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Abstract

Amelogenesis imperfecta (AI) is an inherited developmental enamel defect affecting tooth 

masticatory function, esthetic appearance, and the well-being of patients. As one of the major 

enamel matrix proteins (EMPs), enamelin (ENAM) has three serines located in Ser-x-Glu (S-x-E) 

motifs, which are potential phosphorylation sites for the Golgi casein kinase FAM20C. Defects in 

FAM20C have similarly been associated with AI. In our previous study of EnamRgsc514 mice, 

the Glu57 in the S55-X56-E57 motif was mutated into Gly, which was expected to cause a 

phosphorylation failure of Ser55 because Ser55 cannot be recognized by FAM20C. The severe 

enamel defects in ENAMRgsc514 mice reminiscent of Enam-knockout mouse enamel suggested 

a potentially important role of Ser55 phosphorylation in ENAM function. However, the enamel 

defects and ENAM dysfunction may also be attributed to distinct physicochemical differences 

between Glu57 and Gly57. To clarify the significance of Ser55 phosphorylation to ENAM function, 

we generated two lines of Enam knock-in mice using CRISPR-Cas9 method to eliminate or 

mimic the phosphorylation state of Ser55 by substituting it with Ala55 or Asp55 (designated as 

S55A or S55D), respectively. The teeth of 6-day or 4-week-old mice were subjected to histology, 

micro-CT, SEM, TEM, immunohistochemistry, and mass spectrometry analyses to characterize the 

morphological, microstructural and proteomic changes in ameloblasts, enamel matrix and enamel 

rods. Our results showed that the enamel formation and EMP expression in S55D heterozygotes 

(Het) were less disturbed than those in S55A heterozygotes, while both homozygotes (Homo) 

had no mature enamel formation. Proteomic analysis revealed alterations of enamel matrix 

biosynthetic and mineralization processes in S55A Hets. Our present findings indicate that Asp55 
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substitution partially mimics the phosphorylation state of Ser55 in ENAM. Ser55 phosphorylation 

is essential for ENAM function during amelogenesis.
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Introduction

Amelogenesis imperfecta (AI) is a heterogeneous group of conditions characterized by 

inherited developmental enamel defects. The prevalence of AI in human varies widely 

depending upon the gene pool. Values of 1:14,000 in the USA to 1:700 in Sweden have 

been reported [1,2]. AI enamel is abnormally thin, soft, fragile, pitted and/or discolored, 

causing patients to suffer from functional and psychological problems such as early tooth 

loss, eating difficulties, embarrassment, and pain. Normal enamel formation results from 

highly orchestrated extracellular processes involving matrix proteins, proteases, and mineral 

ion fluxes [3,4]. Three principal EMPs that ameloblasts secrete, amelogenin (AMEL), 

ameloblastin (AMBN), and enamelin (ENAM), are considered to control multiple steps 

in the crystallization of hydroxyapatite [5]. Matrix metallopeptidase 20 (MMP20) secreted 

by ameloblasts at the secretory stage and kallikrein-related peptidase 4 (KLK4) at the 

maturation stage are two key proteinases within the enamel matrix that proteolytically 

degrade EMPs [3]. Each of these key EMPs has been shown to be essential for proper 

enamel formation using knockout mouse models [6–10]. During amelogenesis, the secretion 

and post-translational modification processes of EMPs are tightly controlled. Disturbance of 

any of these procedures may cause AI.

The EMPs belong to the secreted calcium-binding phosphoproteins (SCPPs) superfamily, 

in which each member has one or several Ser-x-Glu/pSer (S-x-E/pS) motifs, wherein 

Ser phosphorylation is considered to promote binding of the peptide to hydroxyapatite 

(HA) in the regulation of skeletal and dental mineralization [11–14]. FAM20C is the 

primary kinase phosphorylating the serine residue within the S-x-E/pS motif in a broad 

spectrum of secretory proteins, including SCPPs [15,16]. Conditional ablation of FAM20C 

from ameloblasts or mutations in FAM20A, a FAM20C co-factor, caused severe enamel 

and ameloblasts defects reminiscent of EMP knockout mice [17,18], highlighting the 

importance of EMP phosphorylation for enamel formation. Indeed, studies have shown that 

phosphorylation of the single phosphorylation site in AMEL greatly enhanced the capacity 

of AMEL to stabilize amorphous calcium phosphate and prevented apatite crystal formation 

both in vitro and in vivo [19–21]. In line with this, mutations of the phosphorylation sites in 

AMEL and several other EMPs resulted in AI in mice and humans [22–24].

In comparison with the knowledge about the role of AMEL phosphorylation in amelogenesis 

[21], the functional significance of Ser phosphorylation in ENAM has not been well 

understood. Three highly conserved putative pSer sites have been identified in the ENAM of 

pigs (Ser53, Ser191, Ser216), mice (Ser 55, Ser196, Ser219), and humans (Ser54, Ser191, 

and Ser216) [22]. The S216L mutation in humans was reported to cause minor pitting or 
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localized enamel hypoplasia in heterozygotes and severe enamel malformation with little 

or no mineral covering dentin in compound heterozygotes [24]. N-ethyl-N-nitrosourea- 

(ENU-) induced S55I or E57G mutations in the S55-x-E57 motif of murine ENAM resulted 

in AI-like enamel breakage [22,25]. It is anticipated that both S55I and E57G mutations 

cause phosphorylation failure on Ser55 by either preventing phosphorylation at this site or 

making this site unrecognizable for FAM20C kinase after changing the S-x-E motif into 

S-x-G. However, it is controversial whether or not both S>I and E>G mutations significantly 

change the physicochemical properties of the original amino acids and that such changes 

may have an impact on the biological outcomes. To clarify the functional significance of 

phosphorylated Ser55 in murine ENAM, we have generated knock-in mice to mutate Ser55 

into S55A or S55D to either eliminate or mimic the phosphorylation state of this residue in 
vivo.

