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1  |  AMELOGENESIS IMPERFEC TA

Amelogenesis imperfecta (AI) refers to a heterogeneous group of 
rare disorders characterized by inherited developmental enamel 
defects. AI enamel usually presents yellow or yellow-brown dis-
coloration and pitted or grooved surface, and the enamel becomes 
abnormally thin or even complete loss, soft and fragile, and prone 
to attrition. The reduced hardness or thickness of enamel results 
in increased sensitivity to cold, hot, thermal changes, and physical 
stimuli. Secondary effects of AI may include susceptibility to car-
ies, periodontitis, pulpitis, and early tooth loss. These function and 

aesthetics changes in AI teeth may cause the problems such as eat-
ing difficulties, pain, severe embarrassment, and even psychological 
trauma (Roma et al., 2021). The prevalence of AI varies from 1:700 to 
1:14,000 in different populations (Bäckman & Holm, 1986; Crawford 
et al., 2007; Witkop, 1957).

2  |  CL A SSIFIC ATION

The earliest classifications of AI as hypoplastic and hypocalcified 
types were put forward in Weinmann et al.  (1945). The later AI 
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Abstract
Amelogenesis imperfecta (AI) is one of the typical dental genetic diseases in human. 
It can occur isolatedly or as part of a syndrome. Previous reports have mainly clarified 
the types and mechanisms of nonsyndromic AI. This review aimed to compare the 
phenotypic differences among the hereditary enamel defects with or without syn-
dromes and their underlying pathogenic genes. We searched the articles in PubMed 
with different strategies or keywords including but not limited to amelogenesis im-
perfecta, enamel defects, hypoplastic/hypomaturation/hypocalcified, syndrome, or 
specific syndrome name. The articles with detailed clinical information about the 
enamel and other phenotypes and clear genetic background were used for the analy-
sis. We totally summarized and compared enamel phenotypes of 18 nonsyndromic 
AI with 17 causative genes and 19 syndromic AI with 26 causative genes. According 
to the clinical features, radiographic or ultrastructural changes in enamel, the enamel 
defects were basically divided into hypoplastic and hypomineralized (hypomaturated 
and hypocalcified) and presented a higher heterogeneity which were closely related 
to the involved pathogenic genes, types of mutation, hereditary pattern, X chromo-
some inactivation, incomplete penetrance, and other mechanisms.The gene-specific 
enamel phenotypes could be an important indicator for diagnosing nonsyndromic and 
syndromic AI.
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classifications have evolved to some extent but are unexceptionally 
derived from the earliest (Crawford et al., 2007). Some of them are 
based on phenotypes, and others combine the mode of inheritance 
in diagnosis (Rao & Witkop Jr, 1971; Sundell & Koch, 1985; Winter & 
Brook, 1975). Currently, the most cited classification was proposed 
by Witkop Jr (1988). AI can be classified into four main types include 
hypoplastic (type I); hypomaturation (type II); hypocalcified (type III); 
and hypomaturation-hypoplasia with taurodontism (type IV), which 
are based on clinical and radiographic appearance, while the 15 sub-
types are related to the mode of inheritance such as an X-linked, 
autosomal-dominant, or autosomal recessive genetic trait (Witkop 
Jr, 1988). Online Mendelian Inheritance in Man (OMIM) subgroups 
AI into four main types and 19 subtypes (OMIM: PS104500) based 
on clinical appearance, genetic pattern, and causative genes.

AI also can be divided into nonsyndromic forms characterized by 
an isolated teeth phenotype, and syndromic forms characterized by 
multi-tissues or organs were affected and enamel phenotypes are 
part of them.

