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Abstract 

Embryonic craniofacial development depends on the outgrowth and fusion of multiple facial 

primordia which are populated with cranial neural crest cells and covered by the facial 

ectoderm. Any disturbance in the developmental processes or tissues could result in a range 

of craniofacial deformities, including midfacial cleft. In humans, midfacial cleft, a subtype of 

orofacial cleft, is identified as a vertical cleft through the center of the lip and occurs rarely 

compared to the most common unilateral or bilateral cleft lip and/or palate. In the present 

study, we showed that inactivation of Rdh10 by tamoxifen treatment at E7.0 resulted in 

substantial reduction of retinoic acid (RA) signaling in the developing frontonasal process 

and a variety of midfacial defects, including midfacial cleft, agenesis of upper incisors, and 

ectopic nodules with chondrogenesis. Elevated apoptosis in migrated cranial neural crest 

cells and substantial reduction of Alx1 and Alx3 transcription in the developing frontonasal 

process are suggested to underlie the etiology of midfacial cleft in Rdh10-deficient mice. 

Furthermore, persistent Shh signaling in the ventral forebrain, as well as partial abrogation 

of midfacial defects by inhibition of Hh signaling, in the Rdh10 mutant indicate that 

misregulation of Shh signaling due to reduced RA signaling underlies the etiology of 

midfacial defects. Together, these data indicate that the spatiotemporal distribution of Rdh10 

and RA signaling during early embryonic craniofacial development is important for 

orchestrating molecules which govern midfacial development.   
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Introduction 

Embryonic craniofacial development relies on the outgrowth and fusion of five facial 

primordia: the frontonasal process, two pairs of maxillary processes and mandibular 

processes. These primordia are populated by cranial neural crest cells and covered by the 

facial ectoderm. Any disturbance in these developmental processes or tissues could result 

in a range of craniofacial deformities, including midfacial cleft. The incidence of midfacial 

cleft, which is a subtype of orofacial cleft, is low compared to the common unilateral or 

bilateral cleft lip and/or palate, and thus the mechanisms remain largely elusive (Apesos and 

Anigian 1993; Mishra et al. 2015).  

Retinoic acid (RA), an active derivative of Vitamin A, is a diffusible molecule, and RA 

signaling is critical for embryonic craniofacial development (Metzler and Sandell 2016). It 

has been suggested that either excess or deficiency of RA signaling could lead to 

teratogenic effects, including orofacial cleft (Shannon et al. 2017). Especially, deficiency of 

embryonic RA signaling due to loss of Rdh10, the gene that encodes the metabolic enzyme 

for synthesizing RA, has been shown to cause midfacial cleft (Sandell et al. 2007). However, 

the detailed cellular and molecular mechanisms that produce this midfacial cleft are not fully 

understood. 

For these reasons, we utilized tamoxifen-induced Rdh10 knock-out mice for investigating 

the cellular and molecular mechanisms of midfacial cleft caused by RA deficiency. We 

discovered that eliminating Rdh10 expression at E7.0 resulted in substantial reduction of RA 

signaling, especially in the developing frontonasal process, and a variety of midfacial defects, 

including midfacial cleft, agenesis of upper incisors, and ectopic nodules with 
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chondrogenesis in the medial nasal region. Significant elevation of apoptosis in migrated 

cranial neural crest cells, which was caused by downregulation of aristaless-like (Alx) family 

genes, was shown to underlie the etiology of midfacial cleft. Exaggerated sonic hedgehog 

(Shh) signaling also contributed to the midfacial cleft phenotype, which could be blocked by 

administering cyclopamine, an inhibitor of hedgehog (Hh) signaling. Elevated fibroblast 

growth factor 8 (Fgf8) and Wnt signaling seem to underlie the ectopic cartilage formation in 

the frontonasal process. Additionally, upper incisor development was disturbed by impaired 

proliferation and invagination of dental lamina. Altogether, our findings have uncovered a 

novel signaling pathway and cellular behavior which underpin the etiology of multiple 

midfacial defects.   

