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ABSTRACT

Shh signaling is essential for rugae morphogenesis in mice.

Dae-Woon Kang

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor Byung-Jai Choi)

Secondary palate development in mammals is a critical process that depends on complex
cellular and molecular events. Corrugated structures of palatal ridges, or rugae palatinae, are
observed on the hard palate region in most mammalian species, but their number and
arrangement are species specific. Nine palatal ridges are found on the mouse secondary palate.
Reciprocal signaling of epithelial-mesenchymal interactions plays a pivotal role in the
growth of the secondary palate. Epithelial Shh (sonic hedgehog) signaling is closely related to
both the mesenchymal Fgf (fibroblast growth factor) and Bmp (bone morphogenetic protein)
pathways. Mice possess secreted Hh (hedgehog) ligands that bind to the membrane-bound
receptors Ptchl and Ptch2. Glil and Glil2 are transcriptional activators of Hh signaling. Wnt
family members including LEF1 (lymphoid enhancer factor 1) may play a functional role in
orofacial morphogenesis. Maternal transfer of 5E1 (an anti-Shh antibody) to mouse embryos
through the placenta, and mathematical analysis were used to demonstrate that Sostdcl, a

secreted inhibitor of the Wnt pathway, is a downstream target of Shh. We suggest that
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interactions between Wnt, Shh, and Sostdcl underlie a pivotal mechanism controlling the

spatial patterning of palatal ridges.

Key words: rugae patterning, 5E1, Shh ,Wnt, Sostdcl



Shh signaling is essential for rugae morphogenesis in mice.

Dae-Woon Kang

Department of Dentistry
The Graduate School, Yonsei University

(Directed by Professor Byung-Jai Choi)

I. Introduction

1. Rugae development

The development of mammalian secondary palate is a critical mechanism dependent
upon complex cellular and molecular events (Gritli-Linde, 2007). Two palatal shelves grow
bilaterally to each other and then fuse at the midline to separate the nasal cavity from the oral
cavities (Ferguson, 1978). Cleft palate, one of the most common birth defects in human is
induced by failure of this process (Gritli-Linde, 2007). Secondary palate can be divided into
the ossified hard palate and the posterior muscular soft palate. Corrugated structures of
palatal ridges or rugae palatinae, are observed on the hard palate region of most mammalian
species, but their number and arrangement are species specific (Eisentraut, 1979; Pantalacci
et al., 2008).

At least nine palatal rugae are found on the mouse secondary palate. A tenth ruga (ruga
7b, Fig.1) is more or less frequently present, depending on the strain (Charles et al., 2007;
Peterkova R,1987). Just behind the incisor teeth, three transverse ridges are formed that span

the midline of secondary palate.A further six rugae are observed around the molar tooth areas,



which have an oblique arrangement and, unlike the three transverse ridges, do not span the
midline (Sakamoto et al., 1989; Pantalacci et al., 2008) (fig.1). Many nerve fibers that
respond to touch and pressure on the palate are located in the palatal ridges (Mitsui et al.,
2000; Ichikawa et al., 2001; Kido et al., 2003; Nunzi et al., 2004).

Local thickening of the palatal epithelium which forms placodes and the condensation of
underlying mesenchymal cells are the first step of rugae development. (Fig2) and then
placodes bulge toward oral cavity and incline caudally. This subsequent bulging forms a

corrugated rugae appearance.



Fig.1. Adult mouse rugae pattern (A) The roof of the oral cavity of an adult mouse showing
the palatal ridges (rugae palatinae) on the hard palate (Pantalacci et al., 2008). (B) Mouse
rugae pattern with numbering . Note that ruga 7b was called 8b in other studies (Peterkova et
al., 1987; Charles et al., 2007)
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Fig.2. Developmental stages of palatal rugae (sagittal view). (A) Mes, mesenchyme; Epi,
epithelium (Porntaveetus et al., 2010). (B) Local thickening of the palatal epithelium to form
placodes. (C) Thickened epithelium protrudes on the surface of developing palate. (D) The
placode regions bulge towards oral cavity to form an overall corrugated appearance

(Porntaveetus et al.,2010).



2. Signaling events in mouse rugae development

Cell signaling plays an important role in the development of all multicellular organisms.
Reciprocal growth factor signaling between the palatal mesenchyme and epithelium is
important for the early growth and patterning of palatal shelves (Gorlin et al., 2001; Gritli-
Linde, 2007; Rice et al., 2004; Tyler and Koch, 1977). Numerous studies have established the
importance of Hedgehog signaling in a wide variety of regulatory function during the
development. Previous study reported that epithelial Shh(sonic hedgehog) signaling is closely
related to both mesenchymal Fgf(fibroblast growth factor) and Bmp(bone morphogenetic
protein) pathway. These signaling molecules are involved in a cascade that regulates cellular
events such as proliferation during palatogenesis (Rice et al., 2004; Zhang et al., 2002). Shh
exhibits a restricted expression pattern in the thickened palatal ridge epithelium regions,
forming the transverse rugae on the secondary palate (Bitgood and McMahon, 1995). It has
also been shown that Shh signaling plays essential roles in craniofacial development with
targeted null mutation in Shh resulted in various cranial defects in mice (Chiang et al., 1996).
Mice possess secreted Hh(Hedgehog) ligands that bind to the membrane-bound receptors
Ptchl or Ptch2. The Ptchl receptor is a target of Hh signaling and provides a negative
feedback mechanism to regulate it. Glil and Gli2 are transcriptional activators of Hh
signaling (Chen and Struhl, 1996; Goodrich et al., 1996, 1997).

