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Abstract 

     Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding 

motif (TAZ) are widely expressed homologous protein, initially identified as a significant 

downstream effector in the Hippo signaling pathway that functions to regulate 

mammalian tissue and organ size. Tooth morphogenesis proceeds by controlled, 

continuous epithelial-mesenchymal interactions. We investigated the localization of YAP 

and TAZ in mouse incisor tooth germ using immunohistochemistry. Paraffin sections 

were prepared from the heads of ICR fetus mice at embryonic days 14 and 18, and 

immunohistochemical staining was performed using anti-YAP and anti-TAZ antibodies. 

YAP was localized in the odontogenic epithelium and mesenchyme from the cap stage of 

teeth, while TAZ was not localized at the cap stage. At the bell stage, YAP and TAZ 

showed similar expression patterns and apparent localization in ameloblasts and 

odontoblasts. These results suggest that YAP proteins are related to the proliferation and 

differentiation of odontogenic epithelium and mesenchyme, whereas, both YAP and TAZ 

proteins are involved in ameloblasts and odontoblasts differentiation, as well as in matrix 

production and mineralization during hard tissue formation. 
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Introduction 

     Tooth development proceeds through epithelial-mesenchymal interactions between 

the ectoderm (oral mucosal epithelium) and neural crest-derived mesenchyme 

(ectodermal mesenchyme), which regulate morphogenesis and cell differentiation 

through precise temporal and spatial cell proliferation and cell death (1). Tooth formation 

in the mouse begins at embryonic day (E) 11 during the bud stage, when the oral 

epithelium is thickened, invades the underlying mesenchymal tissue, condenses, and 

surrounds the epithelial cells. After the bud stage, the tooth germ progresses to the cap 

and bell stages, where different lineages of tooth cells proliferate and differentiate to form 

the crown (2). Early tooth development is highly dependent on important signaling 

pathway elements expressed from both epithelial and mesenchymal tissues. In these, the 

Wnt, Bone morphogenetic protein (BMP), Fibroblast growth factor (FGF), Sonic 

hedgehog (Shh), and Ectodysplasin A (EDA) pathways are essential in inducing tooth 

development, and formation of morphology (3-8). 

     Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding 

motif (TAZ) are widely expressed homologous protein, initially identified as a significant 

downstream effector in the Hippo signaling pathway that functions to regulate 

mammalian tissue and organ size (9). The Hippo signaling is a unique pathway that senses 
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cell contact and mechanical stimulation, and has been indicated to be related in organ size 

control, cell differentiation, and it operates as a potent tumor suppressor gene. (10). 

Tissue/organ size is determined by the number of component cells and the size of 

individual cells, and the Hippo signaling pathway is a regulator of cell number in organs, 

but the increase in tissue/organ size is mainly due to cell proliferation and survival 

 (11). Hippo signaling pathway, discovered in Drosophila in 1995, leads to a variety of 

cellular responses such as cell proliferation and cell death through the activation of four 

upstream factors, Hippo, WW45, Warts and Mob as tumor suppressor (Mats), and through 

the downstream regulation of Yorkie. When this signaling pathway is activated, Yorkie, a 

nuclear translocation protein and transcriptional cofactor, is phosphorylated by the 

Mats/Warts complex activated by the Hippo/Salvador complex, resulting in the nuclear 

translocation of Yorkie and suppressively regulating cell proliferation (12). These 

homologues are conserved from lower organisms to mammals and are expressed in 

almost all organs. The mammalian homologous genes for Hippo, WW45, Warts, Mats, 

and Yorkie are Mammalian STE20-like protein kinase 1/2 (MST1/2), Salvador, Large 

tumor suppressor 1/2 (Lats1/2), Mps one binder kinase activator-like 1a/1b (Mob1a/1b), 

and YAP/TAZ (13). Recently, there have been various studies targeting YAP and TAZ, 

which are downstream factors in the Hippo signaling pathway, in determining tissue size, 
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tissue homeostasis, cancer progression, and tissue repair and regeneration (14-17). There 

have also been several reports on the role of the Hippo signaling pathway in tooth 

development (18-22). These studies have investigated the localization of YAP and TAZ 

proteins in tooth development in mice and rats and reported that they are involved in cell 

proliferation, cusp formation, and root formation. However, no literature has examined 

the localization of both YAP and TAZ in mice. 

