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Abstract Adenomatosis polyposis coli downregulated
1 (APCDD1), a negative regulator of Wnt signaling, was
examined to understand detailed mechanisms underlying
Wnt signaling tooth development. In situ hybridization
showed that Apcddl was expressed in the condensed mes-
enchyme at the bud stage, and in the inner enamel epithe-
lium (IEE), including enamel knot (EK) at the cap stage.
In vitro organ cultivation by using Apcddl antisense oli-
godeoxynucleotides was performed at E13.5 for 2 days
to define the developmental functions of APCDD1 during
tooth development. Analysis of histogenesis and cellular
events such as cell adhesion, proliferation, apoptosis and
epithelial rearrangement after Apcddl knockdown showed
altered morphogenesis of the tooth germ with decreased
cell proliferation and altered localization of cell adhesion
molecules. Actin filament staining and 1,1’-dioctadecyl-
3,3,3’,3/-tetramethylindocarbocyanine  perchlorate  (Dil)
labeling of IEE cells showed that Apcddl knockdown
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enhanced epithelial rearrangement in the IEE and EK. To
understand the precise signaling regulations of Apcddl, we
evaluated the altered expression patterns of signaling mol-
ecules, related with Wnt and enamel knot signalings using
RT-gqPCR. Tooth germs at cap stage were transplanted into
the kidney capsules and were allowed to develop into cal-
cified teeth for 3 weeks. Apcddl knockdown increased the
number of ectopic cusps on the mesial side of the tooth.
Our results suggested that APCDD1 modulates the gene
expression of Wnt- and EK-related signaling molecules at
the cap stage of tooth development, and is involved in tooth
cusp patterning by modulating the epithelial rearrangement
in the IEE.
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Introduction

Tooth development is a well-known model system to under-
stand the developmental signaling regulations with the spe-
cific morphological changes in epithelium from thicken-
ing to bud, cap and bell stages (Thesleff 2003). During the
mouse molar development, the primary enamel knot (PEK)
signaling center, which controls tooth morphogenesis via
the regulation of cell proliferation in surrounding tissues,
is formed at the cap stage (Thesleff 2003). Tooth devel-
opment occurs through epithelial rearrangement, which
involves controlled proliferation, selected apoptosis and
specific migration of cells in the inner enamel epithelium
(IEE) (Williams-Masson et al. 1998; Cobourne and Sharpe
2005; Obara and Lesot 2007; Sohn et al. 2011). Epithe-
lial rearrangement of IEE cells facilitates the formation
and positioning of secondary EKs (SEKs) that determine
cusp-forming sites (Coin et al. 1999; Cobourne and Sharpe
2005; Obara and Lesot 2007). During the late bell stage,
IEE cells differentiate into ameloblasts, which secrete
amelogenin, and undergo mineralization starting from the
cusp tips (Jernvall and Thesleff 2012). Formation of enamel
organ architecture through epithelial rearrangement, which
involves cell adhesion, cell polarization and proliferation, is
important for proper tooth morphogenesis and thus masti-
cation. Epithelial rearrangement is modulated by cadherin
molecules through actin cytoskeleton and ROCK (Palacios
et al. 1995; Halbleib and Nelson 2006; Obara and Lesot
2007; Martinez-Rico et al. 2009; Otsu et al. 2011). In this
study, we examined the effect of Apcddl knockdown on
epithelial cell rearrangement by assessing functional mol-
ecules such as E-cadherin, P-cadherin and ROCK2 and for-
mation of actin filaments.