Wnt family members may play a functional role in orofacial morphogenesis (Brown et al.,
2003; Blanton et al., 2004; Juriloff et al., 2006; Lan et al., 2006; Lee et al., 2008). Lymphoid
enhancer factor 1(LEF1) is expressed in most embryonic tissues, including neural crest,
somites, primitive streak, and palate, and plays an important role for epithelial-mesenchymal
transition(EMT) (Mohamed et al., 2004; Nawshad and Hay, 2003). Ohazama et al. (2008)
reported that Sostdcl(also known as USAG-1, Ectodin and Wise) inhibits the Wnt pathway.
Lrp4 is a negative Wnt co-receptor antagonizing the LRP(low-density lipoprotein receptor-
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related protein) 5/6-mediated activation of the Wnt signaling pathway (Johnson et al., 2005).
In this study, to reveal the mechanism of palatal rugae pattern formation, we injected

5E1(an IgG1 monoclonal antibody against Shh protein) through the placenta in order to block
Shh signaling (Wang et al., 2000), and investigate the subsequent morphological changes in
the rugae. In addition , the genetic relationship between Shh and other genes was examined
to further elucidate the mechanism regulating the specific patterning of palatal ridges. Our
findings show that crosstalk between Wnt, Shh and Sostdc1 governs palatal ridge patterning

during mouse palatogenesis.



I1. Materials and methods

All experiments were performed according to the guidelines of the Yonsei University, College of

Dentistry, Intramural Animal Use and Care Committee.

1. Experimental animals

Adult Institute of Cancer Research (ICR) mice were housed in a temperature-controlled room

(22°C) under artificial illumination (lights on from 0500 to 1700 hours) and 55% relative humidity.

The mice had access to food and water ad libitum. Embryos were obtained from time-mated
pregnant mice. EO was designated as the day a vaginal plug was confirmed. Embryos at

developmental stages E12.5, E13.5, E14.5, E16.5 and post natal (PN) 2wks were used in this study.

2. Drug delivery

A monoclonal antibody (mAb) to 5E1 (an IgG1 monoclonal antibody against Shh protein) was
obtained from hybridoma cells at the Developmental Studies Hybridoma Bank, developed under
the auspices of the National Institute of Child Health and Human Development and maintained by
the University of lowa, Department of Biological Sciences (lowa City, 1A, USA). A single
injection of 5E1 (10 mg/kg body weight) or PBS (1 ml) was administered intraperitoneally to

pregnant ICR mice at the stage of embryonic day E12.5.

3. Scanning electron microscopy (SEM) visualization

The surface topography of the hard palate and rugae was studied by scanning electron
microscopy in 3 groups composed of E12.5 wild type embryo, E16.5 embryo 4 days after maternal
injection of 5E1 and E16.5 embryo 4 days after maternal injection of PBS injection as a

control.



The palate, which were removed from the maxilla, were prefixed with 2.5% glutaraldehyde in
PBS for 24hours at 4°C, rinsed with PBS for 8hours at 4 °C, and postfixed with 1% osmium
tetroxide in PBS for 2 hours. The sample were then dehydrated in a graded series of ethanol,
followed by critical point drying using a HCP-2 apparatus (HITACHI, TOKYO, JAPAN) with CO,
as the transitional fluid. The specimen, which were mounted on stubs, were coated with platinum

and examined by scanning electron microscopy (SEM, S-3000; HITACHI, TOKYO, JAPAN).

4. Whole mount in situ hybridization

4.1 Embryo processing

Samples which sacrificed at 1day after 5E1 and PBS (phosphate-buffered saline) injection were
fixed 24 hours in 4% paraformaldehyde in PBS hand dechorionated and dehydrated overnight in

methanol at -20°C.

4.2 Riboprobe synthesis

The plasmid was linealised, to allow transcription, using an appropriate restriction endonuclease.
50 pg of DNA was digested in a final volume of 100 pl of the appropriate 10 X buffer, 2~3 ul of
restriction endonuclease and rest RNase free water. This was incubated at 37°C for 2 hours before
running aliquot on a 1% agarose gel to check the DNA was completely linealised. The linealised

DNA was cleaned by Qiagen Clean up Kit (Qiagen, USA)

Riboprobes were made in batches of 20 pl as follows:

4 ul 5 X buffer, 4 ul 0.1 M DTT, x pl linealised DNA (to give approximately 5 ug DNA
present), 1.5 ul Dig RNA , 2 pl Polymerase, 2 ul RNase inhibitor were prepared and RNase
free water was added to a final volume of 20 ul. The mixture was incubated at 37°C for 2
hours before running aliquot on a 1% agarose gel to check the presence of an RNA band. Then,

treat with 4 ul DNasel RNase free and incubated at 37°C for 30 mins.
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RNA purification
15 pl 3M sodium acetate and add 125 pl 100% cold EtOH. Incubate at -20 °C for 30 mins.
Centrifuge at 4 °C, 1200 rpm for 10 mins. Discard the flowing through. Wash with 500 pl 70%
cold EtOH. Discard the flowing through. Centrifuge at 4 °C, 1200 rpm for 10 mins. Drying up
all of EtOH at room temperature. Redissolve in 40 ul RNase free water. Store at 70 °C. Before

use Riboprobe, incubate at 85 °C for 4 mins and 2 mins in ice

4.3. Pre-hybridization treatment and hybridization

Then the samples were rehydrated stepwise in methanol/PBS and finally put back in 100% PBT
(PBS with 0.1% Tween 20). Embryos older than the beginning of somitogenesis were treated with
proteinase K (10 mg/ml in PBT). Samples were postfixed in 4% paraformaldehyde in PBS for 20
minutes and then rinsed in PBT 5 times for 5 mins each. The embryos were prehybridized at least
1 hour at 70°C in hybridization buffer [50% formamide, 5 X SSC, 50 mg/ml heparin, 500 mg/ml
tRNA, 0.1% Tween 20]. The hybridization was done in the same buffer containing 200 ng of probe

overnight at 70°C.

