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Abstract

Mutations of the TRPS1 gene cause trichorhinophalangeal syndrome (TRPS), a skeletal dysplasia 

with dental abnormalities. TRPS dental phenotypes suggest that TRPS1 regulates multiple aspects 

of odontogenesis, including the tooth number and size. Previous studies delineating Trps1 
expression throughout embryonic tooth development in mice detected strong Trps1 expression in 

dental mesenchyme, preodontoblasts, and dental follicles, suggesting that TRPS dental phenotypes 

result from abnormalities in early developmental processes. In this study, Trps1+/− and Trps1−/− 

mice were analyzed to determine consequences of Trps1 deficiency on odontogenesis. We focused 

on the aspects of tooth formation that are disturbed in TRPS and on potential molecular 

abnormalities underlying TRPS dental phenotypes. Microcomputed tomography analyses of 

molars were used to determine tooth size, crown shape, and mineralization of dental tissues. These 

analyses uncovered that disruption of one Trps1 allele is sufficient to impair mineralization of 

dentin in both male and female mice. Enamel mineral density was decreased only in males, while 

mineralization of the root dental tissues was decreased only in females. In addition, significantly 

smaller teeth were detected in Trps1+/− females. Histomorphometric analyses of tooth organs 

showed reduced anterior-posterior diameter in Trps1−/− mice. BrdU-incorporation assay detected 

reduced proliferation of mesenchymal and epithelial cells in Trps1−/− tooth organs. 

Immunohistochemistry for Runx2 and Osx osteogenic transcription factors revealed changes in 

their spatial distribution in Trps1−/− tooth organs and uncovered cell-type specific requirements of 

Trps1 for Osx expression. In conclusion, this study has demonstrated that Trps1 is a positive 

regulator of cell proliferation in both dental mesenchyme and epithelium, suggesting that the 

microdontia in TRPS is likely due to decreased cell proliferation in developing tooth organs. 

Furthermore, the reduced mineralization observed in Trps1+/− mice may provide some explanation 

for the extensive dental caries reported in TRPS patients.
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1. Introduction

TRPS1 is a zinc-finger protein that belongs to GATA family of transcription factors 1,2 The 

name of this protein stands for the trichorhinophalangeal syndrome (TRPS), an autosomal 

dominant genetic disorder caused by mutations in the TRPS1 gene 3,4 TRPS patients have 

characteristic craniofacial features, skeletal defects, and a number of dental abnormalities 
3-6. Although dental abnormalities are considered a characteristic feature of TRPS, not all 

individuals with TRPS present with dental phenotypes and there is a considerable variability 

of oral manifestations even within the same family 5,7-9 The most frequently reported dental 

abnormalities include microdontia, supernumerary teeth, delayed tooth eruption, 

malocclusion, and extensive dental caries 3,5-7,10-12.

The clinical presentation of TRPS indicates that TRPS1 regulates development of 

endochondral bones, teeth, and hair. Heterozygous Trps1+/− mice show general skeletal and 

hair abnormalities similar to TRPS patients 7,13-16. Consistently with a gene dose effect, 

more severe defects in development of endochondral bones and hair are present in Trps1−/− 

mice 13-16. However, these mice die at birth, hence the effect of Trps1 deficiency on 

postnatal tooth formation, including development of mineralized tissues, cannot be assessed. 

Analyses of Trps1−/− embryos detected no difference in the number of tooth organs, 

demonstrating that, unlike in humans, Trps1 deficiency in mice does not result in aberrant 

tooth number 7.

Detailed analyses of Trps1 expression during embryonic tooth development detected a 

specific and dynamic expression pattern. Trps1 is highly expressed in dental mesenchyme 

throughout all stages of tooth organ formation beginning from the dental placode formation 
7. During cytodifferentiation, Trps1 expression becomes restricted to preodontoblasts and 

dental follicle. The onset of dentin formation coincides with the downregulation of Trps1 in 

odontoblasts 7,17 This expression pattern suggests that Trps1 is involved in the tooth organ 

formation and differentiation of cells producing mineralizing matrix. The importance of 

Trps1 for odontoblast maturation has been further demonstrated in in vitro studies, showing 

Trps1 requirement for expression of mineralization-supporting proteins and for the initiation 

of mineralization. Specifically, expression of major osteogenic transcription factors Runx2 

and Osx/Sp7 was significantly decreased in Trps1 deficient odontoblast cells 18.