Materials and methods

Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee 

of Texas A&M University College of Dentistry (Dallas, TX, USA) and performed following 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

S55A and S55D mice were generated by homology-directed repair using CRISPR-

Cas9 technology (Fig. 1A). The exons and splicing junctions of the Enam gene 

were sequenced to exclude off-target mutations (Fig. 1B). Genomic DNA was 

extracted from tail lysates by standard protocol [26] and subjected to PCR genotyping 

using primers: Forward, 5’- CTAAGGCTCTGCATTTCTCCCTCAG-3’, Reverse, 5’- 
AACACTGAAACACATAGCAGGCTCG-3’. The wild-type PCR amplicon was 274 bp 

with no restriction enzyme site at the Ser55 location. The S55A mutation created an AluI 

restriction site, and digestion of the S55A PCR products with AluI created 206 bp and 68 

bp fragments; The S55D mutation created a BtsCI restriction site, and digestion of the S55D 

PCR products with BtsCI gave rise to 201 bp and 73 bp fragments. The PCR and digestion 

products were examined on 3% agarose gel (Fig. 1C). All animals were weaned at 21 days 

and provided with gel food. Gross pictures of mouse incisors at 4-week-old were taken 

under a stereomicroscope (Olympus SZX2).

Micro-computed tomography (micro-CT) analysis

Micro-CT analysis was performed as previously described [26]. Briefly, mandibles were 

dissected from 4-week-old mice and fixed in 4% paraformaldehyde (PFA), then stored 

in 0.5% PFA. Serial tomographic images were obtained by Micro-CT35 imaging system 

(Scanco Medical) at an energy level of 55 kV and intensity of 145 mA with a scanning 

interval of 7μm. Enamel structures were manually plotted for evaluation of the total volume 

and density. Scanco ISQ files were transformed into ids/ics files using ImageJ, and 3-D 

images were generated with iMaris (9.0.1, Bitplane). Virtual sections were made along the 

sagittal axial of lower incisors or first molars. Pseudo-colors were rendered onto the 3-D 

structures using the same parameters across samples.
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Scanning electron microscopy (SEM)

Gross SEM and cross-section SEM analysis were performed as previously described 

[22,27]. Briefly, mandibles collected from postnatal 6 days (P6), P14 and 4-week-old mice 

in each group were fixed in 4% PFA at 4°C overnight and dehydrated through ethanol 

gradients. For cross-section SEM analysis, samples were embedded in methyl methacrylate 

resin, and were cross-sectioned using a slow-speed diamond saw at the level 8 site (located 8 

mm from the apical end of the incisor and at the crest of alveolar bone near gingival margin) 

[27]. The dissected surface was made perpendicular to the enamel surface with minimal 

apical-to-incisal and mesial-to-lateral angulation. The surface of the section was then ground 

using 1200 grade silicon carbide abrasive paper and finely polished using a 0.5 μm diamond 

paste. Samples were further washed in distilled water and subjected to ultrasonic cleaning. 

After drying overnight, both gross and cross-sectioned mandible samples were coated with 

carbon. Gross mandible samples were examined using scanning electron microscope in 

field emission mode (JSM-6010LA, JEOL, Japan). Cross-sectioned incisor samples were 

observed under backscatter mode. Overview of the dissected surfaces were taken at × 250 

magnification and overlapping images of the entire enamel layer from mesial to lateral CEJ 

were taken at × 800 magnification. The montage map showing the alignment of enamel rods 

were manually drew and colored in Adobe Photoshop (http://www.adobe.com).

Transmission electron microscopy (TEM)

The impact of the ENAM S55A and S55D mutations on the development of enamel mineral 

structures during amelogenesis was assessed by TEM at defined intervals as previously 

described [21]. Maxillary incisors from 4-week-old mice of each genotype were isolated 

by dissection and immediately fixed with 70% ethanol followed by dehydration through 

graded ethyl alcohol treatment. The incisors were then infused with a 1:1 solution of 100% 

ethyl alcohol and LR White resin (Hard Grade, Electron Microscopy Sciences) overnight, 

followed by two repeated two-hour infusions with the LR White solution. Treated incisors 

were embedded in the LR White resin using a cold cure method. Ultra-thin incisor sections 

(70–100 nm thick) were cut in the sagittal plane with an ultramicrotome (Leica, Buffalo 

Grove, IL) or using a diamond knife (DiATOME, Hatfield, PA) and floated into a pool 

of distilled water pre-saturated with HA with a few added drops of ethanol. The sections 

were immediately mounted on 200-mesh hexagonal carbon-coated copper TEM grids (EMS, 

Hatfield, PA). Developing enamel structures from each genotype were examined using TEM 

(JEM 1400-PLUS, JEOL, Peabody, MA) in bright-field mode at 100 kV. At least three 

maxillary incisors of each genotype were analyzed. A series of sequential TEM micrographs 

starting from the beginning of enamel secretion to the maturation stage were taken from 

each section (Supplementary Fig. 1).

Microhardness test

Mandibles from three 4-week-old mice per genotype were collected and embedded in resin 

as described above for TEM. Resin blocks were sectioned above the alveolar bone ridge 

using a diamond saw in a transverse plane. The erupted portions of the incisors were then 

polished with a series of SiC papers. The micro indentation tests were performed using 

IdentaMet 1105 microhardness tester (Buehler, Lake Bluff, Il) equipped with a CCD camera, 
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connected to a computer equipped with OmniMet software (Buehler, Lake Bluff, Il). The 

tests were conducted using a Vickers hardness diamond tip with a load of 25 gf and dwell 

time of 5 sec. A standardized set of testing points of outer, middle and inner enamel were 

selected according to previously reported method [28]. The averages of measurements were 

used as the Vickers hardness numbers (HV) of individual specimens.