In this review, we used the classifications of hypoplastic and hy-
pomineralized types proposed by Sundell et al. to describe the basic 
enamel changes in nonsyndromic or syndromic AI. Hypoplasia enamel 
refers to those thin but hard enamels, or complete loss of enamel in 
some extreme cases due to the secretory phase failure of enamel devel-
opment. The dysfunctions in maturation phase usually cause hypomin-
eralized AI, which have the full-thickness but weak enamel. According 
to the reviews from Smith and report of Sundell, hypomineralized 

type can be further divided into hypocalcified and hypomaturation 
subtypes (Smith, Poulter, et al., 2017; Sundell & Koch, 1985; Sundell 
& Valentin, 1986). Hypomaturation AI presents the brittle enamel re-
sulting from incomplete removal of enamel matrix protein, while hypo-
calcified enamel is soft and prone to abrasion and attrition caused by 
insufficient delivery of calcium ions to the developing enamel (Aldred 
et al., 2003; Smith, Kirkham, et al., 2017; Smith, Poulter, et al., 2017; 
Figure 1). These enamel changes may occur isolatedly or combined to-
gether in one tooth or different teeth of one individual.

3  |  ISOL ATED AI AND REL ATED GENES

Currently, there are about 41 genes related to enamel defects 
(Duan et al., 2019; Simmer et al., 2021; Smith, Kirkham, et al., 2017; 
Smith, Poulter, et al., 2017). According to the published data and our 
analysis, at least 17 genes (LAMA3, LAMB3, ENAM, AMELX, AMBN, 
ITGB6, ACP4, SP6, KLK4, MMP20, WDR72, ODAPH, SLC24A4, GPR68, 
FAM83H, AMTN, and RELT) are correlated with isolated AI (nonsyn-
dromic AI). Here, we listed LAMB3 as a causative gene of nonsyndro-
mic AI because its biallelic mutations cause junctional epidermolysis 
bullosa (JEB), but the heterozygous variants usually cause few or no 
apparent skin lesions and only show dental anomalies manifested as 
hypoplastic AI (Kim et al., 2013; Lee et al., 2015).

According to the clinical features of tooth, radiograph, 
or ultrastructure changes, nonsyndromic AI phenotypes are 

F I G U R E  1  Basic characteristics of hereditary enamel defects.
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classified into the hypoplastic and hypomineralized type (Sundell 
& Valentin, 1986).

Hypoplastic AI is characterized by thin enamel, or complete 
loss of enamel, and small pits or grooves but with normal color and 
hardness. Some affected AI individuals have abnormal morphology 
of teeth and malocclusion. The causative genes including LAMA3, 
LAMB3, ENAM, AMELX, AMBN, ITGB6, SP6, and ACP4 (Table 1). The 
hypoplastic AI with the mutations in ITGB6, ENAM, and AMELX often 
show the combined hypomineralized enamel and anterior open bite 
malocclusion (Cho et al.,  2014; Hart, Michalec, et al.,  2003; Hart, 
Michalec, et al., 2003; Lee et al., 2011; Pavlic et al., 2007; Poulter, 
Brookes, et al.,  2014; Wang, Choi, et al.,  2014; Wang, Wrennall, 
et al., 2014). Besides enamel defects, taurodontism can be observed 
in some patients of LAMB3, ACP4, ENAM, and SP6-associated AI (Kim 
et al., 2013, 2021; Liang et al., 2022).

Hypomineralized AI is caused by the failed maturation stage, 
giving rise to a weak, premature enamel at full thickness. It can 
be further subdivided into hypomaturated and hypocalcified AI 
(Smith, Kirkham, et al., 2017; Smith, Poulter, et al., 2017; Sundell 
& Koch, 1985; Sundell & Valentin, 1986). The former is character-
ized by brittle enamel with residual glaze matrix in the enamel. In 
contrast, the latter is caused by insufficient transport of calcium 
ions into the developing enamel and induce soft enamel prone 
to abrasion and attrition, and the microstructure showed a de-
creased density (Aldred et al., 2003; Smith, Kirkham, et al., 2017; 
Smith, Poulter, et al.,  2017). The mutations in KLK4, MMP20, 
WDR72, ODAPH, SLC24A4, and GPR68 mainly cause hypomatu-
ration, and FAM83H, AMTN, and RELT are related to hypocalci-
fied AI. In addition, although mutations in MMP20 and ODAPH 
cause hypomaturation AI, some of them also cause hypoplastic-
hypomaturation AI as well, which characterized by hypoplastic 
enamel and/or poor contrast of enamel compared with dentine in 
panoramic radiograph (Gasse et al., 2017; Parry et al., 2012; Wang 
et al., 2020). Interestingly, almost all hypomineralized AI is asso-
ciated with malocclusion; for example, anterior open bite in AI 
related to MMP20, GPR68, KLK4, RELT, WDR72, and FAM83H and 
deep overbite in AI related to ACP4, which might be due to the 
reduced hardness of enamel prone to abrasion (Kim et al., 2022; 
Kim, Simmer, et al., 2005; Kuechler et al., 2012; Lee et al., 2022; 
Parry et al., 2016; Wang et al., 2020).

