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Enamel defects resulting from environmental conditions and the way of life are public health concerns because of their high prevalence. As their etiology is unclear, the aim of this study was to analyze the various forms of enamel hypomineralization, and to characterize the genes involved in this process to determine the mechanisms involved in disruptions of amelogenesis.

We used bisphenol A (BPA) and fluoride as models, both of which are commonly encountered in human populations and used in dentistry. Wistar rats were chronically exposed to 5 µg/kg/day BPA from day 1 of gestation to day 65 after birth (P65) and 5 mM fluoride from P21 to P65.

Resulting enamel defects were comparable to the human enamel pathologies molar incisor hypomineralization (MIH) and dental fluorosis (DF) respectively, and were more severe in rats exposed to both agents than to each agent alone. Large-scale transcriptomic analysis of dental epithelium showed a small group of genes of which the expression was affected by exposure to BPA or NaF. Among the most modulated, many are directly involved in amelogenesis (as Amelx, Enam, Klk4, Mmp12, Slc26a4 and Slc5a8), and can be regrouped as forming the "hypomineralization enamelome". Each of these gene expression perturbations may contribute to enamel defects.

Exposure to BPA weakens enamel making it more prone to generate frequent mineralization defects, MIH and DF. Our study identifies hypomineralization genes that may enable the use of dental enamel as an early marker of exposure to environmental toxicants because of its unique ability to retrospectively record ameloblast pathophysiology.
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Introduction

The human environment has become increasingly contaminated by various pollutants. This situation has been associated with an increased incidence and gravity of known diseases, as well as the emergence of new ones, including enamel defects. Environmental pollutants such as endocrine-disrupting chemicals (EDCs) have often been proposed to contribute to hormonedependent cancers, diabetes, obesity, and decreased fertility over the past 50 years. [START_REF] De Coster | Endocrine-disrupting chemicals: associated disorders and mechanisms of action[END_REF][START_REF] Maqbool | Review of endocrine disorders associated with environmental toxicants and possible involved mechanisms[END_REF] This hypothesis is supported by several recent epidemiological and experimental studies. Based on these data, the median health and economic cost that can be reasonably attributed to EDC exposure in the European Union (EU) is €157 billion per year (or $209 billion, corresponding to 1.23% of the EU's gross domestic product). [START_REF] Trasande | Estimating burden and disease costs of exposure to endocrine-disrupting chemicals in the European Union[END_REF] Among the thousands of EDCs, bisphenol A (BPA) is one of the most active and widely used by the plastic industry and for dental materials, and may be leached as an active monomer under several conditions. [START_REF] Cooper | Assessment of bisphenol A released from reusable plastic, aluminium and stainless steel water bottles[END_REF] In 2012, it was estimated that more than 95% of the population was contaminated by BPA. [START_REF] Pirard | Urinary levels of bisphenol A, triclosan and 4-nonylphenol in a general Belgian population[END_REF] Recently, BPA was shown to generate enamel defects in rats. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF][START_REF] Jedeon | Estrogen and bisphenol A affect male rat enamel formation and promote ameloblast proliferation[END_REF] Interestingly, sensitivity to BPA is the highest during the perinatal period [START_REF] Poimenova | Corticosterone-regulated actions in the rat brain are affected by perinatal exposure to low dose of bisphenol A[END_REF][START_REF] Varayoud | Long-lasting effects of neonatal bisphenol A exposure on the implantation process[END_REF] which corresponds to the temporal window when the enamel of the human permanent teeth is being formed. [START_REF] Alqahtani | Brief communication: The London atlas of human tooth development and eruption[END_REF] Amelogenesis follows a well-known sequence involving ameloblast differentiation and death associated with a specific pattern of gene expression. [START_REF]Enamel: Composition, Formation, and Structure[END_REF] It begins with a secretory stage during which a partially mineralized enamel matrix is formed.

The enamel matrix is comprised of amelogenins, enamelin, ameloblastin and amelotin which are subject to extracellular processing by matrix metalloprotease-20 (MMP20). Once the full thickness of the enamel has been deposited, amelogenesis enters the maturation phase during which the ion exchangers allow optimal pH conditions for crystallite formation and the serine protease kallikrein 4 (KLK4) degrades the enamel matrix proteins. Abnormal retention of proteins or indeed any extraneous proteins such as serum albumin lead to the eruption of hypomineralized enamel. The rodent incisor provides a running record of how a disruption of amelogenesis affects future development as the incisor continues to erupt. Rats exposed daily to low-dose BPA during the fetal period and the first 30 days after birth present asymmetric white opaque spots on their incisors. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF] BPA increases Enam expression and decreases that of Klk4 both leading to enamel hypomineralization and the retention of serum albumin. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF] Resulting enamel defects in rats have similar clinical, structural and biochemical characteristics as those of human molar incisor hypomineralization (MIH). MIH is diagnosed by the presence of white to brown opaque lesions selectively present on enamel of the human first permanent molars [START_REF] Weerheijm | Molar-incisor hypomineralisation[END_REF][START_REF] Weerheijm | The European Academy of Paediatric Dentistry and Molar Incisor Hypomineralisation[END_REF] which mineralize from the third trimester of fetal life to the 4-5 years after birth.

