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Dental enamel is a specialized tissue that has adapted over millions of years of evolution to enhance the survival of a

variety of species. In humans, enamel evolved to form the exterior protective layer for the crown of the exposed tooth

crown. Its unique composition, structure, physical properties and attachment to the underlying dentin tissue allow it to be a

resilient, although not self-repairing, tissue. The process of enamel formation, known as amelogenesis, involves epithelial-

derived cells called ameloblasts that secrete a unique extracellular matrix that influences the structure of the mineralizing

enamel crystallites.
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1. Introduction

Enamel, the hardest tissue in the body, covers the crown of human teeth and serves in a variety of capacities that are

critical for normal tooth function and longevity . Enamel has tremendous wear and fracture resistance due to its unique

structure and composition. It can withstand the tremendous forces and pressures that are required for masticating the

diverse foods consumed by humans . Not only is this outer protective enamel layer extraordinarily resistant to wear and

fracture, it also serves as an outstanding insulator against thermal and chemical challenges that occur during nutrient

consumption . This resilient outer covering of the dental crown serves to protect the tooth and allows it to function and

be resistant to failure even when challenged by the rigors of mastication, chemical insults, thermal fluctuations, biofilm

colonization and decades of use.

Enamel is derived from the oral epithelium that invaginates during tooth development . Enamel has no capacity for

repair or regeneration as the cells that form this tissue are lost during the developmental process and tooth eruption .

The process of enamel formation, amelogenesis, can be perturbed by a variety of genetic and environmental influences

.

2. Normal Enamel Development

Tooth formation in humans begins around the 8th week of gestation with the invagination of the oral epithelium that

interacts with the underlying ectomesenchyme cells to initiate tooth bud development . These two tissues interact

through molecular signals including growth factors that direct the epithelial component to transform into the future cells

that will give rise to the enamel-forming cells, the ameloblasts . The forming tooth germs progress through a series of

developmental stages that have been named for key events. These have been termed: (1) initiation—stage of initial tissue

invagination and proliferation, (2) morphogenesis—development of three-dimensional crown form and differentiated cells,

(3) matrix secretion—formation of extracellular matrix, (4) eruption—the tooth root elongates, and the crown emerges into

the oral cavity . Tooth formation can be modified or terminated at any of these developmental stages by genetic

alterations and/or environmental stressors. There are numerous excellent reviews that describe the normal processes of

tooth development and their molecular signaling and regulation .

The enamel organ, which is responsible for the formation of enamel, contains several epithelium-derived cell types that

contribute to the development of the dental crown and enamel . The inner and outer enamel epithelium are generated at

the cervical loop, which serves as a dental epithelial stem cell niche for the developing tooth. The inner enamel epithelium

gives rise to the ameloblasts . The ameloblasts are initially adjacent to the mesenchymal tissue and odontoblasts that

form the dentin. Epithelial-derived cells known as the stratum intermedium form a single cell layer on the non-secretory

side of the ameloblasts. The stratum intermedium cells appear to be critical for normal enamel development, including

stabilization of the ameloblast layer, although their role appears to be more complex than is currently  understood. The

preameloblasts change their morphology as they differentiate into tall columnar cells that will secrete a unique

extracellular matrix and then degrade and remove most of this matrix while creating a microenvironment necessary to

allow for mineralization of the enamel . Once the full thickness of the enamel has been laid down, the ameloblasts
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continue to degrade and remove the extracellular matrix in an orderly fashion by secreting specific proteinases (MMP20,

KLK4) . Removal of the extracellular matrix provides room for crystallite growth, allowing the enamel to achieve its

highly mineralized state of about 96% mineral by weight . The mineral component of enamel is carbonate-

substituted hydroxyapatite that contains numerous trace elements, some of which, such as fluoride, can alter the enamel

solubility and structure of the crystallites . Enamel has a unique structure that varies between species and reflects the

evolutionary development and modification in response to functional needs placed on the dentition .

Given the complexity of human enamel and the temporal and spatial requirements to develop such a refined tissue, it is

not surprising that there are numerous known etiologies leading to abnormal enamel development. These alterations can

occur due to genetic and epigenetic influences and can result from environmental exposures and stressors .