 

Materials and Methods 

Mice, Tamoxifen Administration and Cyclopamine Injection 

Cre-ERT2:RDH10flox and RARE-lacZ mice were used and maintained as previously 

described (Kurosaka et al. 2017; Sandell et al. 2007). In order to eliminate RDH10 from 

developing embryos, Rdh10flox/flox female mice were crossed with Cre-ERT2:Rdh10flox/flox 

male mice followed by stage-specific tamoxifen administration. We administered 5 mg of 

tamoxifen (Sigma-Aldrich, #T5648) and 1 mg of progesterone (Sigma, #P3972) in 200 µl of 

corn oil (Sigma-Aldrich, #C8267) to individual pregnant dams via oral gavage at either E7.0 

or E7.5. The morning of detecting the vaginal plug was defined as E0.5. Cyclopamine (LKT, 

#c9710) was administered to pregnant dams at a dosage of 20 mg/kg body weight via 

intraperitoneal injection at E11.0 after tamoxifen treatment at E7.0. Cyclopamine was 
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suspended at 1 mg/ml in a 45% w/v solution of (2-Hydroxypropyl)-β-cyclodextrin solution 

(Sigma, #H5784) (Firulli et al. 2014). 

All animal experiments were performed in accordance with the guidelines of the Animal Care 

and Use Committee of the Osaka University Graduate School of Dentistry, Osaka, Japan. 

The Committee on the Ethics of Animal Experiments of the same university approved the 

study protocol (permit number: 動歯 26-020-0 and 遺 04506). Unless otherwise indicated, 

we used a minimum of 3 embryos from multiple distinct litters for each parameter analyzed 

in this study. 

 

Immunohistochemistry and TUNEL Staining 

Whole-mount nuclear fluorescent imaging (Sandell et al. 2012a) was utilized to capture 

embryonic morphological features. The embryos were fixed in 4% PFA and incubated 

overnight in 1:1000 DAPI dilution at 4℃ (Dojindo, #D523-10). Immunostaining of frozen 

sections was performed as previously described (Kurosaka et al. 2017).  Antibodies against 

phospho-HISTONE-H3 (#05806, 1:200, Millipore), E-CADHERIN (#3195, 1:200, Cell 

Signaling Technology), β-CATENIN (PY489-B-CATENIN #10144551, 1:50, DSHB), and 

SOX2 (#97959, 1:100, Abcam) were used with appropriate secondary antibodies for 

detecting each protein’s localization. Apoptotic cells were detected by using an in situ cell 

death detection kit (Roche, #11684795910) following the manufacturer´s instructions. 
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Whole-mount In Situ Hybridization  

Whole-mount in situ hybridization was performed as described previously (Kurosaka et al. 

2014). The digoxigenin-labelled antisense RNA probes were produced using a DIG RNA 

labeling kit (Roche, #11277073910) according to the manufacturer’s protocol. A minimum 

of three embryos of each sample were examined per probe.  

 

β-galactosidase Staining of RARE-lacZ Reporter Mice 

Staining for β-galactosidase expression in RARE-lacZ reporter mice was performed by fixing 

the tissue in 2% formaldehyde and 0.8% glutaraldehyde solution for 30 min at 4℃ followed 

by treatment with 1mg/ml X-gal (Promega, #V3941) solution for 2 hours at room temperature. 

 

Histological Analysis  

E13.5 and E16.5 embryos were fixed in 4% PFA overnight. Paraffin embedding and 

preparation of 7-µm-thick histological sections followed by hematoxylin and eosin staining 

were performed according to standard histological protocols.  

 

Statistical Analysis 
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Statistical significance in Figure 2, 4 and 5 was assessed using Student´s t-test. P values of 

less than 0.05 were defined as significant in all experiments. 

 

Results 

Loss of Rdh10 and RA Signaling in Developing Frontonasal Process Leads to Various 

Midfacial Defects in Mice 

To compare the spatiotemporal distribution of Rdh10-mediated RA signaling between wild-

type and CreERT2: Rdh10flox/flox mice during the developmental stage of frontonasal process, 

RARE-lacZ expression was detected by β-galactosidase staining (Rossant et al. 1991). 

Following tamoxifen treatment at E7.0, substantial reduction of RARE-lacZ expression was 

detected in the CreERT2: Rdh10flox/flox frontonasal process at E9.5 (Fig. 1A, D) and E10.5 

(Fig. 1B, E). At the same time, whole-mount in situ hybridization of Rdh10 showed a 

noticeable reduction in the CreERT2: Rdh10flox/flox frontonasal process (Fig. 1C, F). These 

data indicate that Rdh10 expression at around E7.0 plays a dominant function in activating 

RA signaling in the developing frontonasal process.  