     In this study, the localization of YAP and TAZ proteins in mouse incisor was 

examined using immunohistochemical staining to investigate the role of these proteins 

during early tooth development. 

 

Materials and Methods 

Animals 

     The experimental protocol was approved by the Nihon University Animal Care and 

Use Committee (No. AP19MD009-3). A total of four pregnant ICR mice were obtained 

from Sankyo Labo Service, Tokyo, Japan. Throughout the study, the animals were 

maintained under standard conditions (12-h/12-h light/dark cycle, constant room 

temperature of 23 °C) at the animal center of the Nihon University School of Dentistry at 

Matsudo and provided with free access to food and water. We used 5 embryonic mice 
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each at two different developmental stages (E14 and E18) for this study. Based on the 

results of our previous studies (22), cap stage (E14) and bell stage (E18) tooth germs of 

mandibular incisor were investigated. 

 

Tissue samples 

     E14 and E18 embryos were decapitated and heads were fixed in 4% 

paraformaldehyde for 24 h at 4° C. Tissues were decalcified in 0.3 mM 

ethylenediaminetetraacetic acid (EDTA), pH 7.0 for a week. The heads were dehydrated 

through a graded alcohol series, embedded in paraffin and serial sections (sagittal section, 

10 sections in each tooth germ) were cut at 4 μm to observe the mandibular incisor tooth 

germ. 

 

Hematoxylin and eosin (HE) staining 

     The paraffin sections were deparaffinized using xylene and rehydrated in a graded 

alcohol series. After washing, the sections were stained with hematoxylin and eosin in 

that order and then were dehydrated through a graded ethanol series before clearing with 

xylene. The resulting section were mounted with marinol. 
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Immunohistochemistry (IHC) 

     IHC was performed using two separate primary antibodies: anti-YAP rabbit 

monoclonal antibody (ab205270, 1:1,000 dilution, abcam, UK) and anti-TAZ rabbit 

polyclonal antibody (ab110239, 1: 1,000 dilution, abcam, UK). The tooth germ sections 

were deparaffinized using xylene and rehydrated in a graded alcohol series. Endogenous 

tissue peroxidase activity was blocked by incubation with hydrogen peroxide (0.3 % in 

methanol) for 30 min at room temperature. The sections were washed with Tris-buffered 

saline (TBS). Antigen retrieval of the sections to permit detection of YAP was performed 

by microwave treatment in Tris-EDTA buffer (pH 9.0). Antigen retrieval of the sections 

to permit detection of TAZ was performed by microwave treatment in citrate buffer 

solution (pH 6.0). After cooling and washing with TBS, the microwaved sections were 

pretreated by incubation with normal goat serum (Nichirei, Japan) for 15 min to block 

nonspecific binding; the sections then were incubated overnight at 4 °C with anti-YAP or 

anti-TAZ antibody (as appropriate). Next, the sections were incubated with a biotin-

labeled anti-rabbit IgG antibody (secondary antibody; Nichirei), followed by a 

peroxidase-labeled streptavidin (Nichirei) at room temperature for 30 min. After washing 

with Tris buffer, the sections were developed using diaminobenzidine tetra-hydrochloride 

and counterstained with Mayer's hematoxylin. The sections were dehydrated through a 
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graded ethanol series, cleared with xylene, and mounted with marinol. 

     Positive criteria were based on staining of skin epidermis or oral mucosal 

epithelium from the same specimen. As a negative control, normal serum of the same 

animal species was used instead of the primary antibody. 