Conditions altering enamel development can result in changes in the amount, composition and or structure of the tissue

(Figure 1) . The enamel phenotypes (Figure 1) are diverse, with a decreased amount (enamel hypoplasia) and

reduced mineral content (enamel hypomineralization) being the predominate malformations observed. Non-pathological

variants, such as SNPS in genes coding for proteins that contribute to enamel formation (e.g., AMELX), have been

associated with dental caries, presumably due to subtle changes in the enamel structure and composition .

Developmental defects of enamel (DDE) are common in the general population (up to 80%) and vary markedly in

phenotype with a variety of hypoplastic and hypomineralized defects . DDE are associated with pathologies and

altered disease risk, including dental caries and enamel fracturing . Morbidities including dental hypersensitivity,

altered esthetics, dental caries, and enamel or even tooth loss are associated with DDE . DDE also can be

associated with co-morbidities such as abnormal tooth eruption, dental cysts, and dental malocclusions as well as with

systemic manifestations and syndromes .

Figure 1. This panel illustrates the variable hypoplastic and hypomineralized phenotypes that can result from genetic and

environmental etiologies: (A–C) syndrome-associated DDE; (A) hypomineralized enamel—#226750. KOHLSCHUTTER–

TONZ SYNDROME; (B) hypoplastic enamel—#277440. VITAMIN D-DEPENDENT RICKETS; (C) hypoplastic enamel—

#601216 DENTAL ANOMALIES AND SHORT STATURE; (D–F) are amelogenesis imperfectas; (D) hypomineralized

enamel—#204700. AMELOGENESIS IMPERFECTA, HYPOMATURATION TYPE; (E) hypoplastic enamel—#104500.

AMELOGENESIS IMPERFECTA, TYPE IB; (F) hypomineralized enamel—# 301200. AMELOGENESIS IMPERFECTA,

TYPE IE; (G–I) environmental associated DDE; (G) hypomineralized enamel—MOLAR HYPOMINERALIZTION; (H)

hypomineralized enamel—DENTAL FLUOROSIS; (I) combined hypoplastic hypomineralized enamel—KIDNEY

DYSFUNTION and TETRACYCLINE.

Animal studies have added greatly to the knowledge of both normal and pathological enamel formation. The advent of

transgenic animals has allowed for detailed studies of gene expression, protein function, pathogenic mechanisms, and

detailed phenotyping that would not be possible in humans . For example, many studies assessed tooth enamel

genes (e.g., AmelX, Enam, Mmp20) and different mutations, the resulting proteins, and how and why these changes were

associated with different enamel phenotypes . Studies of the mouse and human transcriptomes of ameloblasts

have demonstrated the multitude and diversity of genes involved in amelogenesis . While animal studies have
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added greatly to the knowledge and understanding of enamel defects and their etiologies, it is beyond the scope of this

manuscript to evaluate the many different animal and molecular models described in the literature. The following sections

provide an overview of developmental defects of human enamel and the current knowledge of their etiologies and

phenotypes.

3. Genetically Determined Enamel Defects

Enamel formation is exquisitely controlled and highly regulated at the molecular level with over 10,000 genes being

expressed by amelobasts during amelogenesis . Additionally, there are hundreds if not more microRNAs that appear to

help regulate gene expression and that appear to be important for normal enamel formation . Some of the gene

products are unique to enamel, but most genes and regulator elements involved in enamel formation are also functional in

cells other than ameloblasts . The AMELX gene that codes for the most prevalent enamel matrix protein, amelogenin,

is thought to function only in enamel, although some investigators suggest there could be a function beyond enamel

formation . There are many examples of genes associated with enamel defects that are also causative of pathology in

other tissues such as skin and hair . Historically, hereditary enamel defects have been separated into syndromic and

non-syndromic conditions . Classification of the non-syndromic hereditary enamel defects were named using the

nosology of the amelogenesis imperfectas (AI) . Syndrome-associated enamel defects were not referred to as AI using

the Carl Witkop Jr. nosology . The AI conditions were subdivided based on mode of inheritance, phenotype, and

perceived development mechanism (i.e., hypoplastic, hypomaturation, hypocalcified). This nosology for enamel defects

developed by Carl Witkop Jr. in the 1950s and 1960s and refined in the late 1980s was remarkably insightful given that it

was developed prior to knowledge of any of the AI-associated genes and remains in use to this day . Revision of the

AI nosology using the current knowledge of genes and molecular pathways has been proposed; however, a system has

yet to be fully developed and adopted for general use .