Considering the results of these in vitro studies and the specific Trps1 expression pattern 

during tooth development, we hypothesized that detailed analyses of Trps1 deficient mice 

would reveal dental phenotypes characteristic for TRPS. This, in turn, would allow us to use 

these mice as a model to understand molecular and cellular abnormalities that lead to dental 

pathologies in this genetic disorder. The goal of this study was to identify morphological and 

mineralization defects in Trps1 deficient mice, and the underlying molecular mechanisms.
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2. Materials and Methods

2.1 Mice

All animal experiments complied with the National Institutes of Health guide for the care 

and use of laboratory animals, and were approved by the University of Alabama at 

Birmingham Institutional Animal Care and Use Committee. Generation and genotyping of 

Trps1−/− mice was described before 13,14. Mice were maintained on mixed 129svev/C57B6 

background. WT and Trps1−/− embryos were harvested at days 16.5 and 18.5 of gestation 

(E16.5 and E18.5, respectively). For tooth shape, size and mineral density analysis, 

specimens were collected from 4wk old WT and Trps1+/− male and female mice.

2.2 Microcomputed Tomography (μCT) Analyses

For the densitometric and volumetric analysis of dental tissues, hemimandibles of 4wk old 

mice (N=5/genotype/sex) were imaged in 70% ethanol by the Scanco μCT40 system 

(Scanco Medical AG, Brüttisellen, Switzerland) with a 10.5μm nominal resolution, 70kVp 

beam energy (at 145μA) and 200ms integration time. 3D reconstructed volumes were 

automatically generated by the system’s software, which also performs automatic mineral 

density calibration for the scans’ settings based on an algorithm. Analysis of enamel, crown 

dentin, and root mineralized tissues (dentin and cementum, together) were performed as 

described earlier 19 using histograms of mineral density and corresponding voxels within 

user-defined regions of interest around the anatomical crowns and roots of molars. Tissues 

of interest were segmented using global thresholds of 0.7 and 1.7g/cc mineral density values 

for segmentation of dentinal tissue from the pulpal cavity background and enamel from 

dentinal tissue, respectively. Mineral densities were expressed as weighted averages for the 

enamel, crown dentin, and root dentin and cementum voxels in respective distributions on 

the histograms and volumes for the same tissues were calculated from the respective areas 

under the curve.

2.3 Histology and Histomorphometric Analyses of Tooth Organs

Heads of E16.5 and E18.5 embryos were fixed in 4% paraformaldehyde for 24h, dehydrated 

and embedded in paraffin. Serial 7μm-thick sections were processed for standard H&E 

staining. The size of first mandibular molar tooth organs (N=3 embryos/genotype) was 

compared by measuring the anterior-posterior (AP) diameter and the height of mesial and 

distal buccal cusps (MBC and DBC, respectively) from the base of each tooth organ to the 

top of each cusp on H&E-stained sagittal sections. Measurements were performed under 

Zeiss Axioskop A1 microscope using Zeiss AxioVision software. Three consecutive sections 

were measured in each organ and the mean value was used for statistical analyses.

2.4 Immunohistochemistry (IHC)

IHC was performed using heat-induced antigen retrieval in sodium citrate buffer (pH 6.0) 

and primary antibodies: Runx2 (Santa Cruz, 1:600 dilution), Osx (Abcam, 1:200 dilution). 

Subsequently, sections were incubated with AlexaFluor 594-conjugated secondary antibody 

(Life Technologies) and ProLong Gold with DAPI Antifade Mountant (Molecular Probes, 

Thermo Fisher Scientific), and imaged using Nikon Eclipse 90i microscope. Percentage of 
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Runx2- and Osx-positive cells in cusp area of dental pulp was counted using NIS Elements 

software (N=3 mice/genotype). IHC detection of osteopontin (OPN) and osteocalcin (OC) 

was done in 7μm frozen serial sections using anti-osteopontin (Abcam, 1:100 dilution) and 

antiosteocalcin primary antibodies (Abcam, 1:200 dilution); goat anti-rabbit IgG H&L 

(HRP) secondary antibody (Abcam, 1:2000); and DAB Peroxidase (HRP) Substrate Kit 

(Vector Laboratories).