4.4 Post-hybridization treatment

Then the samples were washed at 70°C for 2 times 15 mins in 2 X SSC, 2 times 30 mins in 10%
CHAPS, 2 X SSC, 2 times 15 minutes in 10% CHAPS, 1 X SSC, 2 times 15 mins in 10% CHAPS,
0.2 X SSC, 2 times 15 mins in 10% CHAPS, 0.1 X SSC. Further washes were performed at room
temperature for 2 times 5 mins in TBT (1 M Tris (pH7.5), 5M NaCl, DEPC-H,0), and then 3 hours
in TBT with 2 mg/ml FBS (Fetal Bovine Serum (Clontech, USA)). Then the samples were
incubated overnight at 4°C with the preabsorbed alkaline phosphatase-coupled anti-digoxigenin
antiserum (described in Boehringer instruction manual) at a 1/5000 dilution in TBT buffer
containing 2 mg/ml FBS. Finally the samples were washed 2 times for 15 minutes each in TBT at

room temperature. Detection was performed in alkaline phosphatase reaction buffer described in
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the Boehringer instruction manual. When the color was developed, the reaction was stopped in 1 X

PBS.

4.5 Solutions and buffers for whole mount in situ hybridization

All solutions were autoclaved where appropriate.

PBT

PBS, 0.1% (v/v) Tween-20 (Sigma, USA)

Prehybridization solution (for 50 ml)

25 ml deionized formamide (50% final), 12.5 ml 20X SSC, pH 4.5 (25% final), 50 pl 10 mg/ml
Heparin stock (50 pg/ml final) (Sigma, USA), 50 pl 50 mg/ml Yeast-tRNA (50 pg/ml final) (Sigma,
USA), 250 ul 1 M EDTA (5 mM final; ethylenediamine tetra acetic acid), 200 ul Tween-20 (0.4%
final), 1 g Boheringer Blocking Powder (2% final), 0.5 ml CHAPS (0.1% final, 10% stock in RNase

free water) (Sigma, USA) were prepared, and RNase free water was added to a final volume of 50 ml

20X SSC

3 M NacCl, 0.3 M sodium citrate, pH 4.5 with citric acid

Blocking solution

15% heat-inactivated lam serum in PBT

TBT (for1L)
50 ml 1 M Tris-Cl (pH 7.5), 33.33 ml 5 M NaCl, 10 ml Tween-20, RNase free water was

added to a final volume of 1 L

NTMT (for 50 ml)

5ml 1 M Tris-Cl (pH 9.5), 1 ml 5 M NaCl, 2.5 ml 1 M MgCI2, 0.5 ml Tween-20, 41 ml

12



water

5. Microarray analysis

Gene-chip expression analysis was performed with RNA from palatal shelves from
embryos of pregnant mice at one day after injection (PBS, n=2; 5E1, n=2), using a mouse
gene microarray (GeneChip Mouse Genome 430 2.0, Affymetrix, Santa Clara, CA, USA). A
gene-chip scanner (GeneChip Scanner 3000, Affymetrix) was used to measure the intensity
of the fluorescence emitted by the labelled target. . Raw image data were converted to cell-in

tensity (CEL) files using the Affymetrix Gene Chip Operating System, and these resultant
CEL files were normalized using the MARS 5.0 algorithm. Following statistical analysis, differ
entially expressed genes were selected using GenePlex software version 3.0 (ISTECH, Korea).

Differentially expressed genes with changes of 1.5- to 2.0-fold in the 5El-treated group compa

red with the control group were selected, and then analysed statistically using Student’s t-test

with the level of statistical significance set at P<0.01

6. Real-time quantitative polymerase chain reaction(RT-qPCR)

Total RNA was isolated from the E13.5 mouse palate with 5E1 or PBS maternal
injection using an RNeasy® Mini kit (Qiagen). For cDNA synthesis, reverse transcription
was performed using M-MuLV reverse transcriptase (New England BioLabs). RT-gPCR
was performed using the Thermal Cycler Dice™ Real Time System (TP800, Takara) with
SYBR Premix EX Taq™ (Takara). The amplification program consisted of 45 cycles of
denaturation at 95°C for 5 s, annealing at 55°C for 20 s, and extension at 72°C for 20 s.
The results of RT-gPCR for each sample were normalized to beta-2-microglobulin (32m).
The data were analyzed with Thermal Cycler Dice™ Real Time System analysis software

(Takara) and expressed as normalized ratios. Data were expressed as the mean + S.D.
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7. Immunohistochemistry and TUNEL assay