Enamel phenotypes can be subtle and variable (as can systemic phenotypes), making the classification of hereditary

enamel defects into syndromic and non-syndromic challenging, and terminology is used inconsistently in the literature 

. In this overview, conditions are categorized using Online Mendelian Inheritance in Man designations along with

genotype and phenotype information that has been augmented by searches in the literature to help clarify descriptions of

phenotypes and molecular etiology.

Genes known to be associated with hereditary enamel defects code for proteins with diverse functions such as

transcription factors, growth factors, extracellular matrix proteins, ion channels, cell structure and cell motility proteins .

The physiology of the ameloblasts and surrounding cells is regulated by genes that are critical for normal cellular function

as well as those required for the unique processes of amelogenesis. For example, ameloblasts express genes coding for

cellular connections and channels for shuttling ions and water, which help create the microenvironment necessary for

enamel mineralization . Given the diversity of proteins and functions necessary for the creation of enamel, it is not

surprising that there are myriad genetic causes of enamel defects.

4. Environmental Etiologies of Developmental Defects of Enamel

Developmental enamel defects that result from environmental causes are numerous in etiology and are diverse in

phenotype. Given the timing, orchestration, and regulation of enamel formation, it is not surprising that the amount,

composition, and structure of enamel can be perturbed by environmental stressors . The teeth involved and the extent

and characteristics of DDE are influenced by the timing of the event in relationship to the developmental stage of enamel,

the duration, magnitude and type of stressor. Opacities and hypomineralization defects of the enamel are seen most often

with enamel hypoplasia being less common based on epidemiological studies . Excellent reviews on the topic of

environmental etiologies of enamel defects have been published . A recent scoping review identified 114 factors

associated with DDE . Factors associated with DDE can be clustered or grouped according to timing of the

environmental exposure (i.e., prenatal, neonatal, postnatal) and by the type of stressor or mechanism of cellular insult

(i.e., metabolism, blood supply, hypoxia, immune response, xenobiotic) . One of the most studied and most common

DDEs is dental fluorosis that results from ingesting excessive fluoride during the time of enamel formation. The

prevalence of dental fluorosis varies in populations around the globe with very mild and above fluorosis reportedly

affecting about 60% of the population in the United States . Fluoride exposure can affect cellular physiology and the

enamel mineral composition and structure in a dose-dependent manner . The enamel phenotype varies from

mild opacities to severe hypomineralization that results in enamel discoloration, fracturing, and loss . While the

cause of dental fluorosis is due to consumption and systemic exposure to fluoride, the exact mechanisms leading to the

enamel defect and phenotype continue to be investigated. The contribution of genetics to the risk and resistance for
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developing dental fluorosis was observed in animals and has subsequently been increasingly studied in humans . This

will be explored further in the following section on gene interactions with environmental exposures.

Molar hypomineralization (MH), commonly referred to as molar–incisor hypomineralization, is a DDE associated with a

variety of environmental etiologies including childhood illnesses that occurs between birth and 3 years of age .

Maternal illness is associated with MH, indicating that prenatal stressors can play a role as well as perinatal and postnatal

factors such as prematurity, caesarean section birth, kidney disease, urinary tract infection, and gastric disorders, to name

a few . The prevalence varies between populations with a worldwide average prevalence of 13% . The enamel

phenotype varies from mild (enamel opacity and discoloration) to severe (marked hypomineralization with enamel loss

upon tooth eruption) . Hypomineralization of the primary second molars is associated with hypomineralization of the

first permanent molars . It has been suggested in a number of studies that the etiology and variability of phenotype

associated with MH may be influenced by a variety of genetic factors . Given the broad influence of genetics and

genetic variation in the human genome and gene environment interactions, it is becoming generally accepted that MH is a

complex condition resulting from a combination of environmental and genetic factors . Gene–environment interactions

such as those involved in conditions such as fluorosis and MH will be further reviewed in the following section of enamel

development and epigenetics.