2.5 Cell Proliferation Analysis

Pregnant mice were injected intraperitoneally with 100mg/kg of body weight of 5-bromo-2’-

deoxyuridine (BrdU; Sigma-Aldrich), 2h before euthanasia. Heads of E16.5 mice were fixed 

in 4% paraformaldehyde for 24h, and embedded in paraffin. 6μm sections were pretreated in 

2N HCl for 1h, then incubated with anti-BrdU antibody (Abcam, 1:200 dilution) for 24h at 

4°C, and counterstained with DAPI. Images were taken using Nikon Eclipse 90i microscope. 

BrdU positive signals were counted using NIS Elements software for N=3 mice/genotype.

2.6 Statistical Analysis

Histomorphometric and cell count analyses were done for N=3 mice/genotype; μCT 

analyses were done for N=5 mice/genotype. Values were expressed as mean ± standard 

deviation (SD). Statistical significant differences were determined using two-tailed t-test. 

Calculations were performed using GraphPad prism software. A p-value of ≤0.05 was 

considered statistically significant.

3. Results

3.1 Differential effect of the Trps1 haploinsufficiency on the tooth size of male and female 
mice

Teeth of Trps1+/− mice are macroscopically indistinguishable from WT littermates. To 

evaluate dental phenotypes with a high sensitivity, teeth of 4wk old Trps1+/− and WT mice 

(male and female mice, separately) were compared using μCT. 3D renderings of μCT images 

revealed no differences in the tooth number (Fig.1A). Detailed comparisons of the crown 

shape of the first mandibular molars detected no morphological differences between 

Trps1+/− and WT teeth either (Fig.1B). However, volumetric μCT analyses revealed 

significantly decreased crown and root volumes of molars of Trps1+/− female mice in 

comparison with WT littermates (p≤0.05 and p≤0.0005, respectively; Fig. 1C). No 

difference in tooth size was detected between Trps1+/− and WT male mice, suggesting a sex-

specific effect of Trps1 on the molar size in mice.

3.2 Trps1 haploinsufficiency results in decreased mineralization of dental tissues

To investigate the effect of Trps1 haploinsufficiency on mineralization of dental tissues, 

densitometric μCT analyses of first mandibular molars of 4wk old mice were performed 

(Fig.2). These analyses detected significantly reduced enamel mineral density in Trps1+/− 

male mice in comparison with WT males (p≤0.05), but no respective difference in female 

mice. Dentin mineral density was significantly reduced in both male and female Trps1+/− 

mice in comparison with WT littermates (p≤0.005). In the root, the dentin was analyzed 

together with cementum, since these two tissues cannot be distinguished from each other in 
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μCT images. Densitometric analyses of root mineralized tissues detected significantly 

reduced mineral density in Trps1+/− female mice in comparison with WT (p≤0.005), while 

no difference was detected between Trps1+/− and WT male mice (Fig.2). These results 

indicate that Trps1 is a regulator of mineralization of dental tissues in both the crown and the 

root.

3.3 Differences in expression of osteocalcin and osteopontin between WT and Trps1+/− 

mice.

Following the observation that tooth mineralization is decreased in Trps1+/− mice and results 

of published in vitro studies showing that Trps1 directly represses the osteocalcin (OC) gene 
20, we compared expression of this mineralization-related protein in odontoblasts and dentin 

of WT and Trps1+/− male and female mice. In addition to understand better the molecular 

determinants of the detected differences in mineralization, we analyzed expression of 

another mineralization-related matrix protein osteopontin (OPN). Immunohistochemical 

analysis of OC and osteopontin OPN in WT and Trps1+/− first mandibular molars of 4 wk 

old male and female mice detected OC and OPN in both crown and root odontoblasts and 

dentin of WT mice (Fig. 3). In Trps1+/− females, decreased expression of OC and OPN 

proteins was detected in both crown and root odontoblasts and predentin in comparison with 

WT females (Fig. 3). However in males, changes in OC and OPN were detected only in the 

crown region, while in the root, no apparent differences were observed (Fig. 3A, B). 