Tooth development is regulated by multiple growth and
transcription factors such as bone morphogenetic protein
(BMP), ectodysplasin, fibroblast growth factor (FGF),
hedgehog (Hh), transforming growth factor-beta and
wingless (Wnt) (Tummers and Thesleff 2009; Pispa and
Thesleff 2003; Biggs and Mikkola 2014; Thesleff and Mik-
kola 2002). Although various studies have provided abun-
dant information on genes involved in tooth development,
detailed molecular mechanisms underlying tooth morpho-
genesis are not completely understood. Wnt signaling plays
important roles in crown formation and tooth number deter-
mination. Overexpression of Wnt or activation of B-catenin
in the oral epithelium results in the fusion of tooth germs
(Pispa et al. 2004). Mutations in genes encoding Wnt
inhibitors such as ectodin and APC result in the formation
of supernumerary teeth (Kassai et al. 2005; Wang et al.
2009). Overexpression of Wnt inhibitor DkkI in epithe-
lial cells results in tooth agenesis (Liu et al. 2008). There-
fore, identification of factors involved in the fine-tuning of
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Whnt signaling is important to understand precise mecha-
nisms underlying tooth morphogenesis, especially crown
morphogenesis.

Adenomatosis  polyposis coli downregulated 1
(APCDD1) is a membrane-bound glycoprotein conserved
during vertebrate evolution that regulates important biolog-
ical processes controlled by Wnt signaling (Jukkola et al.
2004; Shimomura et al. 2010; Tsai et al. 2014). Abundant
expression of Apcddl is observed in human and mouse hair
follicles (Jukkola et al. 2004; Shimomura et al. 2010), and
a point mutation in Apcddl causes hereditary hypotricho-
sis simplex (Shimomura et al. 2010). Studies on cancer and
hair development have reported that APCDDI is a direct
target of Wnt/B-catenin in colon cancer cells (Takahashi
et al. 2002) and that APCDDI inhibits Wnt/B-catenin sign-
aling in cultured cells, by possibly preventing the bind-
ing of FZD2 to Wnt (Shimomura et al. 2010). However,
detailed functional evaluation of APCDDI1 in tooth devel-
opment has not been performed to date. In this study, we
investigated in detail the functions of APCDDI in tissue-
and stage-specific regulation of Wnt signaling during tooth
development. The results of this study will help in under-
standing the novel regulation of Wnt signaling in a range of
organ development.

Materials and methods
Animals

All experiments involving animals were performed accord-
ing to the guidelines of the Kyungpook National Univer-
sity, School of Dentistry, Intramural Animal Use and Care
Committee. Mouse embryos were obtained from time-
mated pregnant mice kept in an optimal environment. The
day on which a vaginal plug was confirmed was designated
as embryonic day 0 (EO). Embryos at stages E12-E15 were
used.

In situ hybridization

Whole-mount and section in situ hybridizations were per-
formed at 68 °C by using digoxigenin (DIG)-labeled RNA
probes using standard protocols, as described previously
(Neupane et al. 2014).

In vitro organ cultivation and renal capsule
transplantation

Embryonic molar tooth buds of mice were cultivated for
2 days and were transplanted into the kidney capsule, as
described previously (Neupane et al. 2014). During in vitro
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organ culture, antisense oligodeoxynucleotides (AS-ODNs)
against Apcddl were added to the medium at a final con-
centration of 1 wM. Sequences of ODNs are as follows:
AS-ODN  5-CACTGTGACTCCTTGAAAGCC-3’ and
sense (S)-ODN 5-GGCTTTCAAGGAGTCACAGTG-3'
(GENOTECH, Korea).

Three-dimensional reconstruction

Serial sections obtained after in vitro cultivation of tooth
organs were photographed using DM?2500 microscope
(Leica, Germany). Tooth organs were reconstructed using
‘Voloom 2.3’ software (Micro Dimensions, Germany).

Histology and immunohistochemistry

Histological analysis and immunostaining were performed
as described previously (Sohn et al. 2014). Immunostain-
ing was performed using anti-Ki67 (RM-9106; Neo Mark-
ers, CA, USA), anti-P-cadherin (NBP1 59222; Novus
Biologicals, CO, USA), anti-E-cadherin (AF748; R&D
Systems, USA), anti-ROCK2 (bs-10173R; Bioss Antibod-
ies, MA, USA) and anti-B-catenin (8814 and 9562; Cell
Signaling Technology, MA, USA) primary antibodies and
biotinylated goat anti-rabbit or anti-mouse secondary anti-
bodies. Immunocomplexes were visualized using a diamin-
obenzidine tetrahydrochloride reagent kit (00-2014; Zymed
Laboratories, CA, USA).