5. Gene and Environment Interactions Influencing Enamel Development

It is now believed that most human phenotypes have both a genetic and environmental contribution, although the

understanding of those contributions and the genetics-to-phenotypes relationship is far from complete . The traits that

the researchers observe clinically are the result of a variety of interactions and mechanisms resulting from gene–gene and

gene–environment interactions (G x E). For some developmental defects in humans, the relationships of G x E are much

clearer than they are for tooth development and enamel formation. The mechanisms for gene–gene interactions and G X

E that can modify development are diverse and include environmental exposure of a substance with specific proteins,

disruption of signaling pathways, epigenetics and microRNA modification . How much contribution is genetic versus

environment varies from one phenotype to another and has been investigated using a variety of methodological

approaches. For example, there is 100% concordance for fetal alcohol syndrome in monozygotic twins compared with

64% in dizygotic twins, indicating genetic modulation of this clinical outcome . Twin studies assessing enamel defects

show varying results as to the contribution of heritability to the enamel phenotype . Two twin studies assessing

enamel defects in the primary dentition show conflicting results as to twin concordance . A study of MH involving the

first permanent molars suggested greater concordance of the trait in twins but also greater risk associated with

environmental determinants, including family income level and gestational hemorrhage . The influence of genetic

variation has been investigated for several DDE including fluorosis and MH.

Studies of skeletal fluorosis indicate that fluoride increases osteoblast activity and increases expression of Wnt3A in a rat

model, suggesting that fluoride affects the Wnt-βcatenin signaling pathway . Other molecular mechanisms influenced

by fluoride and potentially contributing to skeletal fluorosis include Hedgehog, Notch, parathyroid hormone, endoplasmic

reticulum stress and epigenetics . DNA methylation of the P16 gene promoter in a fluorosis model resulted in

decreased P16 protein expression that is important in cell cycle regulation . Fluoride can cause hypermethylation of

BMP1, MMP11 and other genes based on studies in a human osteosarcoma cell model . Ameloblast cell models show

that fluoride exposure influences calcium signaling pathways, apoptosis and causes endoplasmic reticulum stress .

While there are multiple studies examining SNPs in genes associated with fluorosis, studies examining the epigenetic

contributions are limited . One study of humans in a region with endemic coal-burning associate fluorosis-found

hypermethylation rates of the O –methylguanine–DNA–methyltransferase gene, a DNA repair gene affecting the severity

of fluorosis .

There are few studies evaluating epigenetics and DNA methylation in relation to dental caries and hypomineralization of

teeth. One twin study, suggesting multiple genes known to be associated with tooth formation, showed differential

methylation in children with dental caries and hypomineralized second primary molars . A study using cheek cells found

no difference in global methylation of DNA in children with MH . While these epigenetic studies are quite preliminary,

collectively, they suggest the potential contribution of epigenetics to DDE either as an association, or possibly

mechanistically, by altering the expression of genes important to normal enamel development. Examination of the role of

bisphenol A exposure and the formation of enamel defects suggest that it may affect multiple biological processes,

including having an epigenetic effect .

MicroRNAs are known to play an important role in regulating gene expression during enamel formation and DDE .

Evaluation of the role of microRNAs in gene regulation related to AI indicates that miR-16-5p and miR-27b-3p are likely
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involved through dysregulation of mouse AI genes . Are the MicroRNAs involved in tooth formation influenced by

environmental exposures as another contributor to DDE variance? This is an interesting question. One study assessing

microRNA expression by rat fetuses having prenatal fluoride exposure shows differential expression of multiple

microRNAs known to be involved in tooth formation and fluorosis pathogenesis . Differential microRNA expression in

the fluoride-exposed enamel organ was associated with functional annotation of target genes identified with pathways

including the calcium signaling pathway and MAPK signaling pathway .
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