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Abstract

Enhancer of zeste homolog 2 (EZH2) is the catalytic core of polycomb repressive complex 2 

(PRC2), which primarily methylates lysine 27 on histone H3 (H2K27me3), generating 

transcriptionally suppressed heterochromatin. Since EZH2 suppresses expression of genes 

involved in dentin formation, we examined the role of EZH2 in tooth development. Intriguingly, 

microCT analysis of teeth from mice with conditional Ezh2 knockout in uncommitted 

mesenchymal cells showed hyper-mineralization of enamel, which is produced by the epithelial-

lineage cells, ameloblasts. Scanning electron microscopy analysis and nano-indentation of the 

incisor enamel from knockout mice revealed smaller inter-rod spaces and higher hardness 

compared to wild type enamel, respectively. Interestingly, expression of the calcium channel 

subunit gene, Orai2, was decreased compared to its competitor, Orai1, both in knockout mouse 

incisors and the ex vivo culture of ameloblasts with the surrounding tissues under EZH2 

inhibition. Moreover, histological analysis of incisor from knockout mice showed decreased 

ameloblastin and expedited KLK4 expression in the ameloblasts. These observations suggest that 

EZH2 depletion in dental mesenchymal cells reduces enamel matrix formation and increases 

enamel protease activity from ameloblasts, resulting in enamel hyper-mineralization. This study 
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demonstrates the significant role of the suppressive H3K27me3 mark for heterochromatin on 

enamel formation.
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1. Introduction

The tooth enamel formation process by ameloblasts is generally subdivided into three main 

functional stages: the presecretory, secretory, and maturation stages [1]. Ameloblasts 

become tall columnar cells in the secretory stage and secrete a large amount of enamel 

matrix proteins including ameloblastin. The secretory stage enamel is rich in proteins, shows 

low hardness, and contains thin hydroxyapatite crystals [2]. Upon reaching full thickness of 

matrix, ameloblasts transform into a shorter shape, and greatly decrease enamel matrix 

secretion. After this transition, ameloblasts secrete kallikrein-related peptidase-4 (KLK4) to 

remove the secreted matrix proteins from the enamel layer [1]. After removal of matrix 

proteins, the volume of remnant crystals expands within a mildly acidic environment [3]. 

This crystal expansion is associated with the supersaturation of enamel fluid, primarily with 

calcium and phosphate ions secreted by ameloblasts [4]. Disruption of these amelogenesis 

processes during tooth development leads to clinically visible enamel abnormalities.

The packaging of DNA by histones in chromatin is regulated by post-translational 

modifications of histone proteins, such as methylation, phosphorylation, acetylation, 

ubiquitylation, and sumoylation [5,6]. Polycomb group (PcG) proteins including two 

polycomb repressive complexes (PRCs) regulate cellular processes during embryonic 

development [7]. PRC1 catalyzes the monoubiquitination of histone H2A at lysine 119 

(H2AK119ub1), whereas PRC2 primarily trimethylates lysine 27 on histone H3 

(H3K27me3) through its core component, enhancer zeste homolog 2 (EZH2) [8]. EZH2 can 

catalyze the mono-, di-, and trimethylation of H3K27, thus reducing chromatin accessibility 

and promoting gene silencing [9]. Conditional knockout of Ezh2 in uncommitted 

mesenchymal cells causes multiple defects in skeletal patterning and bone formation 

[10,11]. Additionally, Ezh2 is expressed during tooth development in the tooth germ, enamel 

organ, dental papilla, and odontoblast layer [12]. EZH2 suppresses the differentiation and 

mineralization of human dental pulp cells (hDPCs) through the Wnt/β-catenin pathway [13], 

and supports their proliferation [14]. Based on these earlier findings, we postulated that 

epigenetic regulatory mechanisms mediated by EZH2 may regulate tooth development and 

maintenance of dental tissues.

To prove this hypothesis, in the present study we used conditional Ezh2 knockout mice 

(Ezh2fl/fl : Prrx1-Cre+), whose Ezh2 SET domain is deleted in the uncommitted 

mesenchymal cells. Since this Ezh2 knockout leads to the upregulation of bone marker 

genes expressed in odontoblasts, such as osteocalcin Bglap, bone sialoprotein Ibsp and 

alkaline phosphatase Alpl [10], the influence of the Ezh2 knockout on dentin formation was 

naturally predicted. However, interestingly the knockout mice showed an enamel hyper-
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mineralization (EHm), while showing a relatively subtle change in the dentin. This means 

that the activities of ameloblasts, an epithelial cell lineage, were affected by Ezh2 knockout 

in the adjacent mesenchymal cells. By analyzing this unanticipated phenomenon, we reveal 

the significant role of EZH2 in mesenchymal cells on amelogenesis and hypothesize a 

possible new function of dental follicle cells.