H&E staining and immunohistochemistry

Mandibles collected from 6-day-old mice were fixed in 4% PFA at 4°C for 16 h and 

then decalcified in 10% ethylenediaminetetraacetic acid (EDTA)/PBS at 4°C for five days, 

followed by dehydration and paraffin embedding. Serial sections with 4 μm thickness 

were prepared for H&E and immunohistochemistry staining as described previously 

[22,29]. The immunohistochemistry or immunofluorescence analyses were performed 

using primary antibodies against ENAM C-terminus (1:50, Santa Cruz Biotechnology 

Cat# sc-33107, RRID: AB_2098749), ENAM N-terminus (1:500) [30], AMBN (1:50, 

Santa Cruz Biotechnology Cat# sc-33100, RRID: AB_2226389) and AMEL (1:500, 

Santa Cruz Biotechnology Cat# sc-32892, RRID: AB_2226455). Primary antibodies were 

detected using biotinylated secondary antibodies (Vector Laboratories Cat# BA-5000, 

RRID:AB_2336126; Cat# BA-1000, RRID:AB_2313606) and VECTASTAIN ABC kit 

(Vector Laboratories Cat# PK-7100, RRID: AB_2336827) for color development with 

DAB substrate, or AlexaFluor488 conjugated secondary antibody (Thermo Fisher Scientific 

Cat# A-11034, RRID:AB_2576217) and AlexaFluor633 conjugated secondary antibody 

(Molecular Probes Cat# A-21082, RRID:AB_141493) for immunofluorescence. Slides were 

counterstained with methyl green or DAPI.

Mass spectrometry (MS) and proteomic profiling

Mandibular incisors were dissected from 6-day-old wild-type (WT), S55D, and S55A 

heterozygous mice under the stereomicroscope. Soft enamel matrix and outer enamel 

epithelium ameloblasts were dissected under stereomicroscope and lysed in RIPA buffer 

containing a proteinase inhibitor cocktail (ThermoFisher, 78429). After quantitation by 

bicinchoninic acid (BCA) protein assay, the lysates containing equal amounts of total 

protein from each group were loaded on a sodium dodecyl sulfate-polyacrylamide 

gel for electrophoresis (SDS-PAGE). Protein bands were stained with Coomassie Blue 

(ThermoFisher, 24594), cut off, and diced into ~1 mm3 pieces.

Samples were digested overnight with trypsin (Pierce), followed by reduction and alkylation 

with DTT and iodoacetamide (Sigma–Aldrich). The samples were then subject to solid-

phase extraction cleanup with an Oasis HLB plate (Waters) and dried and reconstituted into 

10 μl 2% CAN and 0.1% TFA. 2 μl of each sample was examined on a QExactive HF 

mass spectrometer coupled to an Ultimate 3000 RSLC-Nano liquid chromatography system. 

Samples were injected onto a 75 μm i.d., 15-cm long EasySpray column (Thermo) and 

eluted with a gradient of 0–28% buffer B over 90 min with a flow rate of 250 nL/min. Buffer 

A contained 2% (v/v) ACN and 0.1% formic acid in water. Buffer B contained 80% (v/v) 

ACN, 10% (v/v) trifluoroethanol and 0.1% formic acid in water. The mass spectrometer 

operated in positive ion mode with a source voltage of 2.4 kV and an ion transfer tube 

temperature of 275°C. MS scans were acquired at 120,000 resolution in the Orbitrap, and 
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up to 20 MS/MS spectra were obtained for each full spectrum acquired using higher-energy 

collisional dissociation (HCD) for ions with charges 2–8. Dynamic exclusion was set for 20 

s after an ion was selected for fragmentation.

Bioinformatics and data analysis

Raw MS data files were analyzed using Proteome Discoverer v2.4 (Proteome Discoverer, 

RRID: SCR_014477), with peptide identification performed using Sequest HT searching 

against the mouse protein database from UniProt (downloaded on Jan. 8, 2021). Fragment 

and precursor tolerances of 10 ppm and 0.02 Da were specified, and three missed cleavages 

were allowed. Carbamidomethylation of Cys was set as a fixed modification, with oxidation 

of Met set as a variable modification. The false-discovery rate (FDR) cutoff was 1% for 

all peptides. Proteins that were identified with only 1 PSM (peptide-spectrum match), or 

identified but not quantified, or with potential contaminants were listed but not included in 

the further analysis.

The data analysis was performed following the workflow of the DEP package [31]. Briefly, 

the Summarized Experiment object was generated, and proteins that were identified in 

all replicates of at least one group were filtered. The data was background corrected and 

normalized by variance stabilizing transformation (vsn). Missing values were imputed with 

“MiniProb”. Protein-wise linear models combined with empirical Bayes statistics were 

used for the differential expression analysis. Stacked bar plots were employed to visualize 

the distribution of significant conditions per protein and the overlap between conditions. 

The correlation matrix of all groups and significant proteins were plotted as heat-maps. 

Differential expressed proteins (DEPs) were plotted as volcano plots. Gene Ontology (GO) 

enrichment of DEPs was performed using GOnet [32] and visualized with GOplot [33].

Statistical analysis

Data were expressed as mean ± SD of at least three independent samples. Unpaired 

Student’s t-test was used to analyze data sets with two groups. When comparing more 

than two groups, P values were determined by one-way ANOVA followed by Tukey’s 

multiple comparison tests. Statistical calculations were performed using the Prism software 

package (GraphPad Prism7). *P<0.05, **P<0.01, ***P< 0.001, and ****P<0.0001 indicated 

a significant difference.