TUNEL assay

TUNEL assay was performed as described previously
(Sohn et al. 2014) by using an in situ cell apoptosis detec-
tion kit (Trevigen, MD, USA), according to the manufac-
turer’s instructions.

Phalloidin staining

Phalloidin staining was performed as described previously
(Sohn et al. 2011). Briefly, frozen sections were washed
with PBS and were permeabilized with 0.1 % Triton X-100
in PBS. The sections were then incubated with phalloidin—
fluorescein isothiocyanate (p5282; Sigma, MO, USA) at
room temperature for 1 h and were visualized using a fluo-
rescence microscope (MZ-FL16FA; Leica, Germany).

Slice cultivation and Dil labeling

Slice cultivation and 1,1’-dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate (Dil) labeling
were performed as described previously (Cho et al. 2007)
with a slight modification. Briefly, mandibles were dis-
sected from E13.5 embryos and were embedded in 2 %

low-melting agarose (V2111; Promega, Madison, WI,
USA). Next, 200-pm frontal slice sections were prepared
using a Vibratome (Technical Products International Inc.,
St. Louis MO, USA). Fluorescent carbocyanine dye Dil
(C-7001; Life Technologies, OR, USA) was microinjected
into the exposed IEE of the tooth organ in the slice section
of the mandible. The sections were then covered with a
cover glass and were incubated for 24 h.

Quantitative PCR

Quantitative PCR (qPCR) was performed as described
previously (Neupane et al. 2014). The results of qPCR for
each sample were normalized to Hprt and were expressed
as normalized ratios. Table 1 lists the primer sequences
used for performing qPCR. Data are expressed as the
mean =+ standard deviation (SD). Mean expression levels
were compared between experimental and control groups
by using Student’s  test. P values of <0.05 were considered
significant.

Results

Expression pattern of Apcdd1 in the developing lower
molars

Distinct Apcddl expression patterns were observed in the
tooth-forming tissue at stages E12-E15 (Fig. 1a—g). During
epithelial invagination at E12, Apcddl was expressed in the
invaginated dental epithelium (Fig. 1a, d). At E13, Apcddl
was expressed in the condensed mesenchyme (Fig. 1b, e).
At the cap stage E14, Apcddl was expressed distinctly in
the EK and IEE (Fig. 1c, f). However, Apcddl expression
was not detected in the outer enamel epithelium (OEE)
and mesenchyme at E14 (Fig. 1f). Similar expression pat-
tern was observed at E15 (Fig. 1g). The expression pattern
of Apcddl was confirmed using frozen frontal sections
after whole-mount in situ hybridization (data not shown).
These results suggested that APCDDI, a negative regulator
of Wnt signaling, would involve in the cap stage of tooth
development.

Knockdown of Apcdd1 during in vitro organ cultivation
alters cellular events

Prior to epithelial ApcddI expression, we treated the tooth
organs cultivated at E13.5 with AS-ODNs to knockdown
Apcddl in order to understand the role of APCDDI in tooth
development. Morphological changes in control speci-
men cultivated at E13.5 for 2 days were similar to those in
tooth germs at E14.5 (Fig. 1h). Results of qPCR showed
that knockdown of Apcdd] by treatment with AS-ODNs for
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Table 1 Primer sequences for gPCR

Gene Accession Primer sequence References Product size (bp) Remark

Apcddl NM_133237.3 Forward: CAGAATGCCAAGAACCACAA 81
Reverse: CAGTATGGGAGGGTGGTGTT