2. Materials and Methods

2.1. Animals

All mice were housed by 2~5 animals per cage with free access to food and water, in a 

facility with 12-h light-dark cycles. The wildtype (WT, Ezh2wt/wt : Prrx1-Cre+) and 

conditional knockout (Ezh2cKO, Ezh2fl/fl : Prrx1-Cre+) mice were obtained as shown before 

[10]. These animals were housed following the guidelines provided by the Mayo Clinic 

IACUC. C57BL/6J (B6) and Ai6(RCL-ZsGreen) [15] mice were purchased from Jackson 

Laboratories. Ai6 mice were crossed with Prrx1-Cre+ mice [16]. The mice harboring a 

conditional Ezh2fl/fl allele were genetically backcrossed with C57BL/6 [10,17]. The animal 

protocols were approved by the Rutgers University IACUC.

2.2. MicroCT analysis

Mandibles were dissected from 3-week-old WT and Ezh2cKO mice and stored in 70% 

ethanol at 4°C until processing. They were scanned by the microCT instrument, Skyscan 

1172, at 70 kV, 7.45 μm per pixel, at 0.3-degree rotation. The machine was calibrated using 

phantoms with CaHA concentrations of 0.25 and 0.75 g/cm3. Reconstruction of raw images 

was performed using NRecon V1.4.0 software (Skyscan). Data were analyzed using CTan 

(CT-vol software). Slides from the mesial side to distal side of the first molar were used to 

measure the volume and density of dentin, enamel, and pulp [18]. For the incisor, slides 

from the apical end to mesial side of the first molar, and erupted tip were used for analysis.

2.3. Hardness test with nano indentation

The hardness and Young’s modulus of the enamel in mandibular incisor tips from WT and 

Ezh2cKO mice were measured by nanoindentation tests on the samples using a nanoindenter 

(iNano from Nanomechanics, Inc., Oakridge, TN). The incisor samples were fixed with 10% 

natural buffered formalin overnight and kept in 70% ethanol. A typical indentation test 

involves pressing a hard diamond (Berkovich) indenter into the enamel at a constant 

displacement rate until a peak force of 45 mN is reached, followed by unloading; the force-

penetration (or displacement) response is measured continuously throughout the load-unload 

cycle. Young’s modulus and hardness properties for each indentation test were obtained by 

analyzing the force-displacement curves using a standard method described previously [19]; 

a Poisson’s ratio of 0.3 was assumed for all measurements. A minimum of seven and a 

maximum of twenty indentation tests with the Berkovich tip were carried out per sample.

2.4. The ex vivo culture of ameloblasts with the surrounding tissues

The samples were isolated by modifying Suzawa’s protocol [20] (Supplementary fig. S1). 

Mandibles from 7~10-days postnatal mice were collected, and their ascending rami, molars, 

molar-alveoli, and incisor tips were carefully removed. From the remained incisor with the 
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alveolar bone, ameloblasts together with the surrounding tissues were isolated with 

microdissection by removing their pulp and dentin. The collected samples were incubated in 

DMEM/F12 media supplemented with 10% FBS and 1X Antibiotic-Antimycotic (Thermo 

Fisher).

2.5. Statistical Analysis

All statistical analyses in this study were performed using two-tailed Student’s t-tests.

Additional information regarding materials and methods is available in Appendix.

3. Results

3.1. Enamel hyper-mineralization (EHm) in mice with Ezh2 knockout in the mesenchymal 
cells

To investigate the effect of EZH2 on tooth development, we analyzed conditional Ezh2 
knockout mice (Ezh2fl/fl : Prrx1-Cre+). The Ezh2 SET domain of these mice are deleted in 

uncommitted mesenchymal cells by Cre-recombination in cells expressing the mesenchymal 

stem cell marker Prrx1. Five to eight mandibular incisors from wild type (WT) and Ezh2 
knockout (Ezh2cKO) mice (3 weeks old) were analyzed by microCT (Fig. 1). Intriguingly, 

significantly increased mineral densities were observed in enamels from the Ezh2cKO mice 

incisors and molars (Fig. 1, Left. Bright green parts), whereas dentin densities from the cKO 

mice were similar to those of the WTs (Table 1). The mineral densities of incisor enamel tips 

from cKO mice were 8.13% higher than those from WT mice, reaching approximately 2.97 

g/cm3 (Table 1), which is close to the mineral density of pure hydroxyapatite (3.15 g/cm3). 