 

Results 

HE staining 

     The tooth germ at E14 exhibited a cap-shaped morphology (Fig. 1a, b). The 

components of the tooth germ, enamel organ, dental papilla and dental follicle, were 

observed. In the bell stage tooth germ of E18, enamel and dentin formation was observed 

(Fig. 1c, d). During the process of decalcification, enamel dissolved and was observed as void 

spaces. Highly columnar ameloblasts were regularly arranged in a single layer, and 

odontoblasts were observed along the dentin. 

 

IHC for YAP 

     In tooth germ at E14 cap stage, YAP protein was observed in the enamel organ and 

dental papilla, and weakly localized in the dental follicle (Fig. 2a, b). Positive findings 

were also observed on the dental lamina. In the enamel organ, protein was visualized in 
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the inner and outer enamel epithelium, and the stellate reticulum were also positive.  

     In the bell stage at E18 of incisor tooth germ, YAP protein was strongly localized 

in ameloblasts and odontoblasts (Fig. 2c, d). In the dental papilla, expression of YAP 

protein was also observed. 

 

IHC for TAZ 

     TAZ protein expression was not observed in tooth germ at the E14 cap stage (Fig. 

3a, b). Furthermore, there was no localization of TAZ in the dental lamina. 

     In the bell stage at E18 of incisor tooth germ, positive findings for TAZ were 

observed in ameloblasts and odontoblasts (Fig. 3c, d). Ameloblast was strongly positive 

for TAZ as well as YAP. Expression of TAZ was confirmed in cells of the dental papilla. 

 

Discussion 

     Tooth morphogenesis proceeds by controlled, continuous epithelial-mesenchymal 

interactions (23). Here we report that Hippo signaling pathway was required for tooth 

development. 

     YAP localization was positive in the epithelium and mesenchyme in tooth germ at 

the cap stage. In the bell stage, strong reaction of YAP protein was observed in high 
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columnar ameloblasts and odontoblasts with dentin formation. YAP expression was also 

observed in the dental papilla. These results suggest that YAP is associated with cell 

proliferation and cell differentiation in both the odontogenic epithelium and mesenchyme. 

The pattern of YAP expression, especially in the bell stage, suggests a significant 

relationship with hard tissue formation. 

     On the other hand, TAZ showed a different expression pattern from that of YAP 

during tooth development. TAZ was not observed in enamel organs, dental papilla, and 

dental follicle in tooth germ at the cap stage. In bell stage tooth germ, TAZ localized 

similarly to YAP and was observed in ameloblasts and odontoblasts with dentin formation. 

In addition, some cells of the dental papilla were positive for TAZ protein. Our data show 

that TAZ proteins are not engaged in early tooth development, but are related in the 

differentiation of ameloblasts and odontoblasts, as well as in matrix production and 

mineralization during hard tissue formation. 

     There are several reports on the localization of YAP and TAZ in the development 

of tooth germ. In molar tooth germ, strong expression of both proteins was found in the 

dental lamina. At the cap stage, strong expression of YAP and TAZ was found in the inner 

and outer enamel epithelium (19, 21, 22). YAP and TAZ are widely expressed throughout 

the enamel organ and dental papilla at the early bell stage, while they are primarily 
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expressed in ameloblasts, odontoblasts, and enamel matrix at the late bell stage (21). In 

the incisors of developing mice, YAP is found in the basal cells of most epithelial cells 

from the bell stage. Strong expression of YAP and TAZ persist in the labial cervical loop 

region, especially among transit-amplifying cells (18, 24). The authors' group previously 

reported the expression of YAP and TAZ in mouse molar tooth germ, and showed similar 

results regarding when both proteins are expressed (22). In molar tooth germ, YAP was 

expressed only in the epithelium, whereas in incisor tooth germ, YAP was localized in 

both epithelial and mesenchymal tissues, suggesting that the role of YAP protein may 

differ between the molar tooth germ and incisor tooth germ (22). 

