the
epithelium and mesenchyme, respectively (Fig. 4c, d, g, h).
Moreover, Fgf4 and Shh expression was markedly decreased
after the knock-down of Perp (Fig. 4e, f, 1, j). The DS-related
signaling molecules were evaluated in order to define the
detailed function of Perp in mouse molar morphogenesis via
DS. Interestingly, all DS-related molecules, such as Dscl,
Dsc3, Dsgl, Dsg3, Dsp, Pkg, and Pkp3, examined in this study
showed a dramatic decrease in their expression levels (Fig. 4b).
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Fig. 3 Altered cellular events including apoptosis and cell proliferation
after knock-down of Perp. TUNEL assay shows increased number of
apoptotic cells in the DL and SR (d, e) after Perp knock-down compared
with the control (a, b). Ki67 immunostaining reveals a decreased number
of Ki67-positive cells in DL and SR after knock-down of Perp (h, i)

Alterations of crown size and shape in calcified teeth

To examine the changes in tooth morphology after the treat-
ment of AS-ODN at the cap stage, in vitro organ cultivation
was performed at E13 for 2 days, and cultivated specimens
were transplanted into the sub-capsular layer of the kidney for

-~ S «

Fagoly

compared with the control (f, g). Graphs showing the number of TUNEL-
and Ki67-positive cells (c) in the designated 50 pum? area (dotted square)
of DL and SR (¢, e, g, i). Dotted lines demarcate the margin of the basal
layer. ¥*P<0.01. Bars 100 um (a, d, f, h), 50 um (b, e, g, i)

3 weeks. After 3 weeks, the calcified teeth obtained were
examined for morphological alterations. The control mim-
icked the morphology of in vivo teeth at PN10. Compared
with the control, the AS-ODN teeth showed an altered crown
and cusp morphology. The cusps were blunt, and the inter-
cusp groove was shallower than that in the control (Fig. 5a, c).
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Control

*: primary enamel knot

Fig. 4 Altered expression pattern of the EK- and DS-related molecules.
Bone morphogenetic protein 2 (Bmp2) and Bmp4 show increased ex-
pression levels, whereas fibroblast growth factor 4 (Fgf4) and sonic
hedgehog (Shh) reveal decreased expression levels (a). All DS-related
molecules selected in this study showed decreased expression levels (b)
after knock-down of Perp. *P<0.05, **P<0.01. In situ hybridization on

The cusp and crown height of the metaconid was measured to
evaluate the detailed alteration pattern of the tooth crown struc-
ture. These measurements showed that the height of the crown
(AS-ODN: 0.62+0.02 mm; control: 0.86+0.02 mm) and cusp
heights (AS-ODN: 0.22+0.01 mm; control: 0.27+0.01 mm)
were lower than those of the control (Fig. 5a, c, e). The length of
the root was also evaluated comparatively. The results showed
that the majority of teeth of mice following AS-ODN treatment
had a longer root than those of the control (data not shown).

Evaluation of calcified teeth by SEM and ground section

SEM was employed after kidney transplantation in order to
elucidate the developmental function of Perp in molar tooth
crown formation including amelogenesis. The structure of
enamel in the cervical part of the crown was examined by
SEM (Fig. 6a, c) after acid etching for 7 s; we found that the
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sections shows the altered expression pattern of EK signaling genes
Bmp2, Bmp4, Fgf4, and Shh in control (c—f) and AS-ODN (g—j) speci-
mens. Dotted lines demarcate the margin of basal layer (DS desmosome,
EK enamel knot, Dsc desmocollin, Dsg desmogelin, Dsp desmoplakin,
Pkg plakoglobin, Pkp plakophilin, Hprt hypoxanthine phosphoribosyl
transferase). Bars 50 um (c-j)