The mineral densities of the apical side incisor enamels, molar cones, tip side incisor 

dentins, and apical side incisor dentins from cKO mice were increased by 16.85%, 5.6%, 

2.92%, and 3.72%, respectively (Table 1).

To confirm tissue specificity of Cre-activity in the cKO mice, Prrx1-Cre+ mice were crossed 

with the corresponding line with the Ai6 (ZsGreen) reporter [15], in which the gfp variant, 

ZsGreen, is expressed only when recombination by Cre happens. As expected, ZsGreen was 

only expressed in the mesenchymal tissues among dental tissues in the Prrx1-Cre+:Ai6 mice 

(Supplementary fig. S2), and remarkably, no ZsGreen expression was observed in the 

ameloblasts or enamel organs. This suggests that Ezh2 knock out occurred only in the 

mesenchymal tissues, which affected ameloblasts or enamel organs, resulting in EHm.

3.2. Highly dense enamel rod structure in Ezh2 knockout mice incisors

The structure of hyper-mineralized enamel was analyzed with scanning electron microscopy 

(SEM) in the cross sections of the incisors from WT and Ezh2cKO mice (3 weeks old) (Fig. 

2A). In the cKO mice enamel, each rod structure remained intact, however, the inter-rod 

spaces for remnant enamel matrix were remarkably smaller than that in WT mice (Fig. 2A). 

This observation suggests that hyper-mineralization is associated with a denser rod structure 

of enamel in cKO mice.

To determine if the dense rod structure affects the physical properties of enamel, the 

hardness and modulus were determined by nano-indentation (Supplementary fig. S3). The 
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average hardness values of enamel in the incisor tips from cKO mice and WT mice were 

3.55 GPa and 2.40 GPa, respectively (Fig. 2B). The enamel of cKO mice was 1.5-fold harder 

than that of WT and had a 1.4-fold higher Young’s modulus than that of the WT (Fig. 2B, 

and C). This result suggests that the denser rod structure results in Ezh2cKO EHm, making 

it significantly harder and stiffer.

To explore the machinery that mediates hyper-mineral deposition on the enamel matrix in 

Ezh2cKO mice, gene expression related to enamel calcium deposition was examined in the 

Ezh2cKO incisors using RT-qPCR (Fig. 3, Left). Among the results, Orai2 showed lower 

expression in Ezh2cKO incisors. ORAI2 is a subunit of the CRACC calcium channel and it 

competes with ORAI1, the homolog of ORAI2 with higher affinity [21]. It is possible that a 

decrease in ORAI2 made ORAI1 dominant and eventually increased the calcium 

transportation, as seen in previous reports [21,22]. Similar results were obtained from the ex 
vivo culture of ameloblasts with the surrounding tissues (Fig. 3, Right), which were isolated 

from WT mice mandibles and cultured for 24 h with or without the EZH2 inhibitor, 

GSK126. Importantly, all mesenchymal cells except dental follicles have been removed from 

this ex vivo culture (Supplementary fig. S1). Accordingly, if these changes of ameloblasts 

gene expression were triggered by the effect of any adjacent mesenchymal cell activity, the 

mesenchymal cells should be logically identified as dental follicles.

3.3. Loss of EZH2 function represses enamel matrix genes but induces matrix protease 
genes

To elucidate the cause of EHm in Ezh2cKO mice, we measured ameloblast marker gene 

expression in cKO mice incisors (Fig. 3, Left). Interestingly, a significant increase in Klk4 
and Mmp20 expression, as well as a decrease in ameloblastin and amelogenin expression 

were observed (Fig. 3, Left). Even clearer results were obtained from the ex vivo culture of 

ameloblasts with the surrounding tissues treated with GSK126 (Fig. 3, Right), which showed 

a substantial increase in Mmp20 and Klk4 and a decrease in ameloblastin and amelogenin. 

These findings suggest that the combination of reduced matrix protein and increased 

protease activity could contributes to the highly dense rod structure in the enamel of 

Ezh2cKO mice.