Previous studies have reported multiple craniofacial phenotypes of Rdh10 mutants (Friedl 

et al. 2019; Kurosaka et al. 2017; Metzler et al. 2018; Sandell et al. 2007). In the present 

study, we administered tamoxifen at either E7.0 or E7.5, and we found that 36 of 38 (92.6%) 

CreERT2: Rdh10flox/flox embryos treated with tamoxifen at E7.0 showed midfacial cleft 

(referred as complete midline facial cleft). In contrast, 11 of 53 (20.8%) CreERT2: 

Rdh10flox/flox embryos treated with tamoxifen at E7.5 showed midfacial cleft. Nuclear 
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fluorescent imaging was utilized to compare the craniofacial morphology between wild-type 

and CreERT2: Rdh10flox/flox embryos treated with tamoxifen at E7.0. In embryos at E10.5 

(n=11), there was no noticeable morphological difference (Fig. 1G, J), whereas in embryos 

at E11.5 (n=14), medial nasal processes failed to fuse in the midline of the face in CreERT2: 

Rdh10flox/flox mice in contrast to wild-type mice (Fig. 1H, K). In embryos at E12.5 (n=11), 

midfacial cleft became prominent and ectopic nodules formed in the medial nasal region of 

CreERT2: Rdh10flox/flox mice relative to wild-type mice (Fig. 1I, L).  

Frontal histological sections of E16.5 heads showed abnormal mesenchymal condensation 

and rod-like chondrogenesis on the face where the ectopic nodules formed in CreERT2: 

Rdh10flox/flox mice (n=4) (Fig. 1 P). We also detected a variety of upper incisor defects in 

histological sections. Missing upper incisors were frequently concurrent with midfacial cleft 

in these CreERT2: Rdh10flox/flox mutants (n=19/21) (Fig. 1Q). The majority of CreERT2: 

Rdh10flox/flox mice without midfacial cleft exhibited split upper incisors (n=4/7) (Fig. 1R). In 

addition, the upper incisors that existed in CreERT2: Rdh10flox/flox mutants were smaller in 

size (Fig. 1Q, R). In contrast, upper molars did not show noticeable deformities at E16.5 

(Appendix figure. 1). These results indicate that the severity of midfacial defects is correlated 

with the time point of Rdh10 elimination. Additionally, the craniofacial defects in CreERT2: 

Rdh10flox/flox mice exhibit severer phenotypes in the derivatives of the frontonasal process 

than in those of the maxillary process. 

 

Rdh10-Mediated RA Signaling Is Required for the Survival of Migrated Cranial Neural 

Crest Cells by Maintaining Expression of Alx Family Genes 
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The frontonasal process is populated by cranial neural crest cells, and its disturbance could 

result in multiple craniofacial defects, including midfacial cleft. In order to investigate the 

development of cranial neural crest cells, in situ hybridization of Tfap2a and Sox9 was 

performed at E9.5. The expression patterns of both genes exhibited no noticeable difference 

in the frontonasal process between wild-type and CreERT2: Rdh10flox/flox mice (Fig. 2A, B, F 

and G). These results indicate that the formation and migration of cranial neural crest cells 

are not severely influenced by reduced RA signaling. To further assess the behavior of post-

migratory cranial neural crest cells, TUNEL staining and immunostaining of phospho-

Histone-H3 (PHH3) were used to detect apoptosis and cell proliferation in the E10.5 

frontonasal process. We detected significant elevation of apoptosis in the frontonasal 

mesenchyme of E10.5 CreERT2: Rdh10flox/flox embryos relative to wild-type (Fig. 2C, E and 

H). The number of PHH3-positive cells in the frontonasal mesenchyme did not show a 

significant difference between wild-type and CreERT2: Rdh10flox/flox mice (Fig. 2D, I and J). 

These data indicate that proper RA signaling is required for the survival of post-migratory 

cranial neural crest cells, and elevated apoptosis in the frontonasal mesenchyme underlies 

the cellular etiology of midfacial cleft.  

In order to investigate possible molecular mechanisms which underlie the craniofacial 

defects in CreERT2: Rdh10flox/flox mice, we evaluated the result of RNAseq (Kurosaka et al. 

2017) and selected several genes which showed significant differences and were known to 

be critical for midfacial development. Consistently, we detected reduced expression of Alx1 

and Alx3 (Fig. 2K, L, O and P), of which mutations are associated with midfacial cleft 

accompanied by elevated apoptosis in the frontonasal process of mice (Beverdam et al. 