AS-ODN formed small enamel prisms with irregular and
collapsed interprismatic enamel structures (Fig. 6d) compared
with the stereotypical normal structure of the control showing
a type 1 etching pattern (Nancy 2012; Fig. 6b). The dissolu-
tion of apatite crystals from the enamel prisms in the AS-ODN
teeth was less pronounced. In addition, in order to examine the
level of calcification in the renal capsule calcified teeth,
ground sections were prepared following Villanueva staining
of the control and AS-ODN teeth. The ground sections
showed no distinct dentino-enamel junction (black arrows,
Fig. 6h) in the AS-ODN compared with the control teeth
(Fig. 6f). The dentinal tubules along the cusp region showed
purple staining indicating hypo-mineralization in AS-ODN
teeth (Fig. 6g) compared with that in the control (Fig. 6e).
Similarly, the coronal enamel in AS-ODN was more uniform
and compact (Fig. 6g) than in the same area of the control
(Fig. 6e, Fig. S2).
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Buccal

Control

Fig.5 Calcified teeth that had been taken at E13, cultured for2 days, and
then transplanted into the kidney capsule for 21 days. a, ¢ Buccal view of
the control and AS-ODN teeth showing crown and cusp height. The
crown and cusp height are shorter in the AS-ODN tooth (¢) compared
with the control (a). b, d Occlusal view of the control and AS-ODN teeth

Discussion
Expression pattern of Perp in DL and SR of developing tooth

In this study, we mainly focused on the stage-specific function
of Perp expressed in the SR and DL at the cap stage of molar

Occlusal

*%
e 1.0 4 H Control
08 - O AS-ODN
T
€ 0.6 -
= *k
D 0.4 -
c
¢
= 0.2 -
0.0

Crown height ' Cusp height l

n=25 Crown height Cusp height
Control 0.86+0.01 0.27+0.02
AS-ODN 0.62+0.01 0.22+0.02

*: Metaconid, Cr: Crown, Cu:Cusp

Lingual

Mesial Distal

Buccal

showing cusp positions. Asferisks indicate the apex of the metaconid
cusp. Dotted curves indicate the cement-enamel junction. Bars 500 pm
(a, ¢), 200 um (b,d). e Graph showing the comparative cusp and crown
length of the control and AS-ODN teeth at the metaconid cusp region.
**P<0.01

development. In addition, we examined the further effects of
Perp at the cap stage until tooth crown formation, such as the
effects on enamel and dentin, in order to define the develop-
mental function of SR and DL. Whole mount in situ hybridi-
zation and the frontal sections revealed the specific expression
patterns of Perp in the OE, DL, and SR (Fig. 1). However, no

Fig. 6 Ultra-structural images of enamel and ground sections of calcified
teeth that had been taken at E13, cultured for2 days, and then
transplanted into the kidney capsule for 3 weeks. Altered enamel struc-
tures with compact and irregularly arranged inter-rod structures with
small enamel spaces can be seen in AS-ODN tooth (d) compared with

the stereotypical enamel structure with large enamel spaces in control
tooth (b). The ground section shows hypo-mineralized dentin and indis-
tinct dentino-enamel junction (DEJ, black arrows; g, h) compared with
the control (e, f). The enamel deposition is compact in AS-ODN (g)
compared with the control (e). Bars 50 um (a, ¢, e-h), 5 um (b, d)
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Perp expression was observed in EK, ODE, and IDE. This
expression, which was restricted only to the DL and SR,
suggests that the genes expressed in these regions interact
with the underlying ectomesenchyme and EK signaling
molecules leading to normal morphogenesis of the tooth at
the cap stage. Jheon et al. (2011) have detected Perp in the
dental epithelia of the upper molar at E14.5 and E16.5 including
the IDE, SI, SR, and ODE. However, they have not shown the
sequential expression patterns of Perp in the developing lower
molars, which are suitable organs for examining the signaling
regulation in tooth development. The broad localization of Perp
in the E14.5 upper molar is similar to the expression patterns of
Perp in SR, DL, and OE of the developing lower molars (see
Fig. 1 of Jheon et al. 2011). At E16.5, the strong expression of
Perp has been observed in SI, but the tissue loses the expression
of Perp in SR (Fig. 1) at which time the localization of Perp
predominates, further reinforcing our hypothesis that the Perp
expression at cap stage interacts with EK signaling molecules
for the normal morphogenesis of the tooth. The uniform localiza-
tion pattern of Perp in DL, SR, and SI at E16.5, PN2, and PN6
suggests that Perp is an indispensable component for cellular
integrity and vitality in molar development during differentiation,
matrix secretion, and mineralization.