Axin2 BC057338.1 Forward: TGAAGAAGAGGAGTGGACGT 115 Wnht signaling
Reverse: AGCTGTTTCCGTGGATCTCA

B-Catenin NM_007614.3 Forward: TGACCTGATGGAGTTGGACA 104 Wnt signaling
Reverse: TGGCACCAGAATGGATTCCA

Bmp2 NM_007553.3 Forward: AAGTGGCCATGAAGGTAAC Neupane et al. (2014) 104 EK signaling
Reverse: CAATGGCCTTATCTGTGGTA

Bmp4 NM_007554.2 Forward: ACCTCAAGGGAGTGGAGATT Neupane et al. (2014) 113 EK signaling
Reverse: GATGCTTGGGACTACGTTTG

Bmp7 NM_007557.3 Forward: GAAGCATGTAAGGGTTCCAG 110 EK signaling
Reverse: CTTAGGCGTTTGCTGTGGTA

Cyclin DI NM_007631.2 Forward: TGCGTGCAGAAGGAGATTGT 95 Wht signaling
Reverse: AAGACCTCCTCTTCGCACTT

Fgf4 NM_010202.5 Forward: TCGCCTACCATGAAGGTAAC Neupane et al. (2014) 114 EK signaling
Reverse: TCTCCATCGAGAGAAAGTGC

Lefl NM_010703.4 Forward: ACAGCGACGAGCACTTTTCT 82 EK signaling
Reverse: TGTCTGGACATGCCTTGCTT

Shh NM_009170.3 Forward: CAGCGCGTGTACGTGGTGGC Stewarte et al. 2002 335 EK signaling
Reverse: GGAGCGTCGGCAGCACCTG

Hprt NM_013556.1 Forward: CCTAAGATGATCGCAAGTTG Neupane et al. (2014) 86 Internal standard

Reverse: CCACAGGGACTAGAACACCTGCTAA

1 day decreased Apcddl expression by approximately 45 %
compared with that in the control specimen (Fig. 1j). Buc-
colingual diameter was increased in the AS-ODN-treated
specimen (Fig. 1k, Sla). Hematoxylin and eosin (H&E)
staining of the frontal sections showed larger cell struc-
tures in the EK and IEE of the AS-ODN-treated specimen
(Fig. 2b—b") than in the EK and IEE of the control specimen
(Fig. 2a—a"). Ki67 immunostaining and TUNEL assay were
performed to evaluate the effects of Apcddl knockdown on
cellular physiology including proliferation and apoptosis
(Fig. 2c—f). The number of Ki67-positive cells, particularly
in the IEE, cervical loop and dental papilla, was decreased
after Apcddl knockdown (Fig. 2d-d”, Slc) compared with
that in the control specimen (Fig. 2c—c”, S1c). In addition,
Ki67 immunostaining showed an enlarged non-prolifer-
ative region in the EK of the AS-ODN-treated specimen
(Fig. 2d’). The number of apoptotic cells was higher in the
EK of the AS-ODN-treated specimen (Fig. 2f—f”, S1b) than
in the EK of the control specimen (Fig. 2e—¢”, S1b).

Altered localization patterns of epithelial cell adhesion-
and rearrangement-related factors

Immunostaining of P-cadherin, E-cadherin, ROCK2,
B-catenin and actin filaments was performed to evalu-
ate the effects of Apcddl knockdown on cellular physiol-
ogy including cell adhesion and epithelial rearrangement
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(Fig. 3a-1). Histological analysis showed decreased locali-
zation of adhesion molecules P- and E-cadherins in the IEE
of the AS-ODN-treated specimen (Fig. 3b-b”, d—d”) com-
pared with that in the IEE of the control specimen (Fig. 3a—
a”, c—"), which mimicked the in vivo localization pattern
in the E15 control specimen (data not shown). In contrast,
actin filament staining was more intense in the IEE of the
AS-ODN-treated specimen (Fig. 3f—f") than in the IEE of
the control specimen (Fig. 3e—e”). Similarly, localization
of both total and active p-catenin (Fig. 3h-h", j—”) and
ROCK?2 (Fig. 31-1") was more robust in the EK and IEE of
the AS-ODN-treated specimen than in the EK and IEE of
the control specimen (Fig. 3g—g”, i-i”, k-k”). Altered local-
ization of factors involved in epithelial cell adhesion and
rearrangement clearly suggested that APCDDI1 played an
important role in the formation of actin filaments through
ROCK?2 and B-catenin to form a proper epithelial structure
during tooth development.