2001). We also detected elevated expression of Fgf8 and β-CATENIN in the ectoderm of 



10 

 

the medial nasal process of E10.5 CreERT2: Rdh10flox/flox mice compared to wild-type (Fig. 

2M, N, Q and R). These results indicate interactions between RA signaling and other 

signaling molecules which are critical for midfacial development. 

 

Disturbed Expression of Shh by Reduced RA Signaling Contributes to Midfacial 

Defects   

Shh signaling is one of the most well-known signaling pathways which play crucial roles for 

midfacial development (Abzhanov and Tabin 2004; Brugmann et al. 2010). Our recent study 

also showed a critical interaction of RA and Shh signaling during craniofacial development 

(Wang et al. 2019). For these reasons, we compared the differences of Shh signaling 

between wild-type and CreERT2: Rdh10flox/flox embryos (n=5 embryos each). We found 

reduced expression of Shh in CreERT2: Rdh10flox/flox dental epithelium at E10.5 and E11.5 

(Fig. 3A, B, E and F). Conversely, we detected persistent expansion of Shh in CreERT2: 

Rdh10flox/flox ventral forebrain starting at E11.5 (Fig. 3B, F). Moreover, Ptch1 and Gli1, 

readout genes of Shh signaling, not only exhibited persistent expansion in the ventral 

forebrain but also ectopic expression in the midline of the face in E11.5 CreERT2: 

Rdh10flox/flox mice (Fig. 3C, D, G and H). These data indicate that reduced Shh expression in 

dental epithelium and persistent expansion of Shh signaling in the ventral forebrain caused 

by reduced RA underlie the etiology of detected midfacial defects. 

 

Initiation of Upper Incisor Development Is Arrested by Reduced RA Signaling 
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In order to identify which developmental stage of incisor development is specifically 

influenced by reduced RA signaling, we assessed the expression of SOX2 and P21 to 

indicate dental lamina and dental placode (Sun et al. 2016; Thesleff 2003; Zhang et al. 2012). 

At E11.5, we detected lack of stratification and/or invagination with decreased cell 

proliferation in SOX2-expressing dental lamina of CreERT2: Rdh10flox/flox mice relative to 

wild-type (Fig. 4A, C, E and F) (n=3 embryos each). At E13.5, we also detected noticeable 

reduction of P21 expression in dental placode of CreERT2: Rdh10flox/flox mice (Fig. 4B, D) 

(n=3 embryos each). These results clearly indicate that upper incisor defects in CreERT2: 

Rdh10flox/flox mice begin at the initial stage. 

We further analyzed dental mesenchyme and epithelium markers during the initiation of 

incisor development. Pax9, an early dental mesenchyme marker, showed substantial 

reduction in CreERT2: Rdh10flox/flox dental mesenchyme relative to wild-type at E10.5 (Fig. 

4G, K) (n=4 embryos each). Pitx2, one of the earliest dental lamina markers, showed 

noticeable downregulation in upper incisor dental lamina of E11.5 CreERT2: Rdh10flox/flox 

mice (Fig. 4H, L) (n=4 embryos each).   

Shh is another dental placode marker and is required for cell proliferation and invagination 

of dental epithelium during odontogenesis (Cobourne et al. 2001; Dassule et al. 2000; Li et 

al. 2016). The present results showed fragmented Shh expression in CreERT2: Rdh10flox/flox 

dental placode at E12.5 (Fig. 2I, M) (n=3 embryos each). Interestingly, the disturbed 

patterning of upper incisor dental placode was further detected by the expression of Bmp4 

in E12.5 CreERT2: Rdh10flox/flox mice (wild type=3 embryos; mutant=2 embryos). Meanwhile, 

we also detected noticeable reduction of Bmp4 expression in upper incisor mesenchyme of 

CreERT2: Rdh10flox/flox mice (Fig. 4J, N).  These results strongly suggest that RA signaling 
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is necessary for initiating upper incisor development. Moreover, RA is continuously required 

for invagination and patterning of the upper incisor by regulating Shh in dental epithelium 

and Bmp4 in dental mesenchyme. 