Results

ENAM Ser55 substitutions caused AI in a dosage-dependent manner

The amelogenesis of incisors and molars was compared between 4-week-old WT, ENAM 

S55A/D Hets and Homos. At the gross level, the enamel of WT mice showed light brown 

color with semi-translucency. Both incisor and molar enamel presented smooth surfaces with 

high density to resist the occlusal forces (Figs. 2A, 2F, 2K, 3A, and 3B).

Amelogenesis imperfecta was identified in both ENAM S55A and S55D Hets and Homos. 

In Het mice, the enamel defects were localized, while the severity and extent varied between 

S55A and S55D. The incisors of S55A Hets showed a chalky white color with large areas of 
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enamel cracked off (Fig. 2B, G). In contrast, the S55D Hets had a nearly normal appearance 

of enamel in incisors with minor color and translucency changes (Fig. 2C, H). In S55A 

Het molars, the crown surfaces below molar cusps were rough. Less evident hypoplasia was 

only detected on molar cusps (Fig. 2L). In contrast, the molar enamel of S55D Hets was 

nearly intact, with a smooth surface covering the entire molar crown. The enamel defects 

were localized to the enamel-cementum junction shown as small rough areas (Fig. 2M). We 

scored the enamel defects based on the severity and extent of the defects. The results further 

indicated that the enamel defects of S55D Hets were more localized than that of S55A Hets 

(Supplementary Fig. 2).

In S55A and S55D Homos, the enamel defects were much more severe than those inHets 

that no mature enamel was detected on their incisors and molars (Figs. 2D, E, I, J, N, O, and 

3G–J). However, small amounts of radiopaque materials along the incisal dentin surfaces 

and below the alveolar bone indicate immature enamel formation (Supplementary Fig. 3). 

The dentin of incisors and molars were exposed to the oral cavity to resist occlusal forces, 

making the dentin surfaces rough and incisal tips blunt. The more severe enamel phenotypes 

in ENAM S55 Homos than Hets indicated dosage-dependent effects of the mutations.

S55D substitution partially mimicked pSer55 function in ENAM

The volume and density of mature enamel were compared between S55A and S55D Hets by 

micro-CT analysis (red color in Fig. 3). The mature enamel of S55A Hets was discontinuous 

in the incisors (Fig. 3C), which is consistent with the enamel breakage defects observed at 

gross level (Fig. 2). The enamel volume of S55A Hets was significantly reduced in both 

incisors and molars compared to WT, while that of S55D Hets did not show significant 

differences from WT (Fig. 3A–F, K and L). The enamel volume of S55D Hets was slightly 

higher than S55A Hets but not statistically significant. The incisal tips of S55A Hets lost 

enamel, resulting in a blunter shape than WT and S55D Het (Fig. 3A, C, and E). The incisor 

enamel density of S55A Hets was significantly decreased compared to WT (Fig. 3M). S55D 

Hets showed a enamel density similar to WT and higher than S55A Hets, but no significant 

differences were identified between S55A and S55D Hets.

To evaluate the microstructural changes of enamel rods in S55A/D Hets, we performed 

scanning electron microscopy on the cross-sections of lower incisors cut at the crest of 

alveolar bone near gingival margin of mandibular first molars from 4-week-old mice (Fig. 

4). In S55A Hets, the enamel rods aligned sparsely and discontinued, especially in the 

middle and outer enamel (Fig. 4B). The length of enamel rods and inter-rod spaces were 

increased compared to WT, and enamel rods detachment was observed (Fig. 4B1–3). In 

comparison, the enamel structures of S55D Hets were less affected (Fig. 4C), although their 

inter-rod spaces and rod length were slightly increased in some severe cases (Fig. 4C1–3). 

The enamel defects in S55A Hets were further indicated by the fabric changes of enamel 

matrix after acid etching of the enamel sections (Fig. 5).

To clarify if post-eruption changes such as attrition or chipping caused the enamel defects 

in S55A Hets (all mice were fed gel food after wean), we also performed micro-CT and 

SEM analyses on 2-week-old mice. The results are consistent with those obtained from 
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4-week-old mice (Supplementary Fig. 4), indicating that the enamel defects in S55A Hets 

were intrinsic.

To determine if the structural changes have an impact on the physical properties of enamel, 

we performed micro-hardness tests on the transections of lower incisors (Fig. 6). Vickers 

hardness number (HV) of erupted incisal enamel in WT was similar to the previously 

reported values [34,35]. The hardness of erupted incisal enamel was decreased in both S55A 

and S55D Hets compared to WT; S55A Het HV was significantly lower than S55D Hets 

throughout the enamel thickness. The micro-hardness results are consistent with those of 

microscopy, histology, SEM and micro-CT analyses.

To confirm and further assess differences in enamel organization at the submicron scale, 

we conducted a TEM study on developing incisal enamel from the early-secretory stage 

to the maturation stage by taking a sequential series of TEM micrographs along the dentin-

enamel junction (DEJ). The micrographs were taken in 11 open areas (grids) starting at the 

beginning of enamel deposition (Supplementary Fig. 1). In the WT, the normal decussating 

rod pattern was observed throughout the secretory stage of amelogenesis and across the 

enamel thickness (Fig. 7A, D, and G). At higher magnification, well-organized elongated 

mineral crystals were observed within each rod and the inter-rod matrix (Fig. 8A). In S55A 

Hets, enamel at the early-secretory stage rods and interrod were detected. However, they 

were less organized than WT enamel at the early-secretory stage (Fig. 7B). The analysis of 

the mid-secretory enamel in S55A Het revealed increased variability of enamel phenotypes 

and further deterioration of enamel organization (Fig. 7E). At the late-secretory stage, S55A 

Het enamel presented with a significantly distorted decussating pattern of the inner enamel 

and with outer enamel consisting of randomly organized short mineral crystals (Figs. 7H 

and 8C), and high-density mineral aggregates stated to appear in S55A Het enamel, both 

inside the rods and in spaces between the rods (Fig. 8C–E). Importantly, the thickness of 

the enamel layer of S55A Hets was significantly lower than in WT and S55D Hets (Fig. 