E 13.5, E14.5 Embryos were fixed with 4% (w/v) paraformaldehyde (PFA) in 0.01 M
phosphate-buffered saline (PBS, pH 7.4), sectioned at 7 pm, and stained with
Hematoxylin-Eosin (H&E). For immunohistochemistry, sections were blocked in 0.3%
hydrogen peroxide for 15 mins. The tissue sections were boiled in 10 mM citrate buffer
(pH 6.0) for 20 mins and cooled at room temperature for 20 mins.  The slides were
incubated with primary antibody at 4°C overnight.  Slides were incubated in antibody
against Ki67 (Thermo Scientific, USA). After washing with PBS, the specimens were
sequentially incubated with secondary antibody and streptavidin peroxidase at room
temperature for 10 mins each. Finally, staining was visualized using a diaminobenzidine
reagent kit (Invitrogen, USA), and sections were counterstained with hematoxylin. A
TUNEL assay was performed using an in situ cell apoptosis detection kit (Trevigen)
following the manufacturer's instructions. The 7-um-thick sections were treated with
proteinase K [in 10 mM Tris—HCI (pH 8.0)] at a concentration of 20 pg/ml for 15-20 mins
at room temperature. The samples were then incubated with the labeling reaction mixture
at 37 °C for 1 h and streptavidin—-HRP solution for 10 mins at room temperature. DAB was
used as a substrate solution to detect the sites of in situ apoptosis under a light microscope.

At least 10 specimens were examined in each experiment.

. Protein-bead implantation
Affi-Gel blue beads (Bio-Rad Laboratories, Hercules, CA, USA) were soaked with the
Shh recombinant protein (1 pg/ul; mouse Shh-N, R&D systems, Minneapolis, MN, USA).
Control beads were prepared similarly by soaking them in PBS at room temperature for at
least 1 hours. The palatal shelves of E12 mice were dissected and incubated in Dispase Il

(Roche, Mannheim, Germany) at 1.2 U/ml in PBS for 50 mins on ice, and the palatal
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epithelium and mesenchyme were separated. Beads were placed on palatal mesenchyme,
which was then cultured for 1 day in DMEM/F12. Whole-mount in-situ hybridization was

then carried out.

9. Computer simulation
In order to construct a model of pattern formation for palatal rugae in wild-type mice, a
system of reaction—diffusion equations was examined. The equations used are
OAIot= (C1A—Cy 1 +C3)—CyA+ Dy VZA
oMot =(C4A—Cs M+ Cg)— Cn A + Dy VM
allot=(-C;A+CgM)—CiA+D; VI
(D : diagonal matrix of diffusion coefficients)
where A, M and | are activator, mediator and inhibitor concentrations respectively. The
lower and upper limits for the synthesis rates of A(C;A-C,1+C3),M(C4,A-CsM +
Cs)and 1 (—C;A+CgM+ Cy) are set as
0<(CiA—-Cy1+C3)<SsynAna
0<(C4A—CsM+Cg) <SynMpax
0<(-C7A+CgM) <synlnax
where synApax = 0.4, sSynMpax = 0.7 and synlma = 0.6. Other parameters are D, = 0.04,
Dm=0.5,Di=0.1, C; =0.12, C, =0.04, C3 = 0.08, C, = 0.47, Cs = 0.2, Cs = 0.06, C7 =
0.37, C3 = 0.32, C, = 0.1, Cy, = 0.1 and C; = 0.1. Simulations were carried out on two-
dimensional grids. The initial and final field size was 36 x 72 and 72 x 180 respectively. In
order to simulate the anterior-posterior extension of the palate, a new row of cells was
inserted into the anterior part of the #8 ruga for each 400 iteration after 10,000 iterations.

The concentrations of each factor in new cells were set to the mean of the values in

15



adjacent cells. The lateral extension was simulated by adding a new column of cells to the
edge of the field for each 700 iteration after 30,000 iterations. Neumann boundary
condition was used for calculation. The time step was set as dt = 0.01. Calculation was

performed with 70,000 iterations.
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I11. Results

1. Dotted shape of rugae patterning are observed after 5E1 treatment.

In order to confirm the relationship between rugae development and Shh, we injected
5E1, an antibody against Shh, to the abdomen of pregnant mice at embryonic day(E) 12.5 ;
phosphate-buffered saline (PBS) was injected into control mice instead of 5E1. The mice
were sacrificed 96 hours later. At the injection stage, E12.5, the palatal shelves were distant
from each other and two or three rugae could be observed on their surface (green box in Fig.
3Aand D). At 96 hours after PBS injection(control condition), the secondary palate was fused.
Moreover, nine rugae could be clearly detected in the secondary palate region (Fig. 3B). The
shape of rugae resembled a mountain range (Fig. 3E). At 96 hours after SE1 injection, the
palatal shelves had also fused, as in the controls (Fig. 3C); however, the nine ridges
observed in the secondary palate of the controls could not be seen in the 5E1 injected mice.
The rugae displayed a loss of their mountain-range shape, and had a dotted appearance (Fig.

3F). This dotted ridge shape was maintained up to 2weeks posnatally (Fig. 3G, H).
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Fig.3. Morphological changes in palatal rugae spatial patterning after 5E1 injection. (A,
D) At E12.5, palatal shelves are not fused. Two palatal ridges are observed in each palatal
shelf. (B, E) At E16.5, nine palatal ridges are detected in fused secondary palate. (C, F) After
5E1 injection, rugae patterning is changed. Nine rugae lines are not observed and dotted
rugae shape is detected in fused secondary palate. (G) Stripe shape of nine palatal ridges are
observed in PN 2 wks PBS treated group. (H) Dotted shape rugae are detected in PN 2 wks
5E1 injected group. Note that rugae numbering is followed in other study (Pantalacci et al.,
2008).Blue dotted line; primary palate, Red dotted line; secondary palate, Yellow dotted line;

molar, scale bar; A-C : 1 mm, D-F : 100 um.
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2. Wnt-, Shh- and Sostdcl- related gene expression patterns are disrupted when

Shh activity is blocked by 5E1 injection.