Altered expression of EK- and Wnt-related signaling
molecules

We examined the altered expression of Wnt signaling- and
EK-related molecules by performing qPCR and in situ
hybridization (Fig. 4). Knockdown of Apcddl downregu-
lated the expression of Wnt-related factors, downregulated
the expression of B-catenin and cyclin D1 (Ccndl) (Fig. 4a,
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Apcdd1

Control

AS-ODN

Fig.1 In situ hybridization and in vitro organ cultivation. Whole-
mount in situ hybridization by using DIG-labeled Apcdd] mRNA
probes (a—c) (E12-E14). Frozen sections obtained after whole-mount
in situ hybridization (d). Apcddl expression is detected in the invag-
inated epithelium at E12 (d). Section in situ hybridization showing
Apcddl expression in the condensed mesenchyme at E13 and in the
EK and IEE at E14 (e-f). Apcddl expression at E15 is similar to
that at E14 (g). AS-ODN-treated embryonic tooth cultured at E13.5

S2), and upregulated the expression of EK-related signal-
ing factors such as Bmp2, Bmp4, Bmp7, Fgf4, Lefl and
Shh (Fig. 4b). Expression of Fgf4, a distinct marker of
SEK formation, was examined by performing whole-mount
in situ hybridization (Fig. 4c, d). AS-ODN-treated tooth
germs cultivated at E13.5 for 4 days showed increased
number of Fgf4 expression spots (Fig. 4d) compared with
control germs cultivated at E13.5 for 4 days (Fig. 4c).
Control frontal sections showed distinct Fgf4 expression
spots in the SEKs (Fig. 4c¢’), whereas AS-ODN-treated
frontal sections showed multiple spots in the IEE, includ-
ing SEKs (Fig. 4d’). The IEE cells were labeled with Dil
at E13.5, to examine the cell rearrangement pattern in the
IEE, which would be involved in formation of secondary
enamel knots during slice in vitro organ cultivation as was
performed previously (Cho et al. 2007; Sohn et al. 2011).
After 24-h incubation, we observed that Dil-labeled cells
in the AS-ODN-treated specimen migrated faster from
the point of injection to the EK and cervical loop region

H Control
[J As-ODN

Hprt  Apcdd1

for 2 days by using modified Trowell’s culture method showing a
larger tooth structure (k) than the control tooth (h). Downregulated
Apcddl expression after AS-ODN treatment (j). Frontal section and
3D reconstruction showing altered EK and IEE structures in the
AS-ODN-treated specimen (I-1”) compared to the control specimen
(i-i"). The dotted lines indicate sectioning position (h, K); **p < 0.01.
Bu, buccal; Di, distal; Li, lingual; Me, mesial. Scale bars 500 pm (b—
¢), 200 wm (a, h and k) and 50 pm (d-g)

in AS-ODN-treated specimen (Fig. 4f—f") than Dil-labeled
cells in the control specimen (Fig. 4e—¢’).