Perp has been reported to be a component of DS. The
expression of Perp in SR and DL of the developing molar
shows similar patterns to the DS- and hemidesmosome-related
molecules such as Dsp, Dsg, Pkg, and E-cadherin (Thrie et al.
2005; Fausser et al. 1998; Cam et al. 2002; Jheon et al. 2011.
Based on the synexpression patterns of the DS-related genes at
the cap stage, Perp has been hypothesized as being involved in
the structural formation of SR and DL through DS signaling.
However, the developmental function of SR and DL together
with their underlying mechanisms in molar morphogenesis
requires further study. The molecular dissection of Perp,
which shows specific and restricted expression in SR and
DL, would improve the understanding of the precise roles of
SR and DL in molar development.

Perp controls the morphology of the developing tooth

This study was performed to elucidate the precise roles of Perp
in molar development at the cap stage and the subsequent
effects of Perp in molar morphogenesis. More than 60 % of
Perp was knocked down by using AS-ODN against Perp
during in vitro organ cultivation for 1 day, as confirmed by
RT-gPCR (Fig. 2a); the knock-down of the gene to this extent
alters the signaling regulation of the developing organ, thus
allowing the morphological alterations to be visualized. The
transient knock-down of the gene by AS-ODN during in vitro
organ cultivation has been used because it provides better
insight into the developmental function of the genes in a
tissue- and developmental-stage-specific manner. When the
morphology was examined after two days of cultivation at
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E13, the bucco-lingual diameter was increased after AS-ODN
treatment (Fig. 2h). In three dimensions, the control was found
to be more voluminous than that in the AS-ODN teeth
(Fig. 2d, j). The SR was compressed in AS-ODN teeth com-
pared with that of the control (Fig. 2g, m). During the
initiation of tooth development, the single-layered epithelium
changes to a multi-layered tooth bud (Tucker and Sharpe
2004). As described previously, DS are present in the stratified
epithelia as adhesive molecules, and Perp is required for
normal desmosomal assembly (Beaudry et al. 2010). At the
differentiation stages, SR, which comprises a group of star-
shaped cells arranged loosely and connected to one another
and to the SI by DS, is visible with large extracellular spaces
(Nancy 2012). These results and previous reports suggest that
the knock-down of Perp makes the SR cell more fragile, and it
bonds weakly to other SR cells. After treatment with AS-
ODN, the structures of DL and SR are disrupted, and the
IDE becomes broader than that of the control (Fig. 2k). These
results are also similar to that of Perp-null mice, which display
blisters in their epithelia and the features of ectodermal dys-
plasia syndromes (Thrie et al. 2006). Therefore, the disruption
of SR after the knock-down of Perp during in vitro cultivation
might alter the morphogenesis of the molar in the subsequent
developmental phases.