These lesions may or may not be associated with lesions on permanent incisors. [START_REF] Weerheijm | Molar-incisor hypomineralisation[END_REF] Both series of rat and human teeth belong to the first mineralizing teeth which exactly corresponds to the window of the highest susceptibility to EDCs. [START_REF] Poimenova | Corticosterone-regulated actions in the rat brain are affected by perinatal exposure to low dose of bisphenol A[END_REF] MIH was first described in 2001 and its prevalence among children aged 6 to 9 years old is now 15-18%. [START_REF] Jälevik | Prevalence and Diagnosis of Molar-Incisor-Hypomineralisation (MIH): A systematic review[END_REF][START_REF] Alaluusua | Aetiology of Molar-Incisor Hypomineralisation: A systematic review[END_REF][START_REF] Jedeon | The tooth, target organ of Bisphenol A, could be used as a biomarker of exposure to this agent[END_REF] Its etiology still remains unclear.

The second most important enamel hypomineralyzing pathology also due to an environmental factor is dental fluorosis (DF) which is the consequence of excessive intake of fluoride (> 0.1mg/kg/day). [START_REF] Fejerskov | Dental tissue effects of fluoride[END_REF][START_REF] Robinson | The effect of fluoride on the developing tooth[END_REF][START_REF] Bartlett | Fluorosis: a new model and new insights[END_REF] Fluoride is naturally widely present in various regions of the world and is the most commonly used molecule in dentistry to prevent caries. This highly charged ion has intra-and extracellular effects that reinforce mineralization. However, limits to the prescription of fluoride have been repeatedly advised, mostly because of the critical safety range of fluoride use (0.05 mg/kg/day being the prophylactic dose). Indeed, recent epidemiological surveys reveal a high prevalence of enamel hypomineralization, even in areas where the concentration of fluoride in water was reduced. [START_REF] Shekar | Prevalence of dental caries and dental fluorosis among 12 and 15 years old school children in relation to fluoride concentration in drinking water in an endemic fluoride belt of Andhra Pradesh[END_REF][START_REF] Sudhir | Prevalence and severity of dental fluorosis among 13-to 15-year-old school children of an area known for endemic fluorosis: Nalgonda district of Andhra Pradesh[END_REF] In addition, the prevalence of DF in the US among adolescents aged 12-15 was higher in 1999-2004 than in 1986-1987. [START_REF] Beltran-Aguilar | Prevalence and severity of dental fluorosis in the United States, 1999-2004[END_REF] This as of yet unexplained increased sensitivity to fluoride coincides with the increased incidence of several diseases cited above and the emergence of MIH. [START_REF] Khan | Global trends in dental fluorosis from 1980 to 2000: a systematic review[END_REF] In fact, enamel quality is an important marker of mother-childhood environmental conditions and of early life stressors because any environmental stress that disrupts its formation is irreversibly recorded in a time-specific manner, ameloblasts being lost during tooth eruption. [START_REF] Alaluusua | Natal and neonatal teeth in relation to environmental toxicants[END_REF][START_REF] Witzel | Insights from the inside: histological analysis of abnormal enamel microstructure associated with hypoplastic enamel defects in human teeth[END_REF] It is thus possible to retrospectively date the timing of environmental disturbances. The aim of this study was to characterize the pathophysiological mechanisms leading the various forms of enamel hypomineralization that reflect the current burst of diseases due to the change of environmental conditions. The continually growing rodent incisor is a model of choice to study disruption of amelogenesis as all stages of ameloblast differentiation can be investigated regardless of the age of the animal.

We exposed rats to low doses of BPA during the perinatal period in the presence or absence of fluoride and analyzed the transcriptome of enamel-synthesizing cells. Many of the target genes identified by this analysis are also involved in individual susceptibility to enamel defects or fragility (hypomineralization, caries, amelogenesis imperfecta (AI)). In addition to providing insight into the genes important for the integrity of tooth enamel, the characterization of changes of enamel gene expression due to environmental toxicants and resulting structural distortions will help to reconstitute the history of exposure to these agents and facilitate the environmental safety monitoring for public health.

Materials and Methods

Animals and biological samples.

Seven week-old Wistar Han rats were purchased from Charles River (France) and matted in our animal house. All animals were fed ad libitum, and maintained in accordance with guidelines for the care and use of laboratory animals from the French Ministry of Agriculture (A-75-06-12). Cages and bottles made of polypropylene were used to avoid any contamination by BPA or phthalates. Purified diet was used to avoid phytoestrogens and drinking water was filtered through charcoal to eliminate pesticide residues.

Pregnant females were divided into two groups, one exposed to BPA and the other to solvent only (control). Each female in the BPA group received a daily dose of 5 μg/kg/day BPA (Sigma-Aldrich), administered orally with a micropipette, in 0.5 mL of corn oil, from gestational day 1 (E1) until the pups were weaned (P21). The females in the control group received corn oil alone.