7D–I). S55D Het enamel appeared similar to the WT (Fig. 7C, F, and I). However, at high 

magnification, the rods and inter rods appeared less organized (Fig. 8B).

Histological changes in the ameloblasts of ENAM S55A and S55D mutant mice

To evaluate if ameloblast morphology and matrix secretion were affected in S55 mutant 

mice, we characterized mandibular incisors and molars in 6-day-old WT, S55A, and 

S55D mice at three well-defined amelogenesis stages known as the secretary, transition, 

and maturation phases. The ameloblasts alignment in S55A Hets started showing evident 

disorganization at the mid-secretory stage. (Fig. 9, Supplementary Fig. 5G and H). The 

interface between Tomes’ process and enamel matrix showed micro-bubbles (Supplementary 

Fig. 5I). Some ameloblasts detached from the enamel matrix at the late-secretory stage, 

changed into the stratified low-column epithelium, and secreted amorphous enamel matrix 

into the vacuolated spaces (Fig. 9C–D’, Supplementary Fig. 5I and J). In contrast, the 

ameloblasts in S55D Hets did not show apparent changes throughout the process of 

amelogenesis (Fig. 9E and F’, Supplementary Fig. 5K–O). However, early onset of severe 

defects in the ameloblasts and enamel matrix occurred in both S55A and S55D Homos (Fig. 

9G–J’).
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At the secretary stage, columnar-shaped ameloblasts secrete enamel matrix proteins into 

enamel matrix, which act as scaffolds for enamel crystallization. After that, the full-length 

ENAM is cleaved into intermediate fragments by MMP20 and transported to specific 

locations in the enamel matrix [22]. Using anti-N- and anti-C-ENAM antibodies, we 

detected an accumulation of ENAM N-terminal fragments in the amorphous matrix secreted 

by ameloblasts detached from the enamel in S55A Hets (Fig. 10B, B’, E and E’). The 

boundary between aprismatic and prismatic enamel became blurry in S55A Hets (Fig. 

10B’ and E’) compared to a clear one in WT (Fig. 10A’ and D’) and S55D Hets (Fig. 

10C’ and F’). ENAM C-terminal fragments did not show apparent differences in the 

distribution patterns between WT and S55A/D Hets (Supplementary Fig. 6A). As S55A 

and S55D Homos did not form enamel on the dentin surfaces, both antibodies only detected 

amorphous matrix in cyst-like bulges (Supplementary Fig. 6B).

EMPs were found to co-localize and cooperate to control crystal nucleation and 

structural hierarchy during amelogenesis [36–39]. In S55A Het mice, the distribution and 

colocalization patterns of ENAM, AMBN and AMEL were dramatically changed at the 

secretory stage in the ameloblasts and enamel matrix in comparison to WT and S55D Het 

mice (Fig. 11C and D’, Supplementary Fig. 7); large amounts of these EMPs accumulated in 

the amorphous matrix encompassed in the epithelial bulges formed by detached ameloblasts 

(Fig. 11C’ and D’, Supplementary Fig. 7). AMEL in S55D Hets appeared to be less secreted 

into the matrix and retained in ameloblasts (Fig. 11F and F’, Supplementary Fig. 7). Both 

S55A and S55D Homo showed a disorganized distribution of EMPs in the amorphous 

matrix and malformed ameloblasts (Supplementary Fig. 8), which is consistent with the 

aforementioned histological defects.

Potential biological process and function associated with ENAM Ser55 phosphorylation

As the hypoplastic AI in S55A Het mice may result from the functional changes 

of ameloblasts during the secretory stage, we employed label-free quantitation mass 

spectrometry, which is especially suitable for identifying differences between proteins of 

low abundance [40], to compare the proteomic profiles among S55A Hets, S55D Hets 

and WT. The triplicates in each group displayed good reproducibility, while both S55A 

Hets and S55D Hets showed distinct proteomic profiles from WT (Fig. 12A). Differential 

expressed proteins (DEPs) were screened in S55A Hets and S55D Hets compared to WT 

(Supplementary Table 1). S55A Hets and S55D Hets shared 55 DEPs, while 42 DEPs in 

S55A Het and 46 DEPs in S55D Het were distinct from one another (Fig. 12B). Similar 

GO items were enriched when DEPs in S55A Het or S55D Het to WT were input, which 

indicated the alterations of the enamel matrix biosynthetic process for biological process, 

alterations of enamel matrix mineralization and ameloblasts maturation for molecular 

function, and potential involvement of ER stress for cellular component (Supplementary 

Tables 2 and 3).

Given that the S55A or S55D mutations were designed to represent different states of 

Ser55, and different severity of AI has been detected between S55A Hets and S55D Hets, 

we compared the proteomic profiles between S55A Hets and S55D Hets. The results 

revealed that 9 proteins were downregulated and 38 proteins upregulated in S55A Hets. The 
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biological processes enriched in GO analysis suggest an association with peptide metabolic 

process and peptide biosynthetic process, etc., which may relate to the disturbances on the 

orchestrated enamel matrix protein regulation. The endoplasmic reticulum was enriched 

in cellular components, hinting a potential association with ER stress that was reported 

in a previous study of ENAMS55I mice [41,42] (Fig. 12D and Supplementary Table 4). 

However, we did not identify significant changes in ER stress markers Heat Shock 70 kDa 

Protein 5a (HSPA5a), the C/EBP homologous protein (CHOP), UPR signal activator (IRE1), 

PRKR-like ER kinase (PERK), ER-localized protein (ATF6) and X-box-binding protein 1 

(XBP1) by Q-PCR analyses (Supplementary Fig. 9).