Perp controls cell dynamics through EK and DS signaling

Apoptosis and proliferation have been previously established
to play important roles in the proper morphogenesis of the
normal tooth (Jernvall et al. 1998). We have examined the
altered cellular events that would lead to morphological changes
in the tooth after the knock-down of Perp. The immunolocal-
ization of Ki67-positive cells showed their decreased numbers
in the DL and the SR regions of the AS-ODN treated speci-
men compared with the controls (Fig. 3c, g, i), whereas the
number of apoptotic cells in the DL of AS-ODN is signifi-
cantly increased above that in the control (Fig. 3b, c, e). Based
on these results, Perp seems to be required for the stratification
of DL and SR through the stable assembly of DS. The knock-
down of Perp in the developing tooth might affect the proper
assembly of DS, which in turn affects the morphogenesis of
the teeth through altered cellular events. In addition, these
altered cellular events can be explained by the cap-stage-
specific signaling regulation that is modulated by EK signaling
molecules including Bmps, Fgfs, and Shh (Tummers and
Thesleff 2009). We employed the RT-qPCR method after the
knock-down of Perp to examine the altered expression patterns
of EK signaling molecules expressed at the cap stage in molar
development. EK expresses paracrine signaling molecules,
including Shh and several members of the Bmp, Fgf, and
Wnt families (Vaahtokari et al. 1996; Jernvall and Thesleff
2000), at the cap stage of the developing molar. After the
knock-down of Perp, the altered expression patterns of EK
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signaling molecules indicate that Bmp2 and Bmp4 are upreg-
ulated, and that Fgf4 and Shh are downregulated (Fig. 4a).
These results would explain the lower number of Ki67-
positive cells in the AS-ODN-treated specimens, because the
downregulation of Fgf4 would affect the mitogenic potential
of the surrounding cells, as reported previously (Sasaki et al.
2005). The upregulation of apoptosis in the enamel organ in
the present study might be attributable to the upregulation of
Bmp2 and Bmp4 after AS-ODN treatment. Previous studies
have suggested that Bmp4 in the mesenchyme induces p21
(cyclin dependent kinase inhibitor) and regulates apoptosis
(Jernvall et al. 1998). Similarly, the role of Bmp2 in apoptosis
during limb development has been described (Guha et al.
2002). On the other hand, the over-expression of Bmp4 re-
presses Shh expression in the developing tooth (Zhang et al.
2000). These reports suggest that an increase in apoptosis and
a decrease in proliferation are related to the altered expressions
of Bmp2, Bmp4, Fgf4, and Shh after AS-ODN treatment.

In the present study, the knock-down of Perp decreases the
expression of DS molecules (Fig. 4b) needed for cellular integ-
rity (Thrie et al. 2005); these molecules have been reported to be
localized in the DL and SR during the cap stage (Fausser et al.
1998). The antero-posterior stabilization of the enamel organ
depends on DS, and the molecular component of DS is also
involved in signal transduction (Kieffer-Combeau et al. 2001).
The postnatal viability of newborn mice requires Perp because
this molecule is needed for normal desmosomal assembly (Thrie
et al. 2005) and for the normal proliferation of epithelial tissues
(Senoo et al. 2007). These results also suggest that the increased
early apoptosis in DL and SR at the cap stage after AS-ODN
treatment results from the disruption of DS and its related
signaling regulation (Baratella et al. 1999). The altered cell
physiology including cell proliferation and apoptosis via the
EK and DS signaling molecules after Perp knock-down suggest
that the developing tooth cusp and crown morphology are
regulated by DL and SR via Perp at the cap stage.

Fig. 7 Representation of putative
developmental functions of Perp
in mice molar morphogenesis.
Perp inhibits the level of
programmed cell death through
Bmp signaling and enhances
proliferation through Shh, Fgf4,
and DS-related signaling. These
interactions ensure the proper
morphogenesis of SR and DL
leading to molar crown
development with patterned
enamel and dentin formation (OE
oral epithelium, DL dental
lamina, SR stellate reticulum, DS
desmosome, EK enamel knot)