The relationship between rugae formation and gene expression was investigated by
performing in situ hybridization 24 hours after 5E1 injection. After PBS injection, Shh was
expressed strongly along the rugae line, with its expression pattern mimicking the adult
mountain-range-like rugae shape (Fig. 4A). Examination of sagittal sections showed that Shh
was strongly expressed at the epithelial tip of palatine rugae (Fig. 4A"). However, the Shh
expression pattern was changed after 5E1 injection. 5E1 induced expansion of the region of
Shh expression in developing rugae (Fig. 4E). After sectioning, the region of Shh expression
was much wider than in the PBS-treated controls (Fig. 4E’). Sostdcl was strongly expressed
in the epithelium of the developing palate, except along the rugae lines (Fig. 4B and B).
After 5E1 injection, Sostdcl expression was clearly reduced during palatogenesis compared
to the PBS-treated controls (Fig. 4F and F°), as were the expression levels of Ptchl and Glil
(Fig. 4C, C, D, D', G, G, H, H"). In particular, Ptchl was strongly expressed in palatal
ridge epithelium as well as the underlying mesenchyme in the PBS-treated controls (Fig. 4C").
After 5E1 treatment, mesenchymal expression of Ptchl was markedly reduced (Fig, 4G).
Bmp4 expression was not detected at E13.5 in either the PBS- or 5E1-treated animals (Fig. 41,
I, L, L"). In the PBS-injected group, Lefl was expressed in the epithelium of the rugae region
(Fig. 4J and J). However, the expression of Lefl was expanded in the 5E1-treated group (Fig.
4M and M"). Lrp4 was not expressed in the palatal ridges in either PBS- and 5E1-treated
animals (Fig. 4K, K', N, N").

Gene expression was examined further after palatal fusion (Fig. 5). At E14.5, strong Shh
expression remained along the nine palatal ridge lines in the PBS-treated controls (Fig. 5A
and A). In contrast, the pattern of Shh expression was disturbed by 5E1 injection (Fig. 5E

and E). Sostdc1 was expressed in the palatal epithelium, except along the rugae region in the

20



PBS-treated controls (Fig. 5B and B’). After 5E1 injection, Sostdcl expression was
dramatically reduced in the palatal epithelium (Fig. 5F and F°). Ptch1 was strongly expressed
in the palatal epithelium and beneath mesenchyme in the controls (Fig. 5C and C°) but was
markedly reduced after 5E1 injection (Fig. 5G and G"). The Glil expression was lower after
5E1 treatment compared to the PBS controls (Fig. 5D, D', H, H’). Bmp4 was strongly
expressed in the anterior region of the rugae palatine (Fig. 51). Sectioning revealed that Bmp4
was expressed in the underlying mesenchyme of the anterior three rugae (Fig. 51"). However,
mesenchymal Bmp4 expression was observed in the first anterior rugae after 5E1 treatment
(Fig. 5L and L"). Lefl was expressed weakly along the epithelium of the nine rugae lines in
the PBS-treated group (Fig. 4J and J°). After 5E1 injection, Lefl was not expressed along the
rugae line, although a substantial area of the ”dotted” expression pattern of Lefl was detected
in the palatal epithelium (Fig. 5M and M"). 5E1 treatment did not affect the Lrp4 expression
pattern (Fig. 5K, K', N, N").

The gene expression levels were further investigated using microarrays and real-time
quantitative polymerase chain reaction (RT-gPCR). 5Eltreatment increased Shh
expression,,left the levels of Bmp4, Lrp4 and Lefl expression unchanged (Fig. 6A and B),

and reduced the expression levels of Sostdc1, Ptchl and Glil. (Fig. 6A and B).
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Fig.4. Alteration of gene expression pattern in rugae 24 hours after 5E1 injection. (A, A,
E, E’) Shh expression pattern is altered 24 hours after 5E1 treatment. Expanded Shh
expression is detected in 5E1 treated palatal shelves. (B, B, C,C" F, F, G, G) Sostdcl and
Ptcl expression are remarkably reduced in palatal ridge 24 hours after 5E1 delivery. (D, D",
H,H, L', L L, K, K) Glil, Bmp4 and Lrp4 expression are not altered after 5E1 injection.
(J, J°, M, M") Lefl expression pattern is changed after 5E1 treatment. Lefl is expressed rugae

and inter rugae region after 5E1 injection. Scale bar; A-N : 500 um, A"-N" : 100 um.
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Fig.5. Alteration of gene expression pattern in rugae 48 hours after 5E1 injection. (A, A",
E, E’) Line shaped Shh expression pattern is altered after 5E1 treatment. Dotted and
expanded Shh expression is detected in fused palate 48 hours after 5E1 treated. (B, B', C, C’
F, F, G, G) Sostdcl and Ptcl expression are clearly reduced in palatal ridge 48hours after
5E1 delivery. (D, D', H, H', K, K") Glil and Lrp4 expression are not altered after 5E1
injection. (I, I', L, L") In control group, Bmp4 was expressed in the underlying mesenchyme
of the anterior three rugae. However, mesenchymal Bmp4 expression was observed in the
first anterior rugae after S5E1 treatment. (J, J°, M, M") In control group which is injected the
PBS, Lefl is expressed in epithelium of palatal ridge. However, Lefl is expressed in the rugae

and inter-rugae region in 5E1 injected group. Scale bar; A-N : 500 um, A"-N" : 100 pm.
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Fig.6. Alteration of gene expression level after 5E1 injection. (A) Gene expression level is
examined by microarray. (B) Gene expression level was determined using real-time qPCR.
Shh expression level is up-regulated after 5E1 treatment. Bmp4, Lefl and Lrp4 expression
level are not changed by 5E1 injection. Expression level of Sostdcl, Ptchl and Glil are

down-regulated by 5E1.
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3. Cell proliferation and apoptosis are regulated by Shh signaling during rugae
formation.