 

Inhibition of Hh Signaling Partially Restores Midfacial Cleft Phenotype in CreERT2: 

Rdh10flox/flox  Mice 

To test our hypothesis that disturbed Shh signaling caused by reduced RA signaling 

aggravates midfacial cleft in CreERT2: Rdh10flox/flox mice, we injected cyclopamine, an 

inhibitor of SMOOTHENED, to the pregnant dams at E11.0. Embryos were harvested at 

E13.0. We found 4 out of 19 CreERT2: Rdh10flox/flox embryos treated with cyclopamine 

showed midfacial cleft. The incidence was significantly reduced compared with CreERT2: 

Rdh10flox/flox mice (36 out of 38) when tamoxifen was administered at E7.0. Additionally, 9 

out of 19 embryos showed reduced distance between the nostrils, indicating the severity 

and penetrance of midfacial cleft were reduced by titrated Hh signaling (Fig. 5A-D, appendix 

figure. 2). A slight decrease of ectopic nodules was also detected (Fig. 5B-C). Interestingly, 

fragmented upper incisors with lack of invagination of dental epithelium was still detected in 

the cyclopamine-treated group, while the CreERT2: Rdh10flox/flox mice showed lack of 

incisors (Fig. 5E, G). These results indicate that misregulation of Shh signaling due to 

reduced RA signaling during embryonic craniofacial development underlies the etiology of 

midfacial cleft and agenesis of upper incisors.  
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Discussion 

Rdh10 is expressed in a spatiotemporally regulated manner during craniofacial development 

starting at E8.0 and subsequently activates and regulates RA signaling (Sandell et al. 2012b; 

Sandell et al. 2007; Shannon et al. 2017). Therefore, we assessed the expression pattern 

of Rdh10 and activity of RA signaling (Rare-LacZ reporter transgene) between wild-type and 

CreERT2: Rdh10flox/flox mice treated with tamoxifen at E7.0. As a result, noticeable reduction 

of Rdh10 and Rare-LacZ expression was seen in the developing frontonasal process, which 

recapitulates the phenotype of Rdh10 germline mutants showing midfacial cleft (Sandell et 

al. 2012b; Sandell et al. 2007). However, in contrast to the early lethality around E10.5 of 

Rdh10 germline mutants, most of the CreERT2: Rdh10flox/flox mice could survive until E16.5, 

and thus we further identified novel phenotypes such as ectopic chondrogenesis in the 

derivatives of frontonasal process and upper incisor defects. In addition, as the time point of 

elimination of Rdh10 was changed from E7.0 to E7.5, the severity of midfacial defects in 

CreERT2: Rdh10flox/flox mice changed from severe midfacial cleft with missing upper incisor 

to cleft lip with fragmented  upper incisor, which is consistent with the differential severity of 

overall defects between Rdh10-/- null and Rdh10trex/trex mutants (Sandell et al. 2012b; Sandell 

et al. 2007; Shannon et al. 2017). Moreover, our previous report showed that eliminating 

Rdh10 after E8.5 resulted in substantially milder craniofacial phenotypes (Kurosaka et al. 

2017). These results suggest that fine-tuned RA signaling is strictly required during 

craniofacial development. Furthermore, all craniofacial phenotypes in CreERT2: Rdh10flox/flox 

mice were mainly detected in the frontonasal process but not in the maxillary process, 

indicating a critical role of Rdh10 and RA signaling for the frontonasal process development. 
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Previous studies revealed that misdirected behaviors of cranial neural crest cells which 

populate the frontonasal process could contribute to midfacial cleft by disrupting the 

formation, migration, proliferation and survival of its cells (Beverdam et al. 2001; He and 

Soriano 2013; Ogoh et al. 2017; Teng et al. 2008). The comparable expression patterns of 

Tfap2a and Sox9 between wild type and CreERT2: Rdh10flox/flox mice at E9.5 indicates 

normal formation and migration of cranial neural crest cells, which is consistent with other 

RA signaling-disrupted mutants (Dupé and Pellerin 2009; Schneider et al. 2001). In contrast, 

the significantly elevated apoptosis detected in the frontonasal mesenchyme indicates the 

crucial role of RA signaling for the survival of post-migratory cranial neural crest cells. Alx 

homeobox transcription factors, such as Alx1, Alx3, Alx4, are suggested to be associated 

with distinct types of human frontonasal dysplasia which exhibit midfacial cleft (El-Ruby et 

al. 2018; Twigg et al. 2009; Uz et al. 2010). Moreover, midfacial cleft is exhibited together 

with elevated apoptosis in the frontonasal mesenchyme of Alx3/4 compound mutant mice. 