Similarly to females, expression of OPN was decreased in Trps1+/− males in comparison 

with WT (Fig. 3B). In contrast, OC signal was stronger in Trps1+/− males crown dentin in 

comparison with WT males (Fig.3A).

3.4 Altered spacial expression of key osteogenic transcription factors in tooth organs of 
Trps1−/− mice

Considering that OC and OPN are direct targets of Runx2 and Osx and because expression 

of these two major osteogenic transcription factors was reported to be significantly 

decreased in Trps1 deficient odontoblast in vitro, expression of Runx2 and Osx was 

subsequently evaluated by IHC (Fig. 4). For these analyses, we switched to Trps1−/− mice 

and E18.5 tooth organs, because Trps1 is highly expressed prior to cytodifferentiation of 

dental cells and because of the dose-effect of Trps1 deficiency. In E18.5 WT molar organs, 

high Runx2 expression was detected in the dental follicle and ameloblasts (Fig.4A). In 

addition, some odontoblasts and cells at the periphery of the dental pulp were positive for 

Runx2 in WT mice. In contrast, in Trps1−/− tooth organs, many of dental pulp cells, located 

at the periphery as well as inside the pulp, were positive for Runx2. In the cusp area 

specifically, there was an evident increase in the number of cells positive for Runx2. 

Quantitative analyses of the pulp cells in the cusp area confirmed this observation and 

demonstrated significantly increased number of Runx2-positive cells in Trps1−/− molar 

organs in comparison with WT (p≤0.005; Fig.4B).

Similarly, IHC analyses of Osx revealed expansion of Osx-positive cells in the cusp area of 

the Trps1−/− dental pulp in comparison with WT tooth organs, which was confirmed by 

quantitative analyses (p≤0.05; Fig.4C, D). However, unlike Runx2, which was expressed in 

the dental follicle and ameloblasts of both WT and Trps1−/− tooth organs, Osx was detected 
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in dental follicle and ameloblasts only in WT mice. In the dental follicle and ameloblasts of 

Trps1−/− mice, the expression of Osx was largely diminished (Fig.4C). In summary, the IHC 

results demonstrated that, at the cytodifferentiation stage of developing teeth, Trps1 

regulates expression of major osteogenic transcription factors in a cell-type specific manner.

3.5 Trps1 deficiency results in smaller tooth organs

Differences in shape and size of WT and Trps1−/− first mandibular molar organs were 

noticed through the IHC analyses. To evaluate morphologic differences between WT and 

Trps1−/− tooth organs, histomorphometric analyses were utilized. The heights of the mesial 

buccal and distal buccal cusps, as well as the anterior-posterior diameter of WT and Trps1−/− 

first mandibular molar organs were measured in order to compare the overall tooth organ 

size (Fig.5A, B). These measurements showed significantly shorter anterior-posterior length 

of Trps1−/− tooth organs in comparison with WT mice (p≤0.0005; Fig.5C). The height of 

distal buccal cusp in Trps1−/− tooth organs showed a trend towards reduced height, which 

however did not reach the statistical significance (p=0.057). There was no difference in the 

height of the mesial buccal cusp of Trps1−/− and WT tooth organs (Fig.5C). From these 

results of histomorphometric analyses, we concluded that Trps1 deficiency results in the 

decreased size of the first mandibular molar tooth organ.

3.6 Trps1 supports cell proliferation in dental mesenchyme and epithelium

To determine the underlying mechanisms of smaller Trps1−/− tooth organs, we next analyzed 

cell proliferation in developing Trps1−/− and WT tooth organs using BrdU incorporation 

assay. BrdU labeling of E16.5 mice detected significantly reduced number of proliferating 

cells in Trps1−/− tooth organs in comparison with WT (Fig.6). An approximately 50% 

decrease in the percentage of the BrdU-positive cells was detected in Trps1−/− tooth organs 

in comparison with WT (p≤0.05) in the dental mesenchyme. In the dental epithelium, 

Trps1−/− tooth organs had approximately 30% less of BrdU-positive cells than WT tooth 

organs (p≤0.05). These results indicate that Trps1 is an important positive regulator of cell 

proliferation in both mesenchyme and epithelium of developing teeth.