To further elucidate the relationship between Shh signaling and rugae formation, Ki67
and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was
examined after 5E1 injection at E12. The PBS-treated control group showed increased
epithelial thickness (the placode) along the rugae at E13.5 (Fig. 7A and D). However, placode
formation was not observed 24hours after 5E1 injection (Fig. 7G and J). Ki67-positive
proliferating cells were observed in the palatal epithelium and mesenchyme at 24 hours after
PBS injection. However, Ki67-positive cells were not clearly detected in the placode regions
that form the rugae palatine in the PBS-treated control group (Fig. 7B and E). After 5E1
injection, Ki67-positive cells were localized throughout the palatal epithelium as well as in
the mesenchyme (Fig. 7H and K). TUNEL-positive apoptotic cells were detected in the tip of
the placodes after PBS treatment (Fig. 7C and F). No apoptotic cells were observed in either
the epithelium or the mesenchyme at 24 hours after 5E1 treatment (Fig. 71 and L).

The number of regions showing increased epithelial thickness in the developing palate
was greater at 48 hours after 5E1 injection than in the PBS-treated group (Fig. 8A, D, G, J).
The distribution of Ki67-positive cells at 48 hours post-PBS injection was similar to that
observed at 24 hours postinjection: Ki67-positive cells were not localized in the rugae region
(Fig. 8B and E).At 48 hours after 5E1 injection, localization of Ki67 positive cells was
altered compared to the control condition. In some regions of the epithelium, Ki67-positive
cells were not observed even though epithelial thickening did not occur (Fig. 8H and K). A
few TUNEL-positive cells were observed in the tip of the palatine ridges at 48 hours after
PBS treatment (Fig. 8C and F). However, the number of TUNEL-positive cells was increased
in both the epithelium and mesenchyme, including in the non-thickened palatal epithelium, at

48 hours after SE1 injection (Fig. 81 and L).
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Fig.7. Alteration of molecular events 24 hours after 5E1 treatment. (A, D) Epithelial
thicknesses are observed in PBS treated control group at E13.5. (G, J) After 5E1 injection,
epithelial thickness is not detected at E13.5. (B, E) Ki67 positive proliferating cells are
localized both in palatal epithelium and mesenchyme except tip of rugae epithelium at E13.5.
(H, K) Ki67 positive cells are observed both in palatal epithelium and mesenchyme after 5E1
injection. (C, F) TUNEL positive apoptotic cells are localized at the tip of the palatal rugae

epithelium at E13.5. (I, L) TUNEL positive cells are not detected in developing palate after

5E1 treatment. Scale bar; A-L : 100 um.
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Fig.8. Alteration of molecular events 48 hours after 5E1 treatment. (A, D) Epithelial
placodes are observed in PBS treated control group at E14.5. (G, J) After 5E1 injection, more
epithelial thicknesses are observed at E14.5 compared to PBS control group. (B, E) Ki67
positive proliferating cells are localized in palatal epithelium except tip of rugae epithelium at
E14.5. (H, K) Ki67 positive cells are not detected in the epithelial thickness not formed
region after 5E1 injection. (C, F) TUNEL positive apoptotic cells are localized at the tip of
the palatal ridge epithelium at E14.5. (I, L) TUNEL positive cells are observed both in

epithelium and mesenchyme after 5E1 treatment. Scale bar; A-L : 100 um.
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4. Sostdcl is regulated by Shh signaling during rugae development.

To confirm the relationship between Shh signaling and Sostdcl, gene expression was
examined after a SHH-protein-soaked bead was implanted into a palate from which the
epithelium had been removed at E12.5. At 24 hours after PBS-soaked bead implantation,
Sostdcl and Ptchl expression were not expressed around the bead (Fig. 9A and C). However,
Sostdcl and Ptchl were strongly induced around the SHH-protein-soaked bead (Fig. 9B and
D). After sectioning, it was also evident that PBS did not induce Sostdcl and Ptchl
expression in epithelium-free palatal mesenchyme (Fig. 9A™ and C’). It was substantiated by
sectioning that Sostdcl expression was rescued around the SHH soaked bead in epithelial
removed palatal mesenchyme (Fig. 9B"). SHH also strongly induced Ptchl expression in the

palatal mesenchyme (Fig. 9D").
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Fig.9. Sostdcl and Pcthl expression pattern after SHH bead implantation. (A, A', C, C))
Sostdcl and Pcthl was not rescued around PBS-soaked beads in the epithelium removed
palatal mesenchyme. (B, B', D, D) SHH-soaked beads are strongly induced Sostdcl and
Pcthl in epithelium removed palatal mesenchyme. Asterisks and black dotted circle : bead,

Scale bar; A, B, C, D: 500 um, A", B", C", D: 100 um.
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5. Palatal ridges follow the reaction-diffusion model for correct pattern
formation.