Altered morphology of calcified teeth after renal
capsule transplantation

To determine the effect of Apcddl knockdown at the cap
stage on tooth development, we performed renal capsule
transplantation and examined morphological alterations in
the calcified teeth (Fig. 5). AS-ODN-treated and control
tooth germs cultivated at E13.5 for 2 days were transplanted
into the subcapsular layer of the kidney for 3 weeks and
were harvested to examine their morphological features.
Control teeth showed normal morphology of PN10 in vivo
(Fig. 5a—a"), while AS-ODN-treated teeth showed irregular
crown and cusp morphology (Fig. 5b-b”). In addition, most
AS-ODN-treated teeth showed increased number of cusps
(+1,57 % [n = 8/14] or 42, 36 % [n = 5/14] or +3,7 %
[n = 1/14]) in the mesial side (Fig. 5b—b”; Table 2).
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«Fig. 2 Histogenesis and cellular events. H&E staining showing
improperly formed and disoriented cells in the EK and IEE of the AS-
ODN-treated specimen (b-b") compared with those in the in the EK
and IEE of the control specimen (a-a”). Ki67 immunostaining show-
ing altered localization of Ki67-positive cells in the IEE after Apcdd]
knockdown (d-d”) compared with those in the IEE of the control
specimen (c—c”). Results of TUNEL assay showing more number of
apoptotic cells in the EK after Apcddl knockdown (f—f') than that in
the EK of the control specimen (e—€’). The dotted lines indicate the
epithelium of tooth organ (a’—f’). Bu buccal, *EK enamel knot, IEE
inner enamel epithelium, Li lingual, OEE outer enamel epithelium.
Scale bars 100 um (a—f) and 50 wm (a’-a”, b’-b”, ¢/-¢”, d'-d”", €/, f')

Bhalloidin]

Fig. 3 Localization pattern of P-cadherin, E-cadherin, p-catenin,
phalloidin and ROCK2. Adhesion markers P- and E-cadherins are
localized weakly in the IEE of the AS-ODN-treated specimen (b-b”,
d-d”) compared with that in the control specimen (a-a”, c—¢”). Fron-
tal sections showing intense phalloidin staining in the IEE and EK
of the AS-ODN-treated specimen (f'—f”) compared with that in the
control specimen (e’—e”). Strong localization of B-catenin (total and
active form) in the IEE and EK of the AS-ODN-treated specimen

Discussion

In mice, Apcddl is abundantly expressed in the hair folli-
cles, in the nervous and vascular systems and during inner
ear formation (Jukkola et al. 2004; Shimomura et al. 2010).
The signaling pathways involved in the ectodermal organo-
genesis share similar signaling pathways, including the
Wnt pathway (Biggs and Mikkola 2014; Tsai et al. 2014).
Therefore, we hypothesized that APCDD1 could also be
involved in tooth crown morphogenesis by fine-tuning

R 2
: ":} B-Cat active

(h-h”, j—j") compared with that in the control specimen (g—g”, i-i").
Staining intensity of ROCK2 is stronger in the AS-ODN-treated spec-
imen (1-1”) than in the control (k—K”). Bu buccal, EK enamel knot,
IEE inner enamel epithelium, Li lingual, OEE outer enamel epithe-
lium. The dotted lines indicate the epithelium of the tooth (a-l). Scale
bars 100 um (a-1) and 50 um (a’-a”, b’-b”, ¢/-¢", d’-d", e/-e", f'—£",
g/_g//, h'-h", V'—i", j'—j", k'-k" and I'-1")
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1.2 0 AS-ODN 3.5

1.0 3.0

08 M« 251

B-Cat Ccndl Hprt

Control

AS-ODN

e 0TS

Fig. 4 Altered expression patterns of signaling molecules and epi-
thelial rearrangement patterning. Expression of Wnt signaling-
related molecules is downregulated (a), whereas that of EK-related
molecules is upregulated (b). Whole-mount in situ hybridization of
specimens cultivated at E13.5 for 4 days by using Fgf4 probes (c, d).
Fgf4 expression pattern is broader in the AS-ODN-treated specimen
(d) than in the control specimen (c¢). Results of whole-mount in situ
hybridization showing Fgf4 expression in the IEE of the AS-ODN-
treated specimen (d’) and restricted Fgf4 expression in the SEK of the