Discussion

The discovery of protein kinases VLK and FAM20C (also known as Golgi casein kinase) 

has changed the old dogma that restricted the concept of phosphorylation process occurring 

just in the intracellular milieu. These kinases have been shown to be involved in the classical 

ER-Golgi secretory pathway to recognize and phosphorylate the serine in S-x-E motifs in 

substrates like SCPPs [43]. The specific role of FAM20C in amelogenesis was evidenced 

by the enamel defects when FAM20C was specifically inactivated from the epithelial cells 

using Cre-loxP system mediated by K14-Cre [17]. Previous studies found that ENU-induced 

S55I and E57G mutations in the S55-x-E57 motif of murine ENAM resulted in AI-like 

enamel defects [22,25]. However, it remains controversial if the ENAM dysfunction arose 

from phosphorylation failure of Ser55 or the physicochemical changes when Ser55 and 

Glu57 were substituted by Ile and Gly, respectively. To clarify the essential role of Ser55 

phosphorylation for ENAM function, we generated knock-in mice to replace Ser55 with 

alanine or aspartic acid.

Substitution of Ser with Ala, Asp or Glu has been used as a standard algorithm for 

phosphorylation site replacement [44,45]. Ala eliminates the side chain beyond the βcarbon 

and yet does not alter the main-chain conformation nor does it impose extreme electrostatic 

or steric effects [46–48]. In contrast, the physicochemical property of Asp or Glu is very 

different from serine, but their negative charge is often used to mimic phosphorylation state 

[45,49–52]. In addition, it has been shown that phospho-serine sites evolve from Asp/Glu 

residues [53].

Our S55A Het mice recapitulated the AI phenotypes as in ENU-induced S55I and E57G 

Het mutant mice [42]. The reduced enamel volume and disorganized ameloblasts conform 

to a diagnosis of hypoplastic AI [39,54]. The ameloblasts of S55A Het mice secreted an 

initial layer of enamel that appeared normal with a prismatic structure, but subsequent 

layers displayed multiple abnormities, including a slowdown of appositional growth, loss 

of enamel rod structure, a smaller size of enamel crystals and hypermineralization. In 

comparison, the enamel formation in S55D Het mice was less disturbed and showed a 

generally well-organized enamel rod structure similar to the WT. These results indicate that 

the phosphorylation of Ser55 is essential for ENAM function and that mutations changing 

the phosphorylation state of ENAM Ser55 could be a potential etiology factor of AI.
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The enamel defects in molars were mainly located at the cervical and middle third of the 

crown while the cusps were less defective. This is consistent with previous observations in 

human permanent dentition [55]. Crown development and morphological factors, such as 

enamel rod length and direction, may influence the development and expression of enamel 

surface defects [55]. Kierdorf et al. identified a marked reduction of enamel extension rates 

in cervical compared with more cuspal crown portions of molars, with formation of the 

cervical 25% of the crown taking about the same time as that of the upper 75% of the crown, 

which explains the more frequent occurrence of enamel hypoplasia in cervical compared 

with upper and middle crown portions [56].

Although S55D Hets showed generally normal enamel, both S55A and S55D Homo mice 

displayed similarly severe hypoplastic AI. The distinct phenotypes between S55D Hets 

and Homos may be associated with several lines of facts. First, the severity of enamel 

defects associated with ENAM dysfunction is dosage-dependent, which has been well 

documented in Enam-knockout mice [57]. In humans, individuals with Enam mutations 

on both alleles developed more severe enamel hypoplasia than those affected with only one 

allele. The former exhibited generalized hypoplastic AI and anterior open bite, while the 

latter showed localized defects and/or horizontal grooves on their teeth [57–59]. Second, 

the ENAM expression level is tightly controlled during amelogenesis. Hu et al. found 

that introducing various dosages of ENAM transgenes into the Enam−/− mice cannot fully 

rescue the enamel defects and that WT mice developed AI when ENAM was overexpressed 

with the lowest expression level of transgenic ENAM. This suggests a precise control of 

ENAM level is required in order to achieve proper enamel formation [57]. It is conceivable 

that a precise control may also apply to the post-translational modifications of ENAM, 

such as phosphorylation. Our proteomic data showed that the phosphorylation state of 

Ser55 is required for the precise control of EMPs’ biosynthetic and secretary processes. 

Third, the amino acid substitution strategy has its intrinsic limitations for mimicking natural 

phosphorylation. Natural phosphorylation should be dynamic and often transient in response 

to cellular events, with the level of phosphorylation being regulated by its removal (e.g., 

dephosphorylation by a resident phosphatase) to modify protein function. The balance 

of phosphorylation and dephosphorylation is a key factor for phosphorylation-associated 

regulatory events, which is generally employed by not only intracellular signaling molecules 

but also extracellular matrix proteins [16,60–63]. However, Asp substitution creates a 

sustained state of phosphorylation. In heterozygotes, the mutant and WT alleles may 

partially mimic the phosphorylation/dephosphorylation modality, while in homozygotes, this 

balance was completely broken. This is further supported by the observation that there was a 

differentiation issue of ameloblasts related to ENAM phosphorylation: in the homozygotes, 

ameloblasts did not develop into high-column cells like in WT and heterozygotes.

Our proteomic profiling revealed that the phosphorylation of ENAM Ser55 is associated with 

enamel matrix biosynthesis, mineralization, and maturation processes. This is consistent 

with our TEM and immunofluorescence data, and mutually in agreement with previous 

studies in bones and dentin, where phosphorylation failure interferes with the processing, 

folding, transport, secretion, release, and degradation of matrix proteins, as well as 

their binding and interaction with other ECM components [64]. Our proteomic profiling 

also enriched the cellular component term endoplasmic reticulum, implying a potential 
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involvement of ER stress, which has been suggested by a previous study with ENAM S55I 

mutant mice [42]. However, our further investigation did not detect significant changes in 

Hspa5a, Chop, Ire1, Perk, Atf6 and Xbp1.