During palatal rugae formation, Lefl was expressed in the rugae placode (Fig. 4J and J°),
while Sostdcl expression was detected in inter-rugae region, which was outside of Lefl
expression region (Fig. 4B and B"). Previous studies have found that Wnt signaling induces
the expression of Lefl and Shh in other organs during development such as tooth (Kratochwil
et al., 2002; Liu et al., 2008). Moreover, Wnt signaling is regulated by Sostdcl (Ahn et al.,
2010). Based of these results, we used the reaction-diffusion model to analyze our data in an
ttempt to explain the rugae patterning. The model included Wnt, Shh and Sostdcl as the
activator, mediator and inhibitor, respectively (Fig. 10B). Analyses of the interactions
between Wnt, Shh and Sostdcl,which were conducted using mathematical simulation (Fig.
10C), revealed the following.

1. Activator signaling was higher in rugae area than inter-rugae region.

2. Mediator signaling occurred in the same medial region as the activator, but its range

was wider than that of the activator

3. Inhibitor signaling was higher in inter-rugae regions in order to avoid ectopic activator

expression in these regions (Fig. 10C).
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Fig.10. Schematic diagram of developing palatal rugae. (A) Schematic of relationship
among the Wnt, Shh and Sostdcl in developing palatal rugae. Wnt signals in rugae induce
Shh expression. Secreted Shh in rugae moves laterally to induce Sostdcl. Sostdcl-expressing
area (Sostdcl area) complements the Lefl-expressing area (Lefl area). (B) Schematic diagram
of the reaction—diffusion model showing interactions among activator (Wnt), mediator (Shh)
and inhibitor (Sostdcl). (C) Mathematical simulation of activator, mediator and inhibitor

pattern show 9 palatal rugae in PBS treated control group mice.
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1. Discussion

1. Rugae patterns are disturbed by inhibition of Shh signaling.

Nine palatal ridges are formed during mouse secondary palate development (Sakamoto et
al., 1989). ). The first ruga starts to form between E12 and E13, with thickening of the
epithelium. The number of rugae increases conspicuously between E13 and E14 (Peterkova
et al., 1987). In the present study, scanning electron microscopy revealed mountain-range-
like rugae at E12.5 (Fig. 3A and D). In controls injected with PBS, nine rugae lines were
detected in the fused palate at 96 hours postinjection (Fig. 3B and E). The relationship
between Shh signaling and rugae formation was investigated by injecting 5E1, an 1gG1
monoclonal antibody against Shh protein, into pregnant mice to block Shh signaling (Wang et
al., 2000). After blocking the Shh signaling, rugae lost their linear shape and developed into a
scattered pattern of dot-shaped rugae (Fig. 3C and F). These findings indicate that Shh

signaling plays a pivotal role in the formation of the correct rugae pattern.

2. Wnt and Sostdcl are target of Shh signaling during spatial patterning of

palatal rugae.

Shh is expressed in the thickened palatal ridge epithelium, which forms the rugae
palatinae on the secondary palate (Bitgood and McMahon, 1995). Moreover, Shh signaling
has been demonstrated to play essential roles in craniofacial development (Chiang et al.,
1996). Several studies have found that Wnt family members play important roles during
orofacial morphogenesis (Brown et al., 2003; Blanton et al., 2004; Juriloff et al., 2006; Lan
et al., 2006; Lee et al., 2008). In particular, LEF1 is expressed in most embryonic tissues and

plays a crucial role in palatogenesis (Mohamed et al., 2004; Nawshad and Hay, 2003). The
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present study found that Shh was strongly expressed along the epithelium of the nine palatine
ridges at both E13.5 and E14.5 (Fig. 4A, A"; 5A, A"), while Sostdcl was intensely expressed
in the epithelium of the inter-rugae regions (Fig. 4B, B™; 5B, B"). However, after blocking of
the Shh signaling by 5E1, the expression of Shh expanding into the inter-rugae regions (Fig.
4E, E'; 5E, E) with a concurrent reduction of Sostdc1 expression in inter-rugae regions (Fig.
4F, F'; 5F, F). Implanting SHH-soaked beads induced Sostdcl expression around the bead
(Fig. 9B) , confirming a direct relationship between shh and Sostdc1 expression. Lefl was
weakly expressed in the tip of palatal ridge epithelium (Fig. 4J, J°; 5J, J°). After 5E1
treatment, Lefl was not restricted to the area along the rugae line, but formed a dotted pattern
of expression throughout the secondary palate (Fig. 4M, M™; 5M, M"). Our results indicate
that Sostdcl can be induced by shh in developing palatal ridge for correct rugae formation.
Moreover, loss of Sostdcl by blocking the Shh signaling induced ectopic Wnt signaling

during palatal ridge development.

3. Downstream genes of Wnt and Shh signaling are altered by 5E1.

The Hh signaling receptor Ptchl and transcriptional activator Glil are regulated by Shh
signaling (Chen and Struhl, 1996; Goodrich et al., 1996, 1997). We examined the expression
pattern of both Ptchl and Glil after 5E1 injection. Ptchl expression was reduced in the
epithelium as well as the mesenchyme around the rugae region (Fig. 4C, C", G, G; 5C, C’, G,
G"). Glil expression also reduced in developing palate (Fig. 4D, D, H, H*; 5D, D", H, H").
These results confirm that Shh signaling is required to regulate the expressions of Ptchl and
Glil in developing palate.