4  |  SYNDROMES WITH ENAMEL DEFEC TS

Many dental abnormalities including enamel defects are the telltale 
symptoms of some syndromes. They may be used as one of diag-
nostic criteria or as a useful auxiliary diagnostic criterion aid. Some 
systemic genetic diseases or syndromes with AI phenotypes usually 
have the malformations or dysfunctions in eye, ear, skin, bone, and 
nervous system. OMIM listed 19 syndromic disorders with enamel 
abnormalities (Table 2).

4.1  |  Kohlschütter-Tönz syndrome

Kohlschütter-Tönz syndrome (KTZS, OMIM# 619229) was first 
described clinically in 1974. AI, epilepsy, and neurodevelopmental 
delays are representative manifestations of KTZS and are present 
in all the patients reported. As an autosomal recessive neurode-
generative disease, KTZS presents several clinical manifestations 
including epilepsy, spasm, ataxia, neuromotor degeneration, se-
vere systemic developmental delay, and cerebellar vermis dyspla-
sia (Kohlschütter et al., 1974). KTZS cases have yellowish-brown 
discolored teeth and are prone to have caries. Both primary and 
permanent teeth are affected. Schossig et al. found that the bial-
lelic mutations in rogdi atypical leucine zipper gene (ROGDI) on 
chromosome 16p13 cause KTZS (Schossig et al., 2012). Later, 
the solute carrier family 13 member 5 (SLC13A5) on chromosome 
17p13.1 was also reported to cause KTZS (Schossig et al., 2017). 
The cases with SLC13A5 mutation and ROGDI mutation present 
the clinical differences. In KTZS-associated ROGDI, seizures are 
rarely detected in the neonatal period and may be as late as 3 years 
of age, and the enamel is hypocalcified (Schossig et al., 2017). In 
contrast, seven out of 10 cases with SLC13A5 mutation had sei-
zures in the first few days of life and the enamel is hypoplastic 
(Thevenon et al., 2014).

4.2  |  Nephrocalcinosis syndrome

Nephrocalcinosis syndrome (OMIM#204690), also known as 
an enamel-renal syndrome (ERS) or MacGibbon syndrome, is 
characterized by enamel defect and nephrocalcinosis. In 1972, 
MacGibbon reported a sibling with enamel loss, renal calcare-
osis, and normal calcium metabolism (MacGibbon, 1972), which 
was later confirmed by Lubinsky et al. (Lubinsky et al., 1985). ERS 
patients exhibit a unique oral phenotype, including generalized 
hypoplastic AI on primary and secondary dentitions, pulp stones, 
delayed or failed eruption of secondary dentition, gingival over-
growth, hyperplastic dental follicles, and calcified nodules (de la 
Dure-Molla et al., 2014).

MacGibbon syndrome is caused by homozygous or compound 
heterozygous mutations in the family with sequence similarity 20, 
member A gene (FAM20A) on chromosome 17q24 (Jaureguiberry 
et al., 2012). FAM20A controls the phosphorylation of enamel pep-
tides and mineralization (Lignon et al., 2017). Fam20a−/− mice pres-
ent with the dental phenotype such as enamel defects, microdontia, 
and flat molars (Vogel et al., 2012).