4. Discussion

In this study, we used Trps1+/− and Trps1−/− mice to analyze the function of Trps1 in tooth 

development, with the focus on aspects of tooth formation that are disturbed in TRPS. 4wk 

old Trps1+/− female and male mice were used to characterize dental phenotypes in fully 

developed teeth, and Trps1−/− embryos were used to determine molecular functions of Trps1 
during tooth development. Our analyses determined that disruption of one Trps1 allele is 

sufficient to impair mineralization of dental tissues, which was associated with aberrant 

expression of mineralization-related matrix proteins OC and OPN, and to affect the size of 

teeth. Some of the differences between Trps1+/− and WT mice were sex-specific. Analyses 

of Trps1−/− embryos revealed that Trps1 is a positive regulator of proliferation of both 

mesenchymal and epithelial cells in tooth organs. Furthermore, we show that Trps1 regulates 

expression of major osteogenic transcription factors, in a cell type-specific manner.
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Dental abnormalities are considered a characteristic feature of TRPS, although there is a 

significant variability of dental presentations even within families 5,7,11,21-25. However, there 

is no systematic study of dental defects in TRPS patients and evaluations of dental 

phenotypes are frequently missing in clinical reports of TRPS. Hence, there is limited data 

available on the occurrence rate of dental manifestations. The comprehensive study by Maas 

et al. gathered information on 103 individuals with TRPS and attention was drawn to dental 

overcrowding which was commonly reported (68%)5. The authors also described that 

individuals with TRPS showed delayed eruption of the primary dentition, as well as 

microdontia.

Trps1+/− mice, similarly to TRPS patients, demonstrate microdontia, which was revealed by 

μCT analyses of postnatal molars and confirmed by histomorphometric analyses of Trps1−/− 

embryonic tooth organs (Fig.1 and 5). This shows that the function of Trps1 in determining 

the size of a tooth is conserved between mice and humans. The decreased tooth size in Trps1 
deficient mice can be attributed to a developmental defect, specifically, to the significantly 

decreased proliferation of cells in developing tooth organs. The role of Trps1 in cell 

proliferation has been demonstrated previously in developing endochondral bones and hair 

follicles 14,15,26, which are also affected in TRPS, demonstrating that this function of Trps1 
is cell type independent. Interestingly, although Trps1 is highly expressed in dental 

mesenchyme 7, we detected decreased proliferation of both mesenchymal and epithelial cells 

in Trps1−/− mice (Fig.6). This suggests both cell autonomous and non-autonomous 

mechanism, by which Trps1 acts as a positive regulator of cell proliferation in developing 

tooth organs.

Similarly, the abnormal pattern of spatial expression of Runx2 and Osx detected in Trps1−/− 

tooth organs suggests a combination of cell autonomous and non-autonomous mechanisms, 

by which Trps1 regulates expression of these two key osteogenic transcription factors. In 

Trps1−/− tooth organs, expression of both transcription factors expanded from the periphery 

of the dental pulp to cells located further away from it (Fig. 4). Considering that both Runx2 

and Osx are highly expressed in dental mesenchyme and their expression becomes more 

restricted as tooth development progresses through the cytodifferentiation 27-29, their 

expanded expression in the Trps1−/− pulp may be indicative of delayed tooth development. 

Alternatively, the expanded expression of Runx2 may be a consequence of the loss of the 

repression of its gene. This possibility is supported by previous studies, which demonstrated 

expanded expression of Runx2 in endochondral bones of Trps1−/− embryos and showed that 

Runx2 promoter is directly repressed by the Trps1 transcription factor 14 In such a case, 

expanded Osx expression would be a consequence of the expanded Runx2 expression, as the 

Runx2 transcription factor regulates Osx expression. Interestingly, we detected that Trps1−/− 

ameloblasts and dental follicle cells are negative for Osx protein, which suggests that Trps1 
is required for Osx expression in these cells. However the mechanisms by which Trps1 

activates the Osx gene in dental follicle are likely different from those in ameloblasts, since 

Trps1 is highly expressed in follicle, while its expression has not been detected in 

ameloblasts 7. This suggests that Trps1 may directly activate Osx expression in dental 

follicle cell, while the Trps1-dependent activation of Osx in ameloblasts occurs though cell 

non-autonomous mechanisms, likely through involvement of signaling molecules 14,30.
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Consistently with the previous report addressing supernumerarity in Trps1−/− mice7, we did 

not detect tooth number aberration in analyzed mice, further supporting previous observation 

that this dental phenotype of TRPS is not reproduced in a mouse model of this disorder. This 

finding is not surprising, as molecular mechanisms regulating tooth number are different 

between mice and humans 31, and consequently mouse models of genetic disorders with 

supernumerary teeth often do not reproduce this abnormality 32. However, considering that 

the supernumerarity is rare TRPS patients, it is plausible that, in some rare cases, this 

abnormality might occur in mice, as well.