After weaning, each dam was identified by a numbered ear tag and randomly assigned to one of the four groups (no more than two pups from the same litter per group). Three experimental groups (n=12 for each) were created and given 5 µg/kg/day BPA alone, 5 mM NaF alone or both at the same dose, in the drinking water during the next 44 days which is the time necessary for the full growth of the rat incisor. [START_REF]Enamel: Composition, Formation, and Structure[END_REF] Rats were thus treated with BPA and/or NaF until they were killed on P65. The control group (n = 12) was given solvent alone. The number of animals necessary to get significant data was previously determined. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF][START_REF] Jedeon | Estrogen and bisphenol A affect male rat enamel formation and promote ameloblast proliferation[END_REF] Four rats from each group were randomly selected for histological analysis, anesthetized by isofurane inhalation and perfused with 4% paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, MO) in phosphate-buffered saline (PBS; pH 7.4). Four other rats from each group were also randomly selected for micro computed tomography (µCT) and scanning electron microscopy (SEM) analysis. The remaining four rats were immediately killed and their incisors were dissected out of the alveolar bone. Epithelial tissue was microdissected under a stereomicroscope (Leica M125, France) to separate the secretion and maturation stages of ameloblasts as described previously. [START_REF] Jedeon | Estrogen and bisphenol A affect male rat enamel formation and promote ameloblast proliferation[END_REF] Briefly, after incisor extraction, epithelial cells from the secretion and maturation stages were separately dissected, using the molar reference line for isolation, and used for RNA extraction. [START_REF] Jedeon | Estrogen and bisphenol A affect male rat enamel formation and promote ameloblast proliferation[END_REF][START_REF] Smith | A method for sampling stages of amelogenesis on mandibular rat incisors using the molars as a reference for dissection[END_REF][START_REF] Lacruz | Gene-expression analysis of early-and late-maturation-stage rat enamel organ[END_REF] The labial surfaces of the incisors were then gently cleaned with a wet paper and the enamel was dried, revealing the location of the early maturation stage as a transient white opaque area. [START_REF] Jedeon | Estrogen and bisphenol A affect male rat enamel formation and promote ameloblast proliferation[END_REF] Secretory stage enamel was then harvested from all mandibles, using a scalpel, for the sequential extraction of enamel matrix proteins (EMPs). [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF] µCT analysis of rat enamel.

A µCT scanner (Desktop Skyscan 1172, Aartselaar, Belgium) was used to provide two-and three-dimensional images of rat mandibles and to determine enamel volume and density (n=4 per group). This system is based on a cone beam X-ray source. Acquisition parameters were 80 kV and 100 µA with an exposure time of 220 ms reaching a spatial resolution of 5 µm corresponding to a near 1x10 -7 mm 3 voxel size. Processing parameters were 20% for the beam hardening correction and a 0.7 rotation step was performed between two exposures using a fixed threshold. Cross-sectional images were reconstructed using a classical Feldkamp conebeam algorithm and NRecon1 software (Skyscan) and visualized in three dimensions using Data Viewer1 software (Skyscan). The reconstructions of the three experimental and control groups were obtained under the same conditions and thresholds and analyzed to determine the enamel density and volume. The grayscale was first defined using control rat enamel allowing the isolation of enamel alone without any other structure. The same scale was applied to all samples with the purpose of comparing the enamel of control and treated rats. The total enamel volumes of incisors and molars were evaluated and compared to the total volumes of corresponding hemi-mandibles. Hydroxyapatite standards were used to calibrate the instrument.

Representative images have been chosen in 2D at the same anatomical reference point which is the emergence of the incisor from alveolar bone. All images have been visually inspected and no scanning artifacts have been identified.

SEM analysis.

The first molar furcation point was used as an anatomical reference point to ensure that specimens were prepared consistently. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF] Mandibles were cut transversely close to this anatomical reference point using a rotating diamond wheel and then ground back to the furcation point with graded sandpaper. Samples were dehydrated in ethanol for 48 hours at 4°C, stuck on a calibrated aluminum pin stub using clear polyester resin, and ultrasonicated for 15 minutes. The surface of the enamel was etched with 37% orthophosphoric acid for 15 seconds to remove any smear layers. Each sample was coated with 6-nm-thick platinum in a vacuum evaporator, and the microstructure of enamel was observed by SEM (Carl Zeiss Supra 40; Carl Zeiss AG, Oberkochen, Germany) at 10 kV.

RNA extraction and gene expression profiling.

RNAs were extracted from microdissected secretion and maturation dental epithelia using the RNeasy® Protect Mini Kit (Qiagen-France) according to the manufacturer's procedure.

Spectrophotometry was used to assess the concentration and purity of RNA by measuring absorbance at 260 nm with a NanoDrop 1000 and RNA Integrity Number (RIN) (threshold > 9.5) with an Agilent Bioanalyzer, respectively. Reverse transcription was carried out on 1µg total RNA for 45 minutes at 42°C, using a mix of oligodT and random primers according to the manufacturer's instructions (Superscript II® -Invitrogen). Each real-time quantitative PCR was performed in triplicate in three independent experiments using an Opticon Monitor device (Bio-Rad Laboratories, Hercules, CA, United States) and the results were normalized to those for Gapdh, Tbp1 and Rs15. Details of the primers and the corresponding amplicon sizes are presented in (Table 1). Results were calculated by the ∆∆Ct and the standard curve methods.

The same RNAs extracted from microdissected dental epithelia at the maturation stage were used for microarray experiments performed with Affymetrix RatGene1.0 ST chip probes at the Genom'IC platform of Cochin Institute (Paris, France). Due to the large amount of data generated by our study, detailed data on each target gene are available upon request from the corresponding author. The expression of 19,239 genes was normalized using the GeneChip robust multiarray averaging algorithm, and flags were computed using MAS5. The quality of the chips was assessed using the affyQCReport R package. Gene expression in the BPA, NaF and BPA+NaF group was compared with that in the control group. A t-test was used to calculate p values to assess the significance of differences between groups (significance threshold set at p < 0.05). Hierarchical clustering was applied to mean-centered data to classify samples and genes (Spearman's correlation similarity measure and an average/Ward's linkage algorithm were used). R software was used to create heatmap source files, and pictures were produced with Java TreeView software. To annotate probe sets and to examine gene networks, including canonical pathways, molecular functions, and genetic networks, data were analyzed using IPA tools (http://www.ingenuity.com).

EMP extraction and western blotting.