The mutations in MSX2 cause hypomatured AI, cleft lip and pal-
ate, and polycystic kidney disease leading to nephrocalcinosis (Suda 
et al., 2006). MSX2 is a morphogenetic substance of tooth enamel. 
The expression patterns of Msx2 and amelogenin are converse and 
MSX2 contributes to enamel thickness inhibition in vivo (Babajko 
et al.,  2014; Molla et al.,  2010). Msx2 and Sp6 concertedly form a 
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network of transcription factors controlling the ameloblast life 
cycle and amelogenesis during the late stages of tooth development 
(Ruspita et al., 2020). The knockout mice of Fam20a and Msx2 share 
the similar dental phenotypes, raising the possibility that MSX2 
and FAM20A function within a shared molecular pathway (Molla 
et al., 2010).

4.3  |  Tricho-dento-osseous syndrome

Tricho-dento-osseous syndrome (TDO, #190320) is an autosomal-
dominant disorder with complete penetrance characterized by ab-
normalities involving hair, teeth, and bone (Lichtenstein et al., 1972; 
Robinson & Miller, 1966).

Tricho-dento-osseous can be divided into three types: TDO I, 
TDO II, and TDO III (Quattromani et al., 1983; Shapiro et al., 1983). 
TDO I has been characterized by kinky or curly hair, dolichocephaly, 
radiodense bones, and occasionally brittle nails. Bones characteris-
tics of TDO I include delayed skeletal maturation, premature closure 
of calvaria, poorly pneumatized mastoid of calvaria, dolichocephaly, 
and abnormal mandibular shape (Lichtenstein et al.,  1972). Dental 
abnormalities include hypomaturation–hypoplasia enamel, impacted 
teeth, and delayed eruption. TDO II individuals also have abnormali-
ties in the hair, teeth, and bones. The hair is woolly and sparse. Dental 
radiographs show obliteration of the pulp cavities, dysplastic dentin, 
and precocious eruption defects. Bones characteristics may include 
sclerotic of long bones, increased thickness of calvaria, and sclerosis 
of the skull. The nails are flat, thin, and brittle. Males also have the 
narrowing of ear canal. TDO III has prevalent macrocephaly together 
with increased density and thickness in calvarial bone. The dental 
findings include hypoplastic, hypocalcified, and pitted enamel, small 
and widely spaced teeth with signs of attrition and frequent ab-
scesses, taurodontism, and short roots (Shapiro et al., 1983).

The heterozygous mutation in the DLX3 gene is responsible for 
TDO (Price et al.,  1998). The clinical phenotypes depend on the 
affected functional region of DLX3 protein. DLX3 is indispensable 
in regulating ion transporters and carbonic anhydrase during the 
mature stage of enamel formation and plays an important role in 
regulating pH oscillations during enamel mineralization (Duverger 
et al., 2017).

4.4  |  Heimler syndrome

Heimler syndrome (HS; #234580, #616617) is a rare autosomal re-
cessive disorder characterized by sensorineural hearing loss, retinal 
dystrophy, and AI. This syndrome was first documented by Heimler 
et al. (1991). Then, Ilham Ratbi found that homozygous or compound 
heterozygous mutations in PEX1 and PEX6 genes caused HS (Ratbi 
et al., 2015). HS is one of the less severe forms of peroxisome bio-
genesis disorders (PBDs). Sensorineural hearing loss is the most pen-
etrant clinical sign of HS, even in the early childhood. All patients 
presented with bilateral prelingual or congenital hearing impairment. 

AI is one of the typical clinical signs of HS. Almost all the reported 
HS cases had hypoplastic/hypomineralized AI in the permanent 
dentition, and those posterior teeth (premolar and molar) were 
more severely affected than anterior teeth (incisors) (Mechaussier 
et al., 2020). Accordingly, recognition of AI is key for diagnosing HS.