Our study is the first one addressing mineralization of dental tissues in Trps1 deficiency, 

although increased susceptibility to dental caries, which may be caused by defective 

mineralization of dental tissues, is frequent in TRPS patients. We uncovered that Trps1 
haploinsufficiency results in significantly decreased dentin mineral density. The requirement 

of Trps1 for dentin mineralization has been suggested by our previous in vitro studies with a 

preodontoblast cell line 18. In this study, we have confirmed in vivo that Trps1 plays a role in 

physiologic dentin mineralization. The mineral density of enamel and root tissues showed a 

trend towards decreased mineralization in Trps1+/− mice, although it was statistically 

significant only for enamel in male and for root tissues in female mice. The decreased 

mineral density of dental tissues may contribute to the high susceptibility to caries, which is 

one of the characteristic dental phenotypes in TRPS 5,6,10,11. On the molecular level, this 

phenotype may result from dysregulated transcription, as Trps1, Runx2 and Osx are 

expressed in the same cell types during tooth development, and they regulate expression of 

genes involved in the mineralization process. For example, OC gene is directly regulated by 

Runx2, Osx and Trps1. We detected increased expression of OC in odontoblasts and 

predentin of Trps1+/− mice, which is consistent with previous in vitro studies showing that 

Trps1 represses the OC gene20. However the observed changes in OC and OPN do not 

faithfully mirror the mineralization defects detected in Trps1+/− mice. One possible reason 

for this discrepancy is a candidate approach, which we took to identify mineralization-

related proteins affected by Trps1 deficiency. The limitation of a candidate approach is that it 

may miss other, more significant contributors to the phenotype. Global, unbiased approach 

of gene expression changes in Trps1-deficient odontoblasts would address this issue in a 

comprehensive way.

Interestingly, we detected that tooth size, aberrant expression of mineralization-related 

matrix proteins and mineralization defects are sex-specific in Trps1+/− mice. The sex-

specific effect on mineralization is consistent with the report showing that Trps1 
differentially modulates bone mineral density between male and female mice and with the 

identification of a SNP in the TRPS1 gene, which is differentially associated with bone 

mineral density in men and women 33. Sex-specific differences in TRPS patients have been 

described with respect to hair and craniofacial abnormalities 3,5. To the best of our 

knowledge, the only dental abnormality that has been detected more frequently in women 

than men is the congenital absence of teeth 6. One of potential mechanisms underlying this 

may be an effect of sex hormones, as Trps1 expression has been shown to be regulated by 

androgen and estrogen 34,35. Of note, lower expression of mineralization-related genes in 

Trps1+/− mice does not completely correspond to the.
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In conclusion, this study has shown that Trps1 is involved in development of the tooth organ 

and formation of dental mineralized tissues. The role of Trps1 in tooth size and 

mineralization is conserved between mice and human, hence Trps1−/− and Trps1+/− mice can 

be used as a model to uncover molecular abnormalities underlying dental pathologies in 

TRPS and to test therapeutic approaches for this disorder. The detection of sex-specific 

differences of Trps1 haploinsufficiency on the formation of the tooth provides the base for in 

depth mechanistic studies of sex-specific determinants of mineralization of dental tissues 

and the mechanism of the interplay between Trps1 and these factors.
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Figure 1. μCT analyses of tooth shape and size of 4wk old WT and Trps1+/− male and female 
mice.
(A) Representative images of 3D reconstruction of the mandible (lateral view), scale bar 

=1mm. (B) 3D reconstruction of first mandibular molars, scale bar =100μm. (C) 
Quantitative analysis of total crown volume and root volume of first mandibular molars. 

Graphs show individual values from each mouse, mean values ± SD (N=5 mice/genotype). 