Secretory and early maturation stage enamel matrix was sequentially extracted as described previously. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF][START_REF] Brookes | Is the 32-kDa fragment the functional enamelin unit in all species?[END_REF] Briefly, free soluble EMPs were first extracted with 30 µL of 50 mM Tris (pH 7.4), then mineral bound proteins with 30 µL of 100 mM phosphate buffer (pH 7.4) and finally the remaining aggregated proteins were collected with 60 µL of 1% SDS.

Twenty micrograms of the first (Tris) and third (SDS) fractions and 10 µg of the second fraction (PBS) of extracted proteins were subjected to 12% SDS-PAGE. The proteins were electrotransferred onto nitrocellulose membranes, which were subsequently blocked with 5% milk for 2 hours. The blocked membranes were incubated at 37°C for 90 minutes with antiamelogenin (FL-191 sc-32892; Santa Cruz Biotechnology, Santa Cruz, CA) (1:500), antienamelin [START_REF] Brookes | Is the 32-kDa fragment the functional enamelin unit in all species?[END_REF] (1:500), or anti-ameloblastin (M-300 sc-50534; Santa Cruz Biotechnology, CA) 

Statistical analysis.

Results (RT-qPCR, WB, enamel volume and density) were expressed as the mean ± SD of three independent experiments. The Shapiro-Wilk's test for normality showed that the data were not normally distributed in any of the groups. Consequently, a non-parametric test was used for statistical analysis. The Mann-Whitney test was used because comparisons were always performed between two groups (control group and one condition group).

All calculations were carried out using GraphPad Prism Software Version 5.0 (GraphPad Software Inc., La Jolla, CA). If p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***), the values compared were considered to be significantly different.

For microarray experiments, a t-test was used to calculate p values to assess the significance of differences between groups (significance threshold set at p < 0.05).

Results

BPA worsens enamel hypomineralization generated by NaF

Patients with enamel hypomineralizations present opacities on their enamel (Figure 1A).

Therefore, typical DF and MIH are easily diagnosed although other defects may remain to be defined.

Rats exposed to BPA or fluoride are good experimental models for MIH and DF, respectively. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF][START_REF] Houari | Asporin and the mineralization process in fluoridetreated rats[END_REF] Typical enamel fluorosis was observed in rats treated by 5 mM NaF with alternative white and orange bands (Figure 1B,C). A moderate phenotype was observed here at P65 in rats exposed to BPA, with 12.5% of enamel breakdown, in accordance with our previous data (Supplemental Figure 1). [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF] Rats exposed to both NaF and BPA showed a more severe phenotype than those exposed to NaF alone, characterized by the more pronounced discoloration of incisors (Figure 1B,C). Similar phenotype was observed with higher doses of NaF. [START_REF] Houari | Asporin and the mineralization process in fluoridetreated rats[END_REF] These observations are consistent with the ability of these agents to induce enamel hypomineralization. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF][START_REF] Houari | Asporin and the mineralization process in fluoridetreated rats[END_REF] These observations were supported by µCT analysis (Figure 1D). Comparison of transversal sections at the same anatomical landmark (the zone of incisor eruption from the bone) evidenced a significant lower enamel density in rats exposed to BPA alone or in combination with NaF than in control animals (Figure 1E). Enamel volume was slightly lower in rats exposed NaF than in control rats; however, this difference was more evident and significant for rats exposed to both agents. SEM showed that the underlying prismatic structure of BPA-exposed rat enamel was obscured by a covering layer, as reported previously (Figure 1F). [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF] Rats treated with both BPA and NaF also exhibited a similar magmatic organic layer, which was absent in both the control and NaF-treated group (Figure 1F).

Genes modulated by NaF and BPA in the dental epithelium

The dental epithelium of rats exposed to BPA or NaF alone or in combination was microdissected according to the stage of ameloblast differentiation (loop, secretion or maturation stage) as described previously. [START_REF] Jedeon | Estrogen and bisphenol A affect male rat enamel formation and promote ameloblast proliferation[END_REF] After verifying RNA integrity and quality, we analyzed the expression of enamel matrix genes by RT-qPCR (Figure 2). The abundance of amelogenin (Amelx) mRNA was >250-fold higher and that of enamelin (Enam) was 1200-fold higher during the secretion (S) than the maturation (M) stage, confirming the accuracy of the dissection. The most significant differences in the expression of the key enamel genes Amelx, Enam and Klk4 between the control and treatment groups were observed for M stage ameloblasts of male rats exposed to BPA and/or NaF. We thus performed microarray analyses to identify BPA and NaF target genes in these cells, which are directly involved in enamel mineralization.

Among the 19,239 genes analyzed, few were significantly (p < 0.05) differentially expressed (more than 1.5-fold) in the three test groups relative to the control group: 19 genes for BPA, 78

for NaF and 135 for BPA+NaF (135) (Figure 3A). Nine genes were shared across all three treatment groups and seven behaved similarly in all conditions (Figure 3B). Among them, four (Amelx, Enam, Slc26A4 and Slc5A8) are directly involved in amelogenesis. Differences in gene expression between control and treatment conditions ranged between +5.3 and -6.5 and between +6.5 and -6.5 when all comparisons were considered (Figure 3D). Analysis of the 20 most highly modulated genes showed that NaF mainly impaired gene expression when compared to controls, and this was even more evident when compared to BPA effects (Figure 3C). Many of the genes down-regulated in response to NaF alone (Supplemental Table 1) encode anion exchangers of the SLC family (SLC24A4, 4A7, 7A11), ion carriers, and binding proteins (such as Calbindin-1 [also called Calbindin D-28k] and calmodulin), pH regulators (CA6) and enzymes with proteolytic-activity such as KLK4 and MMP12 (Figure 4A). Other genes coding for MMPs such as Mmp9 and Mmp2 were also down-regulated to a lesser extent. NaF modulated the expression of additional genes from the Slc family (Slc26a4, 5a8, 6a15, 16a2),