Additionally, Alx1 is required for cell survival of embryonic forebrain mesenchyme 

(Beverdam et al. 2001; Zhao et al. 1996). Given the present results from both in situ 

hybridization and RNAseq analyses, significant reduction of Alx1 and Alx3 expression could 

be detected in the developing frontonasal process. These results suggest midfacial cleft and 

elevated apoptosis due to RA deficiency is at least partially mediated by reduced expression 

of Alx family genes. Since we also detected ectopic rod-like chondrogenesis in the medial 

nasal region of CreERT2: Rdh10flox/flox mice, we tried to gain insights into some molecules 

which are critical for cartilage development. Elevated Fgf8 and Wnt/β-catenin signaling have 

been reported to induce ectopic nodules and cartilage in the chick and mouse craniofacial 

region (Abzhanov and Tabin 2004; Reid et al. 2011). Consistently, exaggerated expression 
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of Fgf8 and β-CATENIN  in the ectoderm of the medial nasal process is likely to underpin 

the ectopic rod-like chondrogenesis in CreERT2: Rdh10flox/flox mice. 

In addition, the amount of Shh signaling is reported to regulate the face width and midfacial 

structures during craniofacial development (Brugmann et al. 2010; Muenke and Beachy 

2000). Namely, antagonism or enhancement of Shh in the ventral forebrain or frontonasal 

process could correspondingly result in holoprosencephaly and hypertelorism, both of which 

are concurrent with various midfacial defects, including midfacial cleft and upper incisor 

defects (Brugmann et al. 2010; Firulli et al. 2014; Nanni et al. 2001). We have reported that 

RA signaling could interact with Shh signaling during early embryonic craniofacial 

development (Wang et al. 2019). Analogously, Shh, Ptch1 and Gli1, key components of Shh 

signaling, showed persistent expansion in the ventral forebrain as well as the midfacial 

region of CreERT2: Rdh10flox/flox mice starting from E11.5 when tamoxifen was administered 

at E7.0. Interestingly, the expansion of Shh expression in CreERT2: Rdh10flox/flox ventral 

forebrain was milder when tamoxifen was administered at E7.5, and no obvious midfacial 

cleft was detected (Appendix figure. 3). These results indicate that an increased level of Shh 

signaling is responsible for aggravating midfacial cleft in RA-deficient mutants. Importantly, 

inhibiting  Hh signaling by administering cyclopamine in CreERT2: Rdh10flox/flox mice resulted 

in significant amelioration of the severity and penetrance of midfacial cleft. These data 

demonstrate that persistent expansion of Shh signaling caused by reduced RA underlies the 

etiology of midfacial cleft.  

Interestingly, Shh is also reported to synergize with Fgf8 in regulating ectopic nodules and 

cartilage in the chick craniofacial region (Abzhanov and Tabin 2004). A slight decrease of 
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ectopic nodules in cyclopamine-treated mutants supported the interaction of RA, Fgf8 and 

Shh in orchestrating craniofacial development. 

Variable upper incisor defects from missing teeth to split tooth germ could be detected in 

CreERT2: Rdh10flox/flox mice. Interestingly, earlier (E7.0) elimination of Rdh10 tended to 

exhibit missing teeth, while later (E7.5) elimination tended to show split tooth germ. These 

results indicate that RA signaling plays important roles for initiating and maintaining the 

patterning of upper incisors. Stratification and proliferation of dental epithelium are 

suggested to be involved in the initiation of odontogenesis (Balic 2019). We detected lack 

of stratification and/or invagination with decreased proliferation in dental epithelium of 

CreERT2: Rdh10flox/flox mice by using SOX2 and P21 as markers to indicate dental lamina 

and dental placode. At the same time, a series of signaling molecules which are responsible 

for inducing tooth development, such as Pax9, Pitx2 and Bmp4, were down-regulated in the 

upper incisor region. Previous reports have suggested that downregulation of Bmp signaling 

in dental mesenchyme results in fragmented incisor placode with a disrupted pattern of Shh 

expression (Fujimori et al. 2010; Munne et al. 2010). This is the first report to indicate critical 

roles of RA signaling for the initiation and patterning of the upper incisors through regulating 

multiple genes.  
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Figures 

 