Epithelial Shh signaling is closely related to both the mesenchymal Fgf and Bmp
pathways regulating cell proliferation during palatogenesis (Rice et al., 2004; Zhang et al.,
2002). We have observed that Bmp4 was expressed in palatal mesenchyme just beneath the
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rugae epithelium along the first three rugae line at E14.5 (Fig. 51 and '), whereas only the
first palatal ruga was Bmp4 positive after blocking of the Shh signaling by 5E1 (Fig. 5L and
L’). These results suggest that correct rugae formation is dependent on Shh signaling being
closely related to Bmp signaling.

Both the gene expression pattern and gene expression level of Shh were affected by 5E1
(Fig. 6). Shh expression was induced, whereas Sostdcl, Ptchl, and Glil expression levels
were reduced after S5E1 treatment, indicating that Shh signaling plays an important role in
preserving the correct gene expression levels during rugae differentiation. Scanning electron
microscopy results indicate that the shape of the palatal ridges changed from a ridge shape to
a dotted conformation corresponding to Shh and Lefl expression patterns. Thus, palatal ridge

development may be governed directly by Shh signaling.

4. Cell proliferation and apoptosis are regulated by Shh signaling during rugae
development.

Epithelial expression of Shh is closely related to both the mesenchymal Fgf and Bmp
pathways. Fgf and Bmp signaling are regulators of a cascade that regulates cellular events
such as proliferation during palatogenesis (Rice et al., 2004; Zhang et al., 2002). At 24 hours
after PBS injection, areas of thickening were detected in the palatal epithelium (Fig. 7A).
Ki67-proliferating cells were not observed in these placodes, but TUNEL-positive apoptotic
cells were detected (Fig. 7E and F). In contrast, 24 hours after 5E1 treatment, no placodes
were observed in the palatal epithelium (Fig. 7G), along with proliferating cells throughout
the palatal epithelium (Fig. 7H). Apoptotic cells were not observed in the developing palate
(Fig. 71). However, more placodes were observed in the palatal epithelium at 48 hours after
5E1 injection compared to 48 hours after PBS injection in the control group (Fig. 8A and G).

In the former, some areas without epithelial thickening were found where proliferating cells
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were absent (Fig. 8K). Moreover, apoptotic cells were dramatically up-regulated in both the
palatal epithelium and the mesenchyme at 48 hours after 5E1 treatment (Fig. 8L). These
results provide evidence that the mechanism underlying Shh signaling to ensure correct rugae

formation during their development involves the regulation of cell proliferation and apoptosis.

5. Wnt, Shh and Sostdcl interactions govern the correct patterning of palatal
ridges.

Whnt signaling acts like an activator of rugae patterning. A previous study found ectopic
expression of Shh expression in the molars and rugae of Lrp4”~ mice (Ohazama et al., 2008).
We have demonstrated that an SHH-soaked bead induced Sostdcl expression in epithelium-
free palatal mesenchyme (Fig. 9B and B"), substantiating the idea that Sostdcl is regulated by
mediator Shh signaling. We postulate that the palatal ridges have both a Lefl-expression
activation zone and a Sostdcl-expression inhibition zone within the Wnt, Shh, and Sostdcl
loop, which in effect acts to separate the nine palatal ridges from each other (Fig. 10A). After
blocking of SHH protein by 5E1, the pattern of Lefl expression was disrupted, from a striped
to a dotted conformation, as was seen for the Shh expression pattern (Fig. 5M and M").
Moreover, Sostdcl expression was not found in developing palatal ridges after 5SE1 treatment
(Fig. 5F and F°). The Lefl-expression activation zone was altered to an irregular dotted
pattern and the Sostdcl-expression inhibition zone disappeared after S5E1 treatment. Thus,
down-regulated Shh signaling could not induce the appropriate Sostdcl expression. The
normal striped shape of the rugae was therefore not retained, as a consequence of the altered
Wnt signaling caused by the loss of Sostdcl, leaving an abnormal dotted rugae shape in a
nonspecific palate region (Fig. 10B). Based on this idea, we applied a mathematical
simulation to the normal palatal ridge patterning and 5E1-treated irregular patterning. The

PBS-treated control group followed the reaction-diffusion model for creating a striped pattern
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of palatal ridges (Fig. 10C). However, the 5E1-treated group deviated from the reaction-
diffusion model because of the absence of inhibitor, Sostdcl. Loss of Sostdcl induced an
irregular dotted rugae conformation, which is attributable to a failure to inhibit the activator
(Wnt signaling). Mathematical simulation therefore makes it possible to verify the spatial
allocation of the important factors in the previously published reaction—diffusion model.
These interactions may be essential for correct palatal ridge pattern formation in wild-type

mice.
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V. Conclusion

We have demonstrated by in situ hybridization, microarray, and RT-gPCR assays that Shh
regulates several genes during palatal ridge formation. Due to the strong correlation of Shh
with Sostdcl, Ptchl and Lefl expression, our findings suggest a mechanism for correct
palatal ridge development following the reaction—diffusion model, thereby clarifying the
relationships between Wnt, Shh, and Sostdc1l. Mathematical simulation was used to establish
that crosstalk between Wnt, Shh, and Sostdc1 governs the correct patterning of palatal ridges,
suggesting that these relationships play crucial roles during the correct spatial patterning of

other organs that express Wnt, Shh, and Sostdc1.
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