showing the importance of this gene family in the effects mediated by NaF. Many of these NaFregulated genes are preferentially expressed in mature ameloblasts and are important for enamel mineralization (Figure 2). [START_REF] Bronckers | Developmental expression of solute carrier family 26A member 4 (SLC26A4/pendrin) during amelogenesis in developing rodent teeth[END_REF][START_REF] Lacruz | Requirements for ion and solute transport, and pH regulation during enamel maturation[END_REF][START_REF] Yin | SLC26A Gene Family Participate in pH Regulation during Enamel Maturation[END_REF] Expression levels among these genes was very variable (Figure 4C). For example, the expression of Mmp12 was 11-fold and 27-fold lower than that of the main enamel proteases Mmp20 and Klk4, respectively suggesting a lower consequence of Mmp12 repression than that of Klk4 (Figure 4C).

The analysis of BPA target genes evidenced a small group of 19 genes that were significantly modulated compared to controls (Figure 3C). As 75% of rats that received low doses of BPA responded to BPA treatment, consistent with previous reports, [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF] we also analyzed genes that were non-significantly modulated, and selected the 41 genes whose expression differed more than 1.5-fold between the BPA and control group (Figure 3A). Among these genes, Amelx and Enam were two of the most highly up-regulated genes, at 1.9-fold and 1.5-fold, respectively (Figure 2, Supplemental Table 2). When only the responsive rats were selected, the expression of both Amelx and Enam (4.3-fold and 2.2-fold, respectively) was significantly higher than in control conditions, whereas this was not the case of the third EMP analyzed, Ambn which level of expression remained the same regardless of the condition (Figure 4B,C).

The combination of NaF and BPA affected ameloblast gene expression to a greater extent than BPA or NaF alone. Notably, the expression of Amelx and Enam was strongly affected by the combined treatment (Figure 2, Figure 4). Both of these genes belonged to the group of the 20 most highly modulated genes and to the group of the seven genes up-regulated in all three conditions. Similarly, the expression of Slc26a4, which encodes a Cl -/HCO3 -anion exchanger, and Slc5a8, which encodes a sodium-coupled transporter for monocarboxylates, was upregulated by each molecule alone and even more by the combination of NaF and BPA. In addition, exposure to both NaF and BPA down-regulated Klk4 and Mmp12 to a greater extent than exposure to NaF alone.

Altogether, our results showed that three important groups of genes (EMPs, proteases and SLCs) with major roles in amelogenesis were affected during exposure to both agents. Each of these events may lead to enamel hypomineralization.

EMP and protease level changes induced by NaF and BPA in the dental epithelium

The abundance of enamel matrix proteins (EMPs), AMELX and ENAM, increased upon BPAtreatment alone or in combination with NaF (Figure 5). Free (TRIS fraction) and aggregated (SDS fraction) AMELX levels increased upon exposure to the combination of NaF and BPA in secretory stage enamel, 3.5-fold ± 0.1 and 1.9-fold ± 0.4 respectively (Figure 5A,C). Similarly, immunofluorescent staining using a specific antibody directed against AMELX gave a higher signal with BPA or NaF treatment alone which was even greater when both molecules were combined. In the early maturation stage, the EMP levels were lower than in the secretion stage regardless of the fraction. Aggregated AMELX levels were 2.3-and 1.9-fold higher in rats treated with BPA or NaF, respectively (Figure 5B,D). The level of ENAM was increased by BPA treatment during amelogenesis. During the secretion stage, mineral bound (PBS fraction) ENAM increased 2.3-fold in rats exposed to BPA. The level of ENAM was also higher (3.3fold) during early maturation in the SDS fraction in rats exposed to BPA. AMBN levels remained unchanged regardless of the condition or the fraction analyzed.

Immunohistochemical staining using specific antibodies directed against MMP9, MMP12 and KLK4 confirmed a higher level of proteases in the maturation stage than in the secretion stage ameloblasts where they were under the limit of detection (Supplemental Figure 2). KLK4

staining in mature ameloblasts decreased in the presence of NaF or BPA. When both molecules were combined, neither cells of the papillary layer nor the apical part of ameloblasts did not show KLK4 staining anymore (Supplemental Figure 2). The signals of the two others modulated proteases, MMP9 and MMP12, followed similar variations than that of KLK4.

Discussion

Environmental toxicants may affect enamel synthesis and resulting biological and structural defects need to be studied to characterize enamel defects and understand their high prevalence.