Figure 1. Facial and dental phenotypes of CreERT2:Rdh10flox/flox mutant mice. (A-F) 
Comparison of Rdh10 and RARE-lacZ expression between wild-type and 
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CreERT2:Rdh10flox/flox mice. Lateral view of RARE-lacZ expression in E9.5 wild-type (A) 

and CreERT2: Rdh10flox/flox mice (D). Frontal view of RARE-lacZ expression in E10.5 wild-

type (B) and CreERT2: Rdh10flox/flox mice (E). Frontal view of Rdh10 mRNA expression in 

E10.5 wild-type (C) and CreERT2: Rdh10flox/flox mice (F). Scale bar in A, 200 µm. (G-L) 
Frontal view of whole-mount nuclear fluorescent imaging between wild-type and CreERT2: 

Rdh10flox/flox mice. E10.5(G, J), E11.5(H, K), E12.5(I, L) whole-mount nuclear fluorescent 

imaging of wild-type (G-I) and CreERT2: Rdh10flox/flox mice (J-L). The yellow arrowhead in L 

indicates ectopic nodules on the face. Asterisks in K and L indicate the midfacial cleft. 

Scale bar in G, 200 µm. (M-R) Frontal histological sections of E16.5 heads of wild-type (M-

O) and CreERT2: Rdh10flox/flox mice (P-R). Hematoxylin and eosin stained paraffin sections 

of the ectopic nodules (M, P) and the upper incisors (N, Q). The white arrowheads in P 

indicate abnormal mesenchyme condensation and chondrogenesis on the face. Asterisk in 

Q indicates split nasal septum. The black arrow in Q indicates missing upper incisor tooth 

germ. Scale bar in P, 50 µm. (O, R) E-Cadherin was stained in red. The white arrow in R 

indicates split upper incisor tooth germ. Tamoxifen was administered at E7.0 in (A-L) and 

E7.5 in (M-R). Scale bar in O, 100 µm. fb, forebrain; fn, frontonasal process; lnp, lateral 

nasal process; LaCL, labial cervical loop; LiCL, lingual cervical loop; mnp, medial nasal 

process; mx, maxillary process; mn, mandible process; op, optic. 
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Figure 2. Analysis of cranial neural crest cells’ behavior and expression of molecular 

markers in developing facial processes. (A-J) Migration, apoptosis and proliferation of 

cranial neural crest cells in wild-type and CreERT2: Rdh10flox/flox mice. Lateral view of 

Tfap2a (A, F) and Sox9 (B, G) expression in E9.5 wild-type (A, B) and CreERT2: 

Rdh10flox/flox mice (F, G). Frontal sections of E10.5 heads from wild-type (C, D) and 

CreERT2: Rdh10flox/flox mice (H, I). TUNEL staining is shown in green (C, H) and phospho-

Histone-H3 (PHH3) is in red (D, I). Statistical analysis of the ratio of TUNEL-positive cells 

(TUNEL+) (E) and PHH3-positive cells (PHH3+) (J)  within the mesenchymal cells in 

frontonasal process. Asterisk, P<0.05. Scale bar in A, 200 µm; C, 100 µm. (K-R) 
Assessment of certain gene expression profiles in wild-type and CreERT2:Rdh10flox/flox 

frontonasal process. Whole-mount in situ hybridization of Alx1 (K, O), Alx3 (L, P). The 

yellow arrowheads in K, L, O, and P indicate the reduction of Alx1 and Alx3 expression 
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levels. Frontal view of Fgf8 expression in E10.5 wild-type (M) and CreERT2: Rdh10flox/flox 

mice (Q). The red arrowheads indicate the elevation of Fgf8 expression in CreERT2: 

Rdh10flox/flox mice. β-CATENIN localization is shown in red by immunohistochemistry in 

frontal sections of medial nasal process in E10.5 wild-type (N) and CreERT2:Rdh10flox/flox 

mice (R). Tamoxifen was administered at E7.0 in (A-R). Scale bar in K and M, 200 µm; N, 

50 µm. fn, frontonasal process; lnp, lateral nasal process; mnp, medial nasal process; np, 

nasal pit; oe, oral ectoderm. 

 

 

 

 

Figure 3. Disrupted Shh signaling in CreERT2:Rdh10flox/flox mice. (A-H) Whole-mount in 

situ hybridization of Shh, Ptch1 and Gli1 compared between wild-type (A-D) and 

CreERT2:Rdh10flox/flox mice (E-H). Ventral view of Shh expression in E10.5 (A, E) and 

E11.5 (B, F) embryos. The yellow arrowheads in A, B, E, and F indicate reduced Shh 

expression levels in oral ectoderm and dental lamina of CreERT2:Rdh10flox/flox mice. 