Control

AS-ODN

B

Fig. 5 Calcified teeth in the kidney capsule at 21 days after trans-
plantation of tooth germs cultivated at E13.5 for 2 days. Buccal view
of control and AS-ODN-treated teeth (a, b). Lateral and occlusal
views showing increased number of cusps with irregular crown mor-
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Bmp2 Bmp4

K% m Control
0 AS-ODN
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Bmp7 Fgf4 Left Shh  Hprt

control specimen (c¢’). Altered migration of Dil-labeled cells in the
AS-ODN-treated specimen (f—f') compared with that in the control
specimen (e—e’) after 24-h cultivation. The insets show merged fig-
ures. The dotted lines indicate the epithelium of tooth organ (c¢'-d’)
and the level of sectioning position (¢, d); *p < 0.05 and **p < 0.01.
Bu buccal, Di distal, EK enamel knot, Li lingual, Me mesial, SEK
secondary enamel knot. Scale bars 200 pm (¢, d), 100 pm (e-f) and
50 wm (¢/, d)

phology in the AS-ODN-treated specimen (b’-b”) compared with
that in the control specimen (a’—a”). Scale bars 500 pwm (a, b) and
200 pm (a’, a”, b’, b")
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Table 2 Ratio of the number of teeth to cusps

Control (n = 14) AS-ODN (n = 14)

Number of cusps ~ Ratio Number of cusps ~ Ratio
90 % (9/10) 10(+3) 7 % (1/14)
100 % (1/10)  9(+2) 36 % (5/14)
8(+1) 57 % (8/14)

the Wnt signaling pathway. We found that Apcddl was
expressed in the invaginated epithelium at E12, and in the
condensed mesenchyme at E13 and EK and IEE at E14 and
E15, respectively, in the developing molar tooth in mice
(Fig. la—d). This oscillating expression of Apcddl in the
epithelium and mesenchyme was similar to that of integrin
V, suggesting that APCDD1 modulated cellular physiol-
ogy such as cell adhesion and migration (Rallis et al. 2010;
Salmivirta et al. 1996).

Knockdown of Apcddl by treatment with AS-ODNs
during in vitro organ cultivation induced structural altera-
tions in the IEE and EK, which increased the EK area. The
increased EK area showed altered cellular events, includ-
ing increased apoptosis (Fig. 2d, S1b), whereas the IEE
showed decreased cell proliferation (Fig. 2f, Slc, S1d).
The changes in the epithelial structure of the EK and IEE
after the treatment with AS-ODN showed weak localiza-
tion of P-cadherin and E-cadherin, which were reported to
co-localize with Apcddl (Shimomura et al. 2010). Previ-
ous studies have shown strong localization patterns of P-
and E-cadherins in the cap stage of molar development in

Fig. 6 Schematic representa- a b
tion of altered Fgf4 expression E13.5
and cuspal patterning after
Apcddl knockdown. Fgf4 is
expressed during the bud to cap
stages and produces specific
spots in the cusp-forming
regions as tooth development
progresses to the bell stage
(a—c). Apcddl knockdown
linearizes the expression pattern Me
P p
of Fgf4 in the mesial region of Bu‘_I_, Li
the tooth germ (d), thus increas-

ing the number of cusps on the Di
mesial side (f), compared with
that in the control specimen e Control

(e). Black spots indicate Fgf4
expression (a—d), and circles
indicate the position of cusps in
the calcified teeth (e, f). Asterisk
indicates extra cusps in the
AS-ODN-treated teeth (f). Bu
buccal, Di distal, Li lingual, Me
mesial