4.5  |  Cone-rod dystrophy with 
amelogenesis imperfecta

Cone-rod dystrophy (CORD) with amelogenesis imperfecta 
(#217080), also known as Jalili syndrome, is an autosomal recessive 
disorder caused by the mutations in the ancient conserved domain 
protein 4 gene (CNNM4) on chromosome 2q11 (Maia et al.,  2018; 
Parry et al., 2009). Significant visual impairment with nystagmus and 
photophobia is present in CORD cases from infancy or early child-
hood and progresses with age. Teeth of CORD patients are yellow or 
brown. The enamel of primary and secondary dentitions is grossly 
abnormal and barely visible in part, reflecting hypomineralized or 
hypoplastic/hypomineralized AI changes (Michaelides et al., 2004).

4.6  |  Epidermolysis bullosa

Epidermolysis bullosa (EB) is an inherited, heterogeneous genetic 
skin disease characterized by mucocutaneous fragility and blister 
formation. EB is mainly divided into four types: simplex, junctional, 
dystrophic, and Kindler, and each type has its own subtypes (Fine 
et al., 2014; Has et al., 2020; Intong & Murrell, 2012). The enamel 
abnormalities could be found in dystrophic, junctional, and simplex 
types of EB (Argyropoulou et al., 2018; Vahidnezhad et al., 2022).

Junctional epidermolysis bullosa (JEB; #226650, #226730, 
#619816, and #619787) is an autosomal recessive blistering dis-
ease with skin and mucous abnormalities. The causative genes of 
JEB include LAMA3, LAMB3, LAMC2, COL17A1, ITGB4, and ITGA6. 
Defects in bialleles of LAMA3, LAMB3, LAMC2, and COL17A1 cause 
JEB, while defects in bialleles of ITGA6 and ITGB4 cause JEB with 
pyloric atresia (Aberdam, Aguzzi, et al.,  1994; Aberdam, Galliano, 
et al., 1994; Kivirikko et al., 1995; McGrath et al., 1995; Pulkkinen, 
Christiano, Airenne, et al.,  1994; Pulkkinen, Christiano, Gerecke, 
et al., 1994; Vidal et al., 1995). The defective single allele in LAMB3 
and other genes usually causes autosomal-dominant JEB with AI 
and little or no apparent skin fragility. In other words, the above 
genes cause skin abnormalities in an autosomal recessive manner 
and enamel defects in an autosomal-dominant pattern, respectively 
(Kim et al., 2013). The affected enamel of JEB is generalized hypo-
plasia characterized by thin and full of pits and furrows, easily caus-
ing dental caries (Wright et al., 1994). All JEB-related genes such as 
COL17A1 and LM332 are both important for oral and skin basement 
membranes and ameloblastic adhesion and enamel mineralization 
(Umemoto et al., 2012; Wright et al., 1994).

Simplex epidermolysis bullosa simplex with muscular dystrophy 
(SEB-MD) is an autosomal recessive disease, characterized mainly 
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by skin blistering at birth or shortly thereafter, progressive muscle 
weakness, and rarely by alopecia. SEB-MD is caused by mutations in 
the PLEC gene (OMIM *601282), which encodes plectin, a structural 
protein expressed in several tissues such as epithelia and muscle. 
SEB mainly causes enamel hypoplasia (Argyropoulou et al.,  2018; 
Vahidnezhad et al., 2022).

Autosomal recessive dystrophic epidermolysis bullosa (DEB; 
#226600) is a severe skin disorder beginning at birth and character-
ized by recurrent blistering at the level of sublamina densa beneath 
the cutaneous basement membrane. DEB is caused by homozygous 
or compound heterozygous mutations in the gene encoding type 
VII collagen (COL7A1) on chromosome 3p21. MMP1, encoding ma-
trix metalloproteinase type I, is a possible candidate modifier gene 
of recessive DEB although its causative role in DEB was not identi-
fied by linkage analysis (Bauer & Eisen, 1978; Colombi et al., 1992; 
Hovnanian et al.,  1991). MMP1 is secreted by basal keratinocytes 
and dermal fibroblasts and degrade type VII collagen and other sub-
strates (Ala-aho & Kähäri, 2005; Seltzer et al., 1989). The increased 
activity of MMP1 could aggravate the disease through enhanced 
degradation of type VII collagen (Titeux et al., 2008).