     Activation of hippo signaling proceeds as follows. Upstream signaling causes 

initially phosphorylation of MST1/2 and its adaptor proteins, Salvador and Mob1, and the 

MST1/2 complex phosphorylates and activates the Lats1/2 complex (9). Activated 

Lats1/2 complexes then lead to phosphorylation of YAP/TAZ, promoting its binding to 

14-3-3 proteins and thereby blocking nuclear translocation of phosphorylated YAP/TAZ 

(14, 24). Phosphorylated YAP/TAZ does not migrate into the nucleus but remains in the 

cytoplasm and receives proteasomal degradation. Otherwise, the functionally and actively 

maintained non-phosphorylated YAP/TAZ translocates to the nucleus and binding to 

TEAD1-4 (9, 24). 



12 
 

     The Enamel knot (EK) is a group of compact masses of cells that appear in enamel 

organ and act as signal transduction centers in the development of the tooth (3). Li et al. 

(20), induced nuclear YAP hyperaccumulation in the EK zone with trancegenic mice of 

Axin2CreER; Lats1/2 fl/fl and ShhCreER; Lats1/2 fl/fl. The results showed that excessive 

nuclear accumulation of YAP inhibited EK formation and further inhibited epithelial 

invasion and mesenchyme aggregation. This strongly indicates that suitable nuclear YAP 

expression at appropriate locations in the EK zone is necessary for normal tooth 

morphogenesis. However, the fact that deletion of YAP and TAZ prior to E14.5 does not 

affect incisor morphogenesis, indicates that this function is time-dependent. In our 

experiments, no characteristic localization of YAP and TAZ in EK was identified. 

     Although YAP and TAZ share a number of similarities in their molecular structures 

and signaling systems, the two proteins do not have identical functions. Their expression 

varies in different cells and tissues, and there are differences in their regulatory 

mechanisms. The upregulation of YAP causes induction of TAZ degradation, while the 

knockdown of TAZ leads to an increase in YAP expression (25, 26). In our study, YAP 

and TAZ were differentially expressed during tooth development. This may suggest that 

YAP and TAZ function differently in tooth germ. 

     The temporal and spatial localization of YAP and TAZ in fetal mouse mandibular 
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incisor tooth germ was studied immunohistochemically. YAP and TAZ localized 

differently during tooth development. YAP was localized in the odontogenic epithelium 

and mesenchyme from the cap stage, while TAZ was not localized at the cap stage. At the 

bell stage, YAP and TAZ showed similar expression patterns, were expression in both 

ameloblasts and odontoblasts. In summary, YAP proteins are related to the proliferation 

and differentiation of odontogenic epithelium and mesenchyme, whereas, both YAP and 

TAZ proteins are involved in ameloblasts and odontoblasts differentiation, as well as in 

matrix production and mineralization during hard tissue formation. 
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Figure legends 

Fig.1 

HE staining of mandibular incisor tooth germ. (a, b) At E14, the tooth germ was composed 

of enamel organ, dental papilla, and dental follicle. (c, d) At E18, the formation of enamel 

and dentin was seen. Enamel was dissolved by decalcification. Ameloblasts and 

odontoblasts showed a regular arrangement along the hard tissue. Bar = 100 µm 

 

Fig.2 

IHC for YAP of mandibular incisor tooth germ. (a, b) At E14, YAP protein was observed 

in the enamel organ and dental papilla, and weakly localized in the dental follicle. (c, d) 

At E18, YAP protein was strongly localized in ameloblasts and odontoblasts. Dental 

papilla was also positive. Bar = 100 µm 

 

Fig.3 

IHC for TAZ of mandibular incisor tooth germ. (a, b) At E14, TAZ protein expression 

was not observed in tooth germ. (c, d) At E18, positive findings for TAZ were observed 

in ameloblasts and odontoblasts. Bar = 100 µm 
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