We also noticed that ribosome, cytosol, endomembrane system and extracellular region were 

enriched for cellular component in GO analyses of proteomic profiling data, and structure 

constitutes of the ribosome, structural molecular activity, and RNA binding were enriched 

for molecular function (Fig. 9D, Supplementary Table S3). These data suggest that the 

ENAM dysfunction due to the phosphorylation loss of Ser55 may also lead to ameloblast 

pathology and the disruption of other biological processes and signaling pathways involved 

in amelogenesis.

Several previous studies have proved that proper phosphorylation of SIBLING proteins 

by secreted kinase is essential for the biomineralization in bones and dentin. The phospho-

serines phosphorylated by FAM20C (at the sequence motif S-x-E) bind calcium and regulate 

the formation of calcium phosphate-containing hydroxyapatite (HA) crystals [65]. On the 

other hand, the inhibitory regulation of osteopontin (OPN) on HA formation also relies on 

the degree of phosphorylation [66]. In this study, we characterized the function of pSer55 in 

ENAM by eliminating or mimicking the phosphorylation state in vivo. The phosphorylation 

of Ser55 appears to be critical for the function of ENAM during several intracellular and 

extracellular processes associated with amelogenesis. Understanding the mechanism and 

function of EMPs phosphorylation may gain novel insights for AI etiology and disease 

treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fam20C Family with sequence similarity 20, member C
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Fig. 1. 
Generation of ENAM S55A and S55D knock-in mice. (A) Strategy of mutating ENAM S55 

into S55A or S55D by CRISPR-Cas9 technique. (B) Sequencing chromatograms of WT 

mice, ENAM S55A, and ENAM S55D mutant mice. The shaded codons are Ser in control 

mice, Ala in S55A knock-in mice, and Asp in S55D knock-in mice. (C) AluI digestion of 

Enam PCR products from the S55A mice produced 206 bp and 68 bp fragments. BtsCI 

digestion of Enam PCR products from the S55D mice produced 201bp and 73 bp fragments. 

The 274 bp PCR products from WT mice cannot be cleaved by AluI or BtsCI restriction 

enzymes. Lanes: 1, S55A Het; 2, S55A Homo; 3, S55D Het; 4, S55D Homo.
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Fig. 2. 
ENAM S55A/D substitution caused AI in a dosage-dependent manner. (A–E) Gross pictures 

of incisors in 4-week-old WT and ENAM S55A/D mutant mice. The yellow arrow indicates 

enamel breakage. The Blue arrow indicates white spots on the enamel. (F–J) SEM images 

of lower incisors of WT and ENAM S55A/D mutant mice. Asterisk indicates enamel crack 

off and dentin exposure. (K–O) SEM images of mandibular first molars of WT and ENAM 

S55A/D mutant mice. The dotted line shows the boundary between smooth surface of 

enamel and rough surface of dentin. Note that WT and S55D Het in (K) and (M) showed 

normal or nearly normal enamel with smooth surfaces, while S55A Het in (L) showed 

extensive enamel defects in the plotted areas. Both S55A and S55D Homo mutants in (N) 

and (O) did not form any mature enamel on dentin surfaces. Scale bars: 500 μm inA–O.
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Fig. 3. 
Micro-CT analyses of enamel in 4-week-old WT and ENAM S55A/D mutant mice. (A, 
C, E, G, and I) Virtual sagittal sections of lower incisors. Blue to red colors indicates 

the density of tissues from low to high. (B, D, F, H, and J) Virtual sagittal sections of 

mandibular first molar. (K and L) S55A Het showed less enamel volume than WT. (M) 
S55A Het showed lower enamel density than WT. (N) Molar enamel density did not show 

significant differences among WT, S55A, and S55D Het. *P<0.05, n=3.
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Fig. 4. 
SEM analyses on the transections of lower incisors cut at the crest of alveolar bone near 

gingival margin of mandibular first molars from 4-week-old mice. In the left panel, enamel 

rods were color-coded green for rows having a medial tilt and red for rows having a lateral 

tilt. Sites 1,2,3 represent the medial, middle, and distal regions of incisor section. The panels 

on right side are higher resolution images (× 800) of the indicated regions in left panels.
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Fig. 5. 
SEM analyses of the fabric pattern of enamel matrix in the lower incisors of 4-week-old 

mice after acid etching of transections cut at the mesial root level of the first lower molars. 

(A’–C’) Enlarged images of boxed areas in (A–C). The enamel matrix of S55A Hets showed 

disorganized fabric compared to WT and S55D Hets. De, dentin. En, enamel. Scale bars: 

20um in A, B, and C; 10um in A’,B’, and C’.
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Fig. 6. 
Micro-hardness test of incisors of 4-week-old mice. (A) Light micrographs taken from the 

indentation sites in the incisal enamel of WT, S55A Het, and S55D Het mice. De, dentin. 