3.4. Decreased ameloblastin and accelerated KLK4 expression in ameloblasts from Ezh2 
knockout mice

To corroborate the changes in expression of ameloblast marker genes, we analyzed enamel 

matrix protein ameloblastin (Fig. 4A) and protease KLK4 (Fig. 4B–E) in mice incisors by 

immunohistochemistry. Ameloblasts across the secretion stage in Ezh2cKO mice showed 

attenuated ameloblastin signals compared to WT mice as revealed by brown 

immunohistochemical staining in ameloblasts as indicated (Fig. 4A). In contrast, the KLK4 

signal was detected at an earlier developmental stage of ameloblast differentiation in 

Ezh2cKO mice (Fig. 4E) and was stronger than that in WT mice as reflected by a line of 

brown staining (indicated with arrows; Fig. 4D, and E). These observations support the 

hypothesis that reduced matrix protein, by both increased protease activity and decreased 

matrix protein expression, contributes to the EHm in Ezh2cKO mice.
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4. Discussion

In this report, we performed a detailed examination of the EHm caused by conditional Ezh2 
knockout in mesenchymal cells. So far, only a few reports have focused on the role of EZH2 

in enamel formation or ameloblast development. For example, EZH2 is expressed in the 

enamel epithelium, stellate reticulum, and dental papilla in a spatio-temporal manner during 

murine tooth germ development [12]. Ezh2 knockout in dental mesenchymal cells affects 

root formation of mouse molars [23]. These emerging findings support our studies regarding 

the function of EZH2 in mesenchymal cells on enamel formation, and also reflect the 

complexity of epigenetic regulatory mechanism that control odontogenesis.

Unlike amelogenesis imperfecta (AI), scientific reports about EHm with genetic causes are 

quite rare. (1) EHm has been reported in vitamin D receptor (VDR) knockout mice [24,25]. 

Bone and dentin formation in these mice were impaired due to calcium metabolism 

deficiency. (2) Osteoprotegerin (OPG; Tnfrsf11b) knockout mice exhibit EHm as well as 

reduced alveolar bone mass [26]. (3) Bone sialoprotein (BSP; Ibsp) knockout have increased 

enamel mineralization, reduced bone mineral density, bone turnover, osteoclast activation, 

and impaired bone healing [27]. Interestingly, all three of the above gene knockouts causing 

EHm are related to bone formation and accordingly, all these mice exhibited deficiencies in 

osteogenesis.

To explain the EHm phenotypes of these mice with deficient osteogenesis, the above groups 

have proposed several theories. (1) Zhang et al. postulated that lacking a VDR may result in 

opening of tight junctions in ruffle-ended ameloblasts and enhance paracellular calcium 

transport as observed in the intestines [24,25]. (2) Soenjaya et al. proposed that periodontal 

dysfunction and the consequent lower rates of incisor eruption may underlie EHm [27]. In 

the present study, Ezh2cKO mice in the mesenchymal cells (Prrx1-Cre:Ezh2fl/fl) also show 

skeletal development deficiencies including shortened forelimbs, craniosynostosis, and 

clinodactyly due to precocious maturation of osteoblasts, as previously reported [10]. Hence, 

there can be some causality between EHm and bone formation defects. However, biological 

relationships may be even more complex, because the combination of AI and bone 

formation defects has been reported on several occasions [28–30].

The combination of accelerated protease expression and lower matrix protein expression 

observed in our study could explain EHm. Absence of functional KLK4 causes a 

hypomaturation enamel phenotype [31,32]. Ameloblastin overexpression results in AI-like 

problems [33]. Our study shows the opposite combination of above two cases, which would 

clarify the cause of increased mineralization. A reduced amount of enamel matrix may be 

easily degraded by augmented KLK4 and as a result, the originally small enamel matrix 

spaces could be quickly replaced with an increased amount of hydroxyapatite crystals.

Another biological mechanism which could result in EHm is decreased ORAI2 expression 

in ameloblasts from cKO mice (Fig. 3). Depletion of ORAI2 can result in dominance of 

ORAI1, an ORAI2 homolog with higher efficiency, on the cell surface and eventually 

increase the calcium transportation capacity of cells. This type of calcium transportation 
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regulation depending on the ratio of ORAI1-ORAI2 has been found in chondrocyte cell lines 

and in T cells [21,22].

The pathways from Ezh2 in mesenchyme to the ameloblast genes involved in EHm remain 

to be fully clarified. Our observations from the ex vivo culture of ameloblasts with the 

surrounding tissues suggest the contribution of dental follicles to this phenomenon, since 

dental follicles were the only mesenchymal cells included in the culture (Supplementary fig. 