Bmp4

Perp expressed in SR and DL is required for tooth crown
morphogenesis

The morphology of the cusp in the kidney-capsule-calcified
teeth was changed in the AS-ODN teeth compared with the
control (Fig. 5a, ¢). Occlusally, the cusps were formed within a
small area compared with the control; this might be related to a
change in the number of cusps and their morphology, and has
been reported previously (Cai et al. 2007). The crown and
cusp heights of AS-ODN were shorter than those of the
control (Fig. 5a, ¢, ¢) when the metaconid cusp region was
measured, thereby revealing the obvious and distinctive dif-
ferences between the control and experimental groups. This
suggests that Perp signaling at the cap stage is involved in
tooth crown and cusp morphogenesis through the structural
formation of DL and SR. Crown and cusp morphology is
preserved by the correct interplay of these signaling mole-
cules, including the proper structural intactness of SR through
the DS (Fausser et al. 1998; Nancy 2012). These morpholog-
ical alterations in molar crown and cusp formation have been
attributed to the altered expression of EK and DS signaling
molecules during the cellular events (Figs. 3, 4). In particular,
Dsc3 and Dsg3 are associated positionally with cell prolifer-
ation, differentiation, and keratinization (Legan et al. 1994).
Similarly, the tissue-specific knockout of Shh in the develop-
ing tooth results in small, abnormally shaped teeth (Dassule
et al. 2000). The downregulation of Shh produces growth
defects producing very little outer enamel epithelium leading
to disrupted crown morphogenesis (Dassule et al. 2000; Ishida
et al. 2011). In addition, the downregulation of Shh with
decreased proliferation has been observed, which might con-
tribute to the shortening of the cusp and crown height.

SEM of the enamel of the control and AS-ODN teeth
(Fig. 6a-d) also showed that the enamel structure was different
in the AS-ODN-treated teeth than the control, when images
were taken after a phosphoric acid treatment for 7 s. Jheon
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Morphogenesis of

Stellate reticulum
and Dental lamina

U

Molar crown development

Proliferation f
Apoptosis }

Patterned enamel

and dentin formation
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et al. (2011) have reported a difference in the enamel struc-
tures of the Perp null first mandibular molar at PN2. In the
present study, the control showed normal and regular pat-
terned enamel structures made from interprism enamel, but
the AS-ODN-treated specimens showed compacted and irreg-
ular structures of the enamel surface made by interprism
enamel (Fig. 6b, d). These results might be attributable to
the altered orientation of the enamel prisms and interprisms,
synthesized by ameloblasts (Lyngstadaas et al. 1998; Jheon
et al. 2011). Such structural variations in the formation of the
interprism enamel suggest that the AS-ODN-treated teeth are
mineralized compactly in the cusp region; this might result
from the hypo-mineralization of the dentin around the cusp
region and might facilitate the transport of minerals from the
dental pulp, apart from the enamel organ, and the role of
Bmp2 and Bmp4 in odontoblast differentiation and enamel
formation, as reported previously (Gluhak-Heinrich et al.
2010; Yang et al. 2012; Feng et al. 2011; Fig. 6g). In addition,
the change in calcification has been additionally supported by
energy dispersive X-ray analysis (Fig. S2), which implies that
the higher rate of calcification on the designated surface of
enamel in the AS-ODN-treated specimens would not have
resulted from sound enamel formation but from the irregular-
ity of enamel rod arrangement. The knock-down of Perp does
not affect ameloblast differentiation but disrupts the patterned
arrangement of ameloblasts, which is regulated by SR or SI.
This result is also similar to that from the resin sections, which
have shown the denser arrangement of enamel rod in the AS-
ODN-treated specimen (Fig. 6h). Further, the dentino-enamel
junctional structures in the present study are different from
those of the control after the knock-down of Perp (Fig. 6h);
this is probably related to the formation of enamel prisms and
interprisms in the same plane, rather than at angles to each
other (Lyngstadaas et al. 1998).

The validation and functional analysis of DL- and SR-
specific-expressing genes has shown that Perp plays crucial
roles in proper molar structural formation, including
amelogenesis and dentinogenesis via the morphogenesis of
DL and SR by interaction with EK- and DS-related signaling
molecules (Fig. 7). Overall, this is the first study to reveal the
detailed function of SR and DL at the cap stage in molar
development through the regulation of Perp to produce pat-
terned enamel and dentin structures.
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