Ventral view of Ptch1 (C, G) and Gli1 (D, H) expression in E11.5 embryos. The white 

arrows in B-D and F-H indicate persistent expression of Shh, Ptch1 and Gli1 expression in 

the ventral forebrain of CreERT2:Rdh10flox/flox mice. The black arrows in G and H indicate 

ectopic Ptch1 and Gli1 expression in midline of the face of CreERT2:Rdh10flox/flox mice. 

Tamoxifen was administered at E7.0 in (A-H). Scale bar in A, 200 µm. dl, dental lamina; 

lnp, lateral nasal process; mnp, medial nasal process; oe, oral ectoderm. 
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Figure 4. Cytological and molecular assessment of incisor development. (A-F) Frontal 

sections of E11.5 (A, C) and E13.5 (B, D) upper incisors from wild type (A-B) and 

CreERT2: Rdh10flox/flox mice (C-D). Sox2 is shown in red to indicate the dental lamina and 

phospho-Histone-H3 (PHH3) is shown in green (A, C). The white arrowheads in A and C 

indicate loss of epithelial stratification in the dental lamina in E11.5 CreERT2: Rdh10flox/flox 

mice. P21 is shown in red to indicate the dental placode (B, D). The white arrows in B and 

D indicate the lack of dental placode in E13.5 CreERT2: Rdh10flox/flox mice. Statistical 
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analysis showed significantly reduced number of Sox2- and PHH3-positive cells in 

CreERT2: Rdh10flox/flox mice dental lamina (E and F). Asterisk, P<0.05. Scale bar in A, 25 

µm. (G-N) Whole-mount in situ hybridization of Pax9 (G, K), Pitx2 (H, L), Shh (I, M) and 

Bmp4 (J, N) comparison between wild-type (G-H) and CreERT2: Rdh10flox/flox mice (K-N). 

The yellow arrowheads in G-N indicate the reduced expression of indicated genes in 

CreERT2: Rdh10flox/flox mice. Tamoxifen was administered at E7.0 in (A-H, K, L) and E7.5 

in (I, J, M, N). Scale bar in G, 200 µm. dl, dental lamina; dm, dental mesenchyme; lnp, 

lateral nasal process; mnp, medial nasal process; p, dental placode. 

 

 

 

 

Figure 5. Modification of midfacial cleft phenotype via inhibition of Hh signaling. (A-C) 
Whole-mount nuclear fluorescent imaging of wild type (A), CreERT2: Rdh10flox/flox mice 

without cyclopamine treatment (B) and cyclopamine-treated CreERT2: Rdh10flox/flox mice 

(C). Frontal view of E13.0 embryos (A-C). (D) The incidence of midfacial cleft in 

cyclopamine-treated CreERT2: Rdh10flox/flox mice showed significant reduction compared to 

the non-treated group (D). Asterisk, P<0.05. (E-G) Hematoxylin and eosin staining of 

frontal sections of the upper face of the mice in (A-C). The red arrowheads in E-G indicate 

the dental lamina. Scale bar in A and E, 200 µm. dl, dental lamina. 
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Appendix Figures 

 

Appendix Figure 1. Morphological analysis of the upper molars. (A-B) Hematoxylin and 

eosin stained frontal sections of the upper molars in wild type (A) and CreERT2: 

Rdh10flox/flox mice (B). Scale bar in B, 50 µm. 

 

 

 

 

Appendix Figure 2. Phenotypes of cyclopamine-treated mutants. (A-D) Whole-mount 

nuclear fluorescent imaging of cyclopamine-treated CreERT2: Rdh10flox/flox mice. (E) 
Phenotypic variation of CreERT2: Rdh10flox/flox embryos with or without cyclopamine 

treatment. The white bars in A and B indicate the distance between the nostrils. 
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Appendix Figure 3. Differentially disrupted pattern of Shh expression with different time 

points of tamoxifen treatment. (A-D) Whole-mount in situ hybridization of Shh in wild-type 

(A-B) and CreERT2: Rdh10flox/flox mice (C-D). Ventral view of Shh expression with 

tamoxifen treatment at E7.0 (A, C) and E7.5 (B, D). The white arrows in A-D indicate 

persistent expansion of Shh in the ventral forebrain. The yellow arrowheads in A, B, and D 

indicate Shh marked dental placode. p, dental placode. 