En, enamel. Scale bar, 100um. (B) Statistic comparison of micro-hardness of incisal enamel 

at inner, middle and outer locations between WT, S55A Hets and S55D Hets. S55A Hets 

showed significantly lower enamel hardness than S55D Hets and WT. S55D Hets also 

showed decreased enamel hardness compared to WT. Both S55A and S55D Hets showed 

lower dentin hardness than WT. * P<0.05. ** P<0.01. *** P<0.005. **** P<0.001.
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Fig. 7. 
TEM micrographs of fully mineralized early (grid 6), mid (grid 6), and late (grid 8) 

secretory stage enamel. (A) Early-secretory stage enamel of WT mice. The enamel rods 

were sectioned in an oblique plane. Note the well-defined out-lines of the rods (Rd) 

surrounded by contiguous interrod matrix (IR). (B) Early-secretory stage of enamel in S55A 

Het mouse. The rods and interrod were less organized than in WT. (C) Early-secretory 

stage of enamel in S55D Het mouse. Similar to S55A Het, the rods and interrod were less 

organized than in WT. (D) Mid-secretory stage enamel of WT mice. Two sets of rods - one 

oriented in the section plane (Rd||) and another oriented perpendicular to the section plane 

(Rd⊥) were presented. (E) Mid-secretory stage enamel in S55A Het mouse. The section 

contains both Rd⊥ and Rd||. Importantly, the direction of the in-plane rods (Rd||) changed 

in this sample at roughly 15 um from the DEJ (dotted line). It is also worth noting that 

S55A Het enamel was significantly thinner than WT and S55D Het enamel at this stage. 

(F) Mid-secretory stage of enamel in S55D Het mouse. Enamel organization was similar 

to WT enamel at the mid-secretory stage. (G) Late-secretory enamel of WT mice with the 

rods sectioned in an oblique plane as in (A). (H) Late-secretory enamel of S55A Het mice. 

Note that the enamel layer was very thin, and the surface layer lacked enamel rods and was 

composed of short disorganized crystals. (I) Late-secretory enamel of S55D Het mice. The 

organization of enamel was similar to WT enamel in (D). En, enamel; De, dentin.
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Fig. 8. TEM micrographs of the late-secretory stage enamel.
(A) WT enamel with well-defined obliquely sectioned discrete rods (Rd) and a contagious 

interrod matrix (IR). (B) S55D Het enamel with alternating rods oriented in the section 

plane (Rd||) and perpendicular to the section plane (Rd⊥). The structural organization of 

enamel was similar to WT, although individual enamel rods were less organized. (C) S55A 

Het enamel. Note that the decussating pattern could not be obscured by nodules of highly 

mineralized nodules between the rods (square E) and in the rod regions (square D). (D and 
E) Closeups of the regions E and D in (C). (F) Outer layer of S55A Het enamel containing 

short disorganized mineral crystals.
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Fig. 9. 
Morphological changes of ameloblasts and enamel matrix in P6 ENAM mutant mice. 

(A-B’) The ameloblasts in WT mice showed polarized high-column morphology at the 

late-secretory stage. The enamel matrix displayed smooth surfaces with an incremental 

thickness along the maturation axis. (C-D’) The ameloblasts in S55A Het mice detached 

from the dentin surface and started secreting amorphous substance (green arrow) at the 

late-secretory stage. (E-F’) The ameloblasts and enamel matrix in S55D Het mice showed 

nearly normal morphology. (G-H’) The ameloblasts in S55A Homo mice detached from 

the dentin surface and showed disorganized morphology. The enamel matrix remained in an 

amorphous state and could not form any tangible morphology. (I-J’) The ameloblasts and 

enamel matrix in S55D Homo mice showed severe defects similar to those in S55A Homo 

mice. De, dentin. Od, odontoblasts. En, enamel matrix. Am, ameloblasts. Scale bars: 100um.
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Fig. 10. 
The distribution pattern of ENAM N-terminus in incisors and molars of 6-days old WT 

and ENAM S55 A/D Het mice. (A-C) ENAM was observed at the aprismatic enamel 

layer, at the mineralization front, and along with the enamel prisms in WT and S55D Het 

incisors. While in S55A Het incisor, it lacked clear boundaries between aprismatic enamel 

and prismatic enamel (red arrow in B’). The ENAM was also observed to accumulate in the 

amorphous matrix (red asterisk in B’) where ameloblasts lost their well-aligned columnar 

shape and bulged up. Clear prismatic structures in the enamel layer were not seen where 

ameloblasts detached from the underlying enamel matrix (red boxed area in (B’). (D–F) 
Consistent with incisors, ENAM N-terminus distributed well along with enamel prisms in 

WT and S55D Het molars, while in S55A Het, the ENAM distributed sparsely and loosely 

along with prisms. De, dentin. Od, odontoblasts. En, enamel matrix. Am, ameloblasts. Scale 

bars: 500 μm in A, B and C; 50 μm in A’, B’ and C’; 200 μm in D, E and F; 50 μm in D’, E’ 

and F’.
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Fig. 11. 
The distribution and colocalization pattern of ENAM with AMBN or AMEL. (A-B’) The 

distribution and colocalization pattern of ENAM with AMBN and AMEL in WT mice. 

(C-D’) In S55A Het mice, ENAM was accumulated in the amorphous matrix in the 

vacuolated spaces formed by detached ameloblasts. AMBN and AMEL showed different 

distribution patterns from WT. (E-F’) In S55D Het mice, ENAM and AMBN showed a 

similar distribution pattern with WT. AMEL appeared to be less secreted into the matrix and 

more retained in ameloblasts. Scale bars: 500 μm in A-J; 50 μm in A’-J’.
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Fig. 12. 
Proteomic profiling associated with ENAM S55A or S55D mutation. (A) Heatmap of 

significant proteins in all tested samples compared to WT. The rows represented different 

proteins and were clustered by k-means (numbers on the left). The columns depicted the 

different samples. Rows and columns were hierarchically clustered on Euclidean distance. 

Colors represented log2 transformed protein content of each sample vs. WT (red: high; blue: 

low). (B) The distribution of significant proteins per condition and the overlap between 

conditions. A: S55A Het vs. WT. B: S55D Het vs. WT. (C) The volcano plot showed the 

DEPs between S55A Het and S55D Het. (D) GO enrichment of DEPs between S55A Het 

and S55D Het. The left panel showed the plot of enriched GO ID, and the right panel 

showed the enriched GO terms on top.
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