The most frequent forms of enamel hypomineralization are MIH and DF, which we explored here using rats chronically exposed to low doses of BPA or fluoride, respectively. We show for the first time that the combination of these two widespread agents exacerbates the enamel hypomineralization resulting from either compound alone. This observation may explain the increase in sensitivity to fluoride, [START_REF] Khan | Global trends in dental fluorosis from 1980 to 2000: a systematic review[END_REF] and consequently, the increased prevalence of DF despite reduced fluoride intake, [START_REF] Shekar | Prevalence of dental caries and dental fluorosis among 12 and 15 years old school children in relation to fluoride concentration in drinking water in an endemic fluoride belt of Andhra Pradesh[END_REF][START_REF] Sudhir | Prevalence and severity of dental fluorosis among 13-to 15-year-old school children of an area known for endemic fluorosis: Nalgonda district of Andhra Pradesh[END_REF][START_REF] Beltran-Aguilar | Prevalence and severity of dental fluorosis in the United States, 1999-2004[END_REF] the worldwide burden of dental decay [START_REF]Oral health fact sheet[END_REF] and high prevalence of MIH. [START_REF] Jedeon | The tooth, target organ of Bisphenol A, could be used as a biomarker of exposure to this agent[END_REF] Indeed, our experimental model enabled us to study not only clinical but also subclinical enamel hypomineralizations. We can thus affirm that BPA increases the sensitivity of ameloblasts and enamel to fluoride, even if the resulting phenotype of enamel hypomineralization is not clinically evident. These data are consistent with previous experiments showing that dental defects resulting from exposure to fluoride are more severe when fluoride is combined with other chemicals found in the human environment such as dioxin, lead or amoxicillin. [START_REF] Leite | Exposure to lead exacerbates dental fluorosis[END_REF][START_REF] Salmela | Combined effect of fluoride and 2,3,7,8-tetrachlorodibenzo-p-dioxin on mouse dental hard tissue formation in vitro[END_REF][START_REF] Sahlberg | Combined effect of amoxicillin and sodium fluoride on the structure of developing mouse enamel in vitro[END_REF] The second aim of this work was to characterize the molecular events underlying enamel defects to understand the mechanisms involved in enamel hypomineralization. Surprisingly, the total number of genes modulated by BPA and NaF was very low (only 19 to 171 out of the 19,239 tested depending on the considered conditions). Key enamel genes involved in amelogenesis were among the most modulated by BPA (the EMPs Amelx and Enam) and fluoride (the proteases Klk4 and Mmps).

ENAM plays a central role because it has been associated with several enamel defects. Indeed, ENAM mutations have been reported in Amelogenesis Imperfecta (AI), and have been associated with MIH. [START_REF] Lindemeyer | Amelogenesis imperfecta due to a mutation of the enamelin gene: clinical case with genotype-phenotype correlations[END_REF][START_REF] Chan | Target gene analyses of 39 amelogenesis imperfecta kindreds[END_REF][START_REF] Jeremias | Genes expressed in dental enamel development are associated with molar-incisor hypomineralization[END_REF] Specific alleles of ENAM are also associated with high susceptibility to dental caries and the expression level of Enam appears to be determinant for the structure and quality of enamel. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF][START_REF] Chaussain | Dental caries and enamelin haplotype[END_REF][START_REF] Hu | Enamelin is critical for ameloblast integrity and enamel ultrastructure formation[END_REF] Amelx, which encodes the most abundant EMP, is also important for amelogenesis and mutations of this gene cause AI. [START_REF] Lindemeyer | Amelogenesis imperfecta due to a mutation of the enamelin gene: clinical case with genotype-phenotype correlations[END_REF] The severity and heterogeneity of enamel defects may thus depend on whether Enam is disrupted alone or in association with Amelx.

The second group of key enamel genes found to be modulated here were protease-encoding genes, which were mostly down-regulated by NaF. The expression of the enamel specific Klk4 gene, and to a lesser extent, that of the ubiquitous Mmp9 and Mmp12, decreased in response to NaF. These findings are consistent with studies showing that fluoride inhibits the expression of the key enamel proteases and modulates that of other genes involved in mineralization. [START_REF] Robinson | The effect of fluoride on the developing tooth[END_REF][START_REF] Houari | Asporin and the mineralization process in fluoridetreated rats[END_REF][START_REF] Bronckers | The impact of fluoride on ameloblasts and the mechanisms of enamel fluorosis[END_REF][START_REF] Suzuki | Fluoride affects enamel protein content via TGF-beta1-mediated KLK4 inhibition[END_REF] In addition, NaF may also affect the extracellular compartment by controlling the assembly of amelogenin nanospheres and the mineralization process. [START_REF] Suzuki | Fluoride affects enamel protein content via TGF-beta1-mediated KLK4 inhibition[END_REF] Indeed, we found that NaF perturbed gene expression to the highest extent during the maturation stage of ameloblasts, consistent with previous data. [START_REF] Bronckers | The impact of fluoride on ameloblasts and the mechanisms of enamel fluorosis[END_REF] BPA for its part did not decrease levels of Klk4 mRNA at P65 similarly to previously reported data at P100. [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF] A possible explanation may be the maturation of the detoxifying system in charge of xenoestrogens that happens after weaning, [START_REF] Jedeon | Enamel defects reflect perinatal exposure to bisphenol A[END_REF][START_REF] Matsumoto | Developmental increases in rat hepatic microsomal UDP-glucuronosyltransferase activities toward xenoestrogens and decreases during pregnancy[END_REF] thus leaving an insufficient amount of active BPA to decrease significantly Klk4 expression.

However, immunohistochemical staining of KLK4, MMP9 and MMP12 showed a decreased signal suggesting additional post-transcriptional regulations leading to a lower amount of total proteins. The differential effects of BPA and NaF and their additional effects when combined suggest that they regulate gene expression through different mechanisms. The resulting reduction in protease activity promotes the accumulation of EMPs, thus preventing the complete mineralization of enamel (Figure 6).