S1, S2). The effect of dental follicle on enamel formation is barely known except their 

apoptosis-inductivity on ameloblast-linage cells [34]. Our findings could have shown a 

possible new function of dental follicle on enamel formation, but its details are yet to be 

clarified. Specification of these pathways may provide an insight into potential strategies for 

the treatment of congenital AI. The local activation of the pathways in the developing teeth 

of AI patients could help in augmenting enamel mineralization, which will be a significant 

contribution to the future AI therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The mice with conditional Ezh2 knockout in the uncommitted mesenchymal 

cells exhibited tooth enamel hyper-mineralization.

• Smaller inter-rod spaces in the enamels were observed from the knockout 

mice using scanning electron microscopic analysis.

• Incisors from the knockout mice showed decreased ameloblastin and 

expedited KLK4 expression in the ameloblasts.

• Similar results were obtained from the ex vivo culture of ameloblasts with the 

surrounding tissues under EZH2 inhibition.

• The combination of decreased enamel matrix protein and increased protease 

expression could explain the enamel hyper-mineralization.
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Fig. 1. 
Typical microCT images of mandibles from the wild type (WT)(top) and conditional Ezh2 
knockout (Ezh2cKO)(bottom) mice. Tip region (left), sagittal (middle) and cross section 

(right) images for those mice are shown. The mineral densities are displayed in pseudo-

color, represented in the color bar at the far right. The red lines in sagittal images indicate 

the cross-section position. En, De, and AB indicate enamel, dentin, and alveolar bone, 

respectively.
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Fig. 2. 
(A) The cross-section images at the eruption site of incisors from WT or Ezh2cKO mice, 

obtained by scanning electron microscopy. Yellow boxes indicate the outer or inner enamel 

areas shown magnified with indicated powers. The average values of (B) hardness and (C) 

Young’s modulus properties of the enamel from four WT and six cKO mandibular incisor 

tips were obtained using nanoindentation tests. A minimum of seven and a maximum of 

twenty indentation tests per sample were carried out on the enamel area. Error bars indicate 

standard deviations. *p < 0.05.
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Fig. 3. 
Profiling of ameloblast-related gene expression from WT or Ezh2cKO mice incisors (left) 
and from the ex vivo culture of ameloblasts with the surrounding tissues (right) using RT-

qPCR. Each value was normalized to beta-actin level in the same sample. Each column 

shows the average from six samples. Error bars indicate standard errors of mean. *p < 0.05. 

Left: Total RNA from WT or Ezh2cKO mice incisors was isolated and the expression of 

indicated genes was analyzed. Right: Ameloblasts with the surrounding tissues from 7~10 

days-old wild-type mice were cultured in DMEM/F12 media with or without 4 μM EZH2 

inhibitor, GSK126. Total RNAs were isolated after 24 h.
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Fig. 4. 
(A) Ameloblastin expression in the maxillary incisor from WT (left) or Ezh2cKO mouse 

(right). Sagittal sections of the incisor were stained with hematoxylin and DAB using HRP-

conjugated anti-ameloblastin antibody (brown). Portions close to the cervical loop are 

shown. Ameloblastin signal is shown to be localized in ameloblasts and the enamel matrix 

surface. Scale bar = 100 μm. (B, C) KLK4 expression in maxillary incisor from (B) WT or 

(C) Ezh2cKO mouse. Sagittal sections of the incisor were stained with methyl green and 

DAB using HRP-conjugated anti-KLK4 antibody (brown). Scale bar = 200 μm. Magnified 

images (D) and (E) show maturation stage and transition stage ameloblasts from WT and 

knockout mouse, respectively. Arrows indicate residual KLK4 protein stained with DAB. 

Am: ameloblast, De: dentin, EM: enamel matrix. Scale bar = 100 μm.
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Table 1.

Mineral density of incisors and molars from wild type or Ezh2 knock out mice.

Wild type
a

Ezh2 knock-out
a

p-value
b % increase

ENAMEL Incisor tip 2.75 (0.117) 2.97 (0.097) 0.017 8.13

Incisor apical 1.07 (0.099) 1.24 (0.211) 0.039 16.85

Molar 2.68 (0.007) 2.83 (0.107) 0.033 5.60

DENTIN Incisor tip 1.46 (0.031) 1.50 (0.025) 0.025 2.92

Incisor apical 1.33 (0.023) 1.38 (0.031) 0.005 3.72

Molar 1.34 (0.006) 1.35 (0.007) 0.351 0.66

a
Averaged mineral density (g/cm3) from five wild type and eight knock-out samples. Values in parentheses are standard deviations.

b
The p-values are calculated using two-tailed Student’s t-test.
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