E15.5

mice (Obara and Lesot 2004). Our results suggested that
Apcddl knockdown compromised cell adhesion in the
IEE by decreasing the localization of E- and P-cadherins.
Strong localizations of f-catenin (total and active) in the
IEE after knockdown of Apcddl knockdown confirmed
that APCDD1 inhibited Wnt signaling as reported previ-
ously (Takahashi et al. 2002; Shimomura et al. 2010). The
increase in protein level may be because of the accumula-
tion of B-catenin in the cytoplasm of IEE cells after Apcdd1
knockdown, as observed in a previous study (Shimomura
et al. 2010). Meanwhile, decreased mRNA expression
may be because of the immediate interruption of APCDD1
signaling in all tooth-forming tissues, including epithelial
and mesenchymal cells, after Apcddl knockdown. Strong
localization of ROCK2 in the IEE after Apcddl knockdown
suggested altered actin filament formation during epithelial
rearrangement in the IEE (Fig. 31). These results suggested
that Apcddl knockdown at the cap stage altered epithe-
lial rearrangement through the Wnt signaling, thus alter-
ing the structure of EK and IEE and subsequently crown
morphogenesis.

Epithelial rearrangement is a normal mechanism in
the IEE and EK, which triggers the formation of SEKs
(Obara and Lesot 2007). Gene expression patterns of
SEKs are similar to those of PEK, with Fgf4 and Slit/
expression being the marker of both PEK and SEKs (Cho
et al. 2007; Jernvall and Thesleff 2000; Loes et al. 2001).
Intense actin filament staining in lingual IEE cells of the
AS-ODN-treated specimen suggested that epithelial rear-
rangement preceded the cessation of Fgf4 expression in

c d AS-ODN
E17.5 E14.5 + 3 days

f AS-ODN
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PEK (Figs. 4c—d, 5); this was further confirmed by per-
forming whole-mount in situ hybridization. However, the
number of proliferative cells in the IEE was low, suggest-
ing that structural alteration in the IEE occurred because
of cell migration rather than cell proliferation. This finding
was confirmed by Fgf4 expression in the entire IEE of the
AS-ODN:-treated specimen (Fig. 4d). After Apcddl knock-
down, Fgf4 expression pattern in these specimens at the cap
stage deviated from the normal pattern to a linear pattern,
suggesting that patterned IEE formation was important for
crown morphogenesis and for determining the number of
cusps (Figs. 5, 6, S3).

EK determines the number of cusps as well as the
shape of an individual tooth (Jernvall et al. 1994,
Vaahtokari et al. 1996). PEK develops on the buccal side
during the bud to cap stages of tooth development, and
SEK forms during epithelial folding and marks the cusp-
forming sites (Cho et al. 2007; Cobourne and Sharpe
2005). Apcddl knockdown increased apoptosis of PEK
cells (Fig. 2f) and resulted in the faster migration and
proliferation of Dil-labeled IEE cells (Fig. 4f) compared
with that in the control specimen (Fig. 4e). Therefore,
we hypothesize that some PEK cells remain in the SEK
and migrate to initiate the formation of new SEKs, as
reported earlier (Coin et al. 1999). Particularly, epithelial
rearrangement in the PEK and IEE, which was affected
by Apcddl knockdown, was responsible for the formation
of more lingual SEKs. These cellular events would facili-
tate the formation of excessive SEKs, thus increasing the
number of mesial cusps in the calcified tooth (Fig. 5).
Our results showed that Wnt signaling is important for
cusp formation, which is consistent with that reported
previously (Liu et al. 2008; Wang et al. 2009; Jarvinen
et al. 2006). This elucidation through the in vitro organ
cultivation system suggests that precise spatiotemporal
expression of specific genes is important for the forma-
tion of functional structures in different organs.

In summary, our data indicated that APCDDI acts as a
negative regulator of Wnt signaling for proper organogen-
esis and morphogenesis of molar teeth and tightly controls
cellular rearrangement during patterned IEE formation.
APCDDI regulates the localization of P- and E-cadherins
in the IEE during SEK formation to achieve proper tooth
cusp development and to maintain proper epithelial struc-
ture and actin filament formation. In addition, fine-tuning
of Wnt signaling by APCDD1 would determine proper
cusp patterning through the optimal expression of B-catenin
in the IEE at the cap stage of tooth development.
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