Finally, the third important group of genes identified in this large-scale study are those involved in ion homeostasis (SLCs, CAs and calbindin-1). These genes are crucial for calcium and phosphate delivery to the apical compartment of ameloblasts, and ensure the assembly of these minerals into enamel crystals by maintaining adequate pH and limiting cell death. Slc26a4 and Slc5a8 are of particular interest because they are mainly expressed in maturation stage ameloblasts involved in enamel mineralization and because both of them were up-regulated by BPA and NaF alone or in combination. Slc26a4/Pendrin is involved in enamel pH regulation and is also important for other epithelia such as the renal and thyroid ones. [START_REF] Bronckers | Developmental expression of solute carrier family 26A member 4 (SLC26A4/pendrin) during amelogenesis in developing rodent teeth[END_REF][START_REF] Yin | SLC26A Gene Family Participate in pH Regulation during Enamel Maturation[END_REF] Slc5a8, a tumor suppressor also expressed in epithelial cells has been shown to stimulate apoptosis. [START_REF] Coothankandaswamy | The plasma membrane transporter SLC5A8 suppresses tumour progression through depletion of survivin without involving its transport function[END_REF] Thus, in addition to its involvement in Na + /HCO3 -exchange, it may also promote the high rate of ameloblast apoptosis and autophagy that occurs during amelogenesis and following fluoride exposure. [START_REF] Suzuki | Sirtuin1 and autophagy protect cells from fluoride-induced cell stress[END_REF] Altogether, our results showed that the expression of three important groups of genes (EMPs, proteases, and SLCs) with major roles in amelogenesis was affected by exposure to both agents.

These events all lead to enamel hypomineralization (Figure 6). Most of the genes identified here are also implicated in AI suggesting that only a few factors are involved in enamel hypomineralization whatever its etiology and can be grouped to form the "hypomineralization enamelome". The modulations of the expression levels of these genes may account for the different forms of enamel hypomineralizations and may be considered to be a signature of these pathologies. Deciphering disruptions of enamel gene expression will help to improve our understanding of the adverse effects of environmental pollutants on enamel. These data pave the way for altering future habits and treatments that may depend on the exposure of each individual to a series of pollutants that contribute to pathologies that are diagnosed decades later.

Enamel hypomineralization and susceptibility to enamel demineralization (i.e. caries or erosion) are major public health concerns, as shown by recent epidemiological data. Untreated tooth decay was thus the most prevalent disease studied in the Global Burden of Disease Study (1990-2010) and dental caries of permanent teeth are the most common health problem in the world. [START_REF] Marcenes | Global burden of oral conditions in 1990-2010: a systematic analysis[END_REF][START_REF] Vos | Years lived with disability (YLDs) for 1160 sequelae of 289 diseases and injuries 1990-2010: a systematic analysis for the Global Burden of Disease Study[END_REF] Enamel hypomineralization has been associated with several (rare) genetic and (frequent) environmental causes. Deep analysis at the molecular level to characterize genes underlying enamel defects enabled us to identify clinical and subclinical enamel hypomineralization. Even if each molecule doesn't lead to clinically evident lesions separately, the combination of these agents may result in enamel defects due to the addition of multiple effects. We can thus affirm that BPA perinatal exposure may weaken enamel quality and predispose to enamel defects by increasing the sensitivity of ameloblasts to other toxicants.

In conclusion, enamel hypomineralization is due to the disruption of a small number of genes that control enamel quality. Indeed, enamel quality appears to be a unique epidemiological tool with which to assess the impact of environmental conditions on health. Enamel scoring can be performed in childhood, is costless, non-invasive and could be based on molecular networks defined in this study and other studies. This is not the case for other adverse effects on health related to environmental toxicants, which are essentially diagnosed in adults after several decades of exposure. treated with 5 mM NaF alone from P21 to P65 presented typical DF with alternative white and orange bands. Rats exposed to both agents presented a more severe phenotype than those exposed to NaF alone, characterized by the more pronounced discoloration of incisors.

C. Magnification of rat mandibular incisors.

D. µCT analysis of rat enamel.

E.

Quantifications of enamel volume (EV) and mineral density (MD) compared to total mineral volume of the mandible (TV).

F. SEM analysis. The first molar furcation point was used as an anatomical reference point.

The overall typical enamel prismatic structure was observed in control and NaF situations.

Enamel of rats exposed to BPA alone or in combination with NaF was covered by a magmatic organic layer. Scale bar = 3 µm. All data are mean ± SD (n=3) * p < 0.05. Enam were induced regardless of the condition, Amtn was slightly decreased and Ambn remained unchanged. The expression of the main protease Klk4 and Mmp12 was decreased upon BPA upon NaF treatment (alone or in combination with BPA). Slc26a4 and Slc5a8 expression was induced under all conditions tested. All of these alterations of gene expression may lead to enamel hypomineralization. In control condition, maturation ameloblasts (Am) secrete proteases that remove remaining EMPs to allow the enamel crystal growth (En). During exposure to BPA, the expression of the two major EMP-coding genes, Amelx and Enam, was increased. During exposure to NaF, the level of AMELX increased and the expression of the enamel protease-coding genes, Klk4 and Mmps, decreased. Consequent EMP accumulation prevents enamel complete mineralization.

Perturbed expression of Slc26a4 and Slc5a8 disrupted ion and pH homeostasis reinforcing the inhibition of enamel crystal growth and consequently enamel hypomineralization.