*p≤0.05, ***p ≤0.0005.
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Figure 2. μCT analyses of mineral density of dental tissues of 4 wk old WT and Trps1+/− male 
and female mice.
(A) Representative two-dimensional images of first mandibular molars, scale bar =100μm. 

(B) Graphs showing quantitative analysis of enamel (upper panel), crown dentin (middle 

panel) and root (lower panel) mineral density of WT and Trps1+/− male and female mice 

(N=5 mice/genotype). Graphs show individual values from each mouse, mean values ± SD 

(N=5 mice/genotype). *p≤0.05, **p ≤0.005.
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Figure 3. Immunohistochemical analysis of osteocalcin (OC) and osteopontin (OPN) in WT and 
Trps1+/− first mandibular molars of 4 wk old male and female mice.
(A, B) Representative images of sagittal sections of the crown portion of the molars. (C, D) 
Representative images of sagittal sections of the root portion of the molars. OC and OPN are 

detected in both crown and root odontoblasts and dentin of WT female and male mice 

(arrows). In Trps1+/− females, decreased expression of OC and OPN proteins was detected 

in both crown and root odontoblasts (arrowheads) in comparison with WT females. In 

Trps1+/− male mice, stronger OC signal was detected in crown odontoblasts and dentin 

(open arrowhead), while the expression of OPN was decreased (arrowhead) in comparison 

with WT males. Scale bars=100μm.
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Figure 4. Differences in spatial distribution of Runx2 and Osx osteogenic transcription factors in 
first mandibular molar tooth organs of E18.5 WT and Trps1−/− mice.
(A) Representative images of sagittal sections of tooth organs stained with anti-Runx2 

antibody (red). Runx2 (arrows) is detected in the dental follicle (Df) and ameloblasts (Am) 

in both WT and Trps1−/− mice. In the dental pulp (Dp), only some cells at the periphery are 

positive for Runx2 in WT mice, while in Trps1−/− mice, numerous Runx2-positive cells 

(yellow arrow) are detected within the pulp, in particular in the cusp area (above the dotted 

line). Images are shown in 10x magnification, scale bar =500px. (B) Quantification of the 

percentage of Runx2-positive cells (in the dental pulp region above the dotted line on the 

image on the left) in WT and Trps1−/− mice. Data are presented as mean values ± SD (N=3 

mice/genotype). **p≤0.005. (C) Representative images of sagittal sections of tooth organs 

stained with anti-Osx antibody (red). In WT mice, Osx (arrows) is detected in the dental 

follicle (Df), ameloblasts (Am) and in cells at the periphery of the dental pulp (Dp). In 

Trps1−/− mice, Osx is detected only in the dental pulp cells (yellow arrow), while dental 

follicle cells and ameloblasts are negative for Osx (arrowheads). (D). Quantification of the 

percentage of Osx-positive cells in the dental pulp region above the dotted line on the image 

on the left) in WT and Trps1−/− mice. Data are presented as mean values ± SD (N=3 mice/

genotype). *p≤0.05.
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Figure 5. Comparison of the tooth organ dimensions (first mandibular molar) of E18.5 WT and 
Trps1−/− mice.
(A) Schematic of a tooth organ showing measurements of anterior-posterior diameter 

(APD), distal buccal cusp height (DBC) and mesial cusp height (MBC). (B) Representative 

images of H&E-stained sagittal sections at the midline of E18.5 tooth organs. Scale bar 

=250μm. (C) Graphs comparing APD, DBC height and MBC height of tooth organs of WT 

and Trps1−/− mice. Data are presented as mean values ± SD from equivalent sections (N=3 

mice/genotype). ***p ≤0.0005.
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Figure 6. Analyses of cell proliferation in tooth organs of E16.5 WT and Trps1−/− mice.
(A) Representative images of IHC staining showing BrdU positive cells (green) in the first 

mandibular molar tooth organs of E16.5 mice. Boxed areas on the top panel images indicate 

areas within the dental epithelium (E) and dental mesenchyme (M), which are shown on the 

middle and bottom panels. Scale bar =50μm. (B) Graphs showing percentages of BrdU 

positive cells within the mesenchyme and epithelium of WT and Trps1−/− tooth organs. Data 

are presented as mean values ± SD (N=3 mice/genotype). *p≤0.05.
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