Finally, a small number of genes may be responsible of enamel hypomineralization and their relative disruption may explain the different forms of enamel defects. Exposure to BPA may weaken enamel quality making it more susceptible to mineralization defects due to other additional environmental impacts. 
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 1 300) polyclonal antibodies. The nitrocellulose membranes were then washed and incubated for 45 minutes with a goat polyclonal anti-rabbit IgG antibody coupled to horseradish peroxidase (Sigma-Aldrich)(1:2000). Immunoreactivity was visualized by chemiluminescence (ECL western blotting detection system; Amersham Pharmacia Biotech, GE Healthcare Life Sciences, Velizy-Villacoublay, France) using a bioimager (ImageQuant LAS 4000; Uppsala, Sweden). The efficiencies of loading and electrotransfer were assessed by staining membranes for total protein with Ponceau red.Immunofluorescence assays. Perfused hemi-mandibles were post-fixed by immersion in 4% paraformaldehyde solution for 24 hours. After rinsing in PBS, the hemi-mandibles were decalcified at 4ºC in a pH 7.4 PBS solution containing 4.13% ethylene diamine tetra-acetic acid (EDTA) (Sigma-Aldrich) and 0.2% paraformaldehyde for 2 months. The decalcification solution was changed twice weekly. After washing in PBS for 4 hours at 4ºC, the samples were dehydrated in ethanol, rinsed in Safesolv (Labonord-France) and finally paraffin-embedded (Paraplast plus, Sigma). Serial sagittal 8 µm sections were cut using a microtome (RM 2145, Leica, France). The sections were deparaffinized, and rehydrated in decreasing concentrations of ethanol. The sections were permeabilized using Triton X-100 (Sigma-Aldrich, St. Louis, MO) 0,1% during 4 minutes, washed in PBS and blocked with 10 % normal goat serum for 30 minutes at room temperature. The sections were then incubated with rabbit primary antiamelogenin (pAb Kamiya Biomedical Company) (1:300), anti-enamelin (1:300) (C-18 sc-33107 Santa-Cruz), and anti-ameloblastin (M-300 sc-50534 Santa-Cruz) (1:300) antibodies for one hour at room temperature. Following washing in PBS, the sections were incubated then with a goat anti-rabbit antibody coupled to Alexa Fluor 594 secondary antibody (A-11072 life technologies) (1:500) for one hour in the dark. After rinsing with PBS again, the sections were immersed in DAPI (010M4003-Sigma) (1:100.000) for one minute. They were finally mounted with Aquamount (Lerner Laboratories, Pittsburgh, PA).
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 2 Figure 2: Effect of BPA and NaF on the expression of enamel-specific genes during

Figure 3 :

 3 Figure 3: Microarray analysis of enamel gene expression modulations by BPA, NaF and
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 5 Figure 5: Effect of BPA and NaF on the abundance of EMPs.

Figure 6 :

 6 Figure 6: Combined effects of BPA and NaF on enamel mineralization.
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1 Table 1 :

 11 Primer Sequences Used for Real-Time PCR Analysis

	2		
	3		
	cDNA Amplicon size (pb)	Primer sequence (5' -3')
	Rs15	315	GGCTTGTAGGTGATGGAGAA
			CTTCCGCAAGTTCACCTACC
	Amelx	271	ACACCCTTCAGCCTCATCAC
			GAGAACAGTGGAGGCAGAGG
	Enam	439	CATGTGGCCTCCGCCAGTCC
			GTCATCTGGGGGCGGGTCCT
	Ambn	258	TGCAGCCTCACCAGCCAGGA
			CCCGAGACAGCGAATGGGCG
	Amtn	379	GCAACAAAACCGACTCCAG
			CTCCATTCTGCACATCTGG
	Klk4	320	GCATCCGCAGTGGGTGCTGT
			CACACTGCAGGAGGCTGGGC
	Mmp20	320	CTGGGCCTGGGCCATTCCAC
			CTGGTGATGGTGCTGGGCCG
	Mmp12	252	CCATGTGGCCAACTATCCCA
			GCCTCACATCGTACCTCCAA
	Slc26a4	202	CTTAGGCAGCCCACCAGAAA
			TGTTGGGTCAACAGACGGAG
	Slc5a8	98	ACGGTGGAACTGATAACCCG
			GAAGCTTCACAAGCGAGTCC
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Approving final version of manuscript: KJ, SH, SL, TTT, ML, AB and SB. KJ, SH and SB take responsibility for the integrity of the data analysis. B. Wistar rats were chronically exposed to low-dose BPA alone from E1 to P65, leading to a moderate dental phenotype with 12.5% of exposed rats presenting enamel breakdown. Rats A. Among the 19,239 genes analyzed, few were significantly (*, p<0.05) modulated (variations > 1.5-fold) in the BPA (yellow), NaF (blue) and BPA+NaF (red). Common target genes are reported in green for BPA and NaF conditions, in purple for NaF and BPA+NaF, and in light orange for BPA and BPA+NaF. As 75% of rats were responsive to low doses of BPA, [START_REF] Weerheijm | The European Academy of Paediatric Dentistry and Molar Incisor Hypomineralisation[END_REF][START_REF] Jälevik | Prevalence and Diagnosis of Molar-Incisor-Hypomineralisation (MIH): A systematic review[END_REF] non-significant modulations were also considered.

B.

Seven target genes similarly modulated in all three experimental conditions were evidenced.

Four of them (in bold) are enamel specific and four others were significantly modulated in all three conditions. C. Most genes were up-regulated (in red) whatever the condition, except for NaF compared to BPA (NaF/BPA) where 85% genes were down-regulated (in green).

D.

Analysis of the 20 most modulated genes showed that NaF mostly impaired gene expression.

The modulation amplitude is moderate ranging from a -6.5-fold decrease to a +6.5-fold increase. B. The expression of the two main EMP-coding genes (Amelx, Enam) was up-regulated by BPA essentially. The increase was greater when rats were exposed to the combination (NaF+BPA/C). Conversely, expression of the protease-encoding genes (Klk4 and Mmp12) decreased in response to NaF alone or in combination with BPA.

C. Relative level of expression of the 11 selected enamel genes that belong to three groups of genes (4 ameloblast-specific genes, 5 proteases, 2 SLCs, β2-microglobulin and Gapdh were used as reference genes). Three BPA-responsive rats were selected for the analysis. Amelx and