Dystrophic epidermolysis bullosa patients will present 
with enamel defects, but not all develop enamel abnormalities, 
and some reports claim that recessive DEB patients may have 
enamel surface defects with the similar frequency and distribu-
tion to those in healthy controls (Umemoto et al., 2012; Wright 
et al., 1993).

4.7  |  Other syndromes with enamel abnormalities

Vitamin D-dependent rickets type 1A (VDDR1A; #264700), also 
known as hereditary selective deficiency of the active form of vi-
tamin D (1,25-dihydroxyvitamin D3), is caused by the mutation 
in the gene encoding 25-hydroxyvitamin D3-1-alpha-hydroxylase 
(CYP27B1) on chromosome 12q13. The patient demonstrated slow 
growth, hypotonia, rickets, enamel hypoplasia, and dentin prob-
lems. Some patients had yellow-brown enamel on their perma-
nent teeth and periodontal disease (Gjørup et al., 2018; Zambrano 
et al., 2003).

Vitamin D-resistant rickets (VDRR; #277440) are also known as 
Vitamin D-dependent rickets type II, and vitamin D receptor (VDR) 
is the causative gene. The clinical features of VDDR are as follows: 
hypocalcemia, retarded growth, sparse body hair (sometimes alope-
cia), premature tooth loss, enlarged pulp chambers, thin dentine, and 
hypoplastic enamel (Goodman et al., 1998).

Oculodentodigital syndrome (ODDD; #164200) is character-
ized by a typical facial appearance and variable involvements of 
eyes, teeth, and limbs. Dental features include enamel hypoplasia 
with yellow discoloration, small teeth, and premature tooth loss. 
The mutations in the gene coding connexin 43 (GJA1) may cause 
ODDD mainly in autosomal-dominant form and rarely in autosomal 
recessive way (Jamsheer et al., 2010; Pizzuti et al., 2004; Richardson 
et al., 2006).

Cystic fibrosis (CF; #219700) is classically described as a triad 
of chronic obstructive pulmonary disease, exocrine pancreatic in-
sufficiency, and elevation of sodium and chloride concentration in 
sweat. Between 5% and 44% of CF patients had variable enamel hy-
poplasia (Duan et al., 2011; Jagels & Sweeney, 1976). CF is caused 
by mutations in the cystic fibrosis transmembrane conductance 
regulator (CFTR) (Grubb & Boucher, 1999). Cftr knockout mice have 
enamel with crystallite defects, retained protein, and hypomineral-
ization, suggesting a role for CFTR in enamel formation and miner-
alization (Arquitt et al., 2002). CFTR immunostaining is not present 
in secretory ameloblasts but highly prominent in the apical plasma 
membranes of maturation ameloblasts, which are severely affected 
in Cftr null mice (Bronckers et al., 2010; Wright et al., 1996). CFTR 
functional deficiency may lead to pathological endocytosis of ame-
loblasts, leading to increased protein content in mature enamel and 
eventually leading to enamel abnormalities (Duan et al., 2011).

Online Mendelian Inheritance in Man also provides the informa-
tion on the following syndromes related to enamel abnormalities: 
autoimmune polyglandular syndrome (#240300), Rubinstein-Taybi 
syndrome (#180849), and Morquio syndrome (#253000, #253010).

To sum up, the enamel phenotypes linked to the above syn-
dromes can be divided into three categories: hypoplastic, com-
pound, and unstated enamel characteristic. Hypoplastic enamel 
defects such as thin enamel and discoloration were found in 19 syn-
dromes. Among these 19 syndromic enamel defects, patients with 
Vitamin D-resistant rickets have dentin abnormalities, oculodento-
digital syndrome shows selective tooth agenesis, microdontia, and 
premature loss of teeth.

Abnormal tooth eruption are also found in Kohlschütter-Tönz-
like syndrome, nephrocalcinosis syndrome, and Vitamin D-resistant 
rickets. Isolated hypocalcified enamel has not been found in any re-
ported syndromic AI, while the combined hypoplastic-hypocalcified 
was more common in seven syndromes. Among these, Vitamin 
D-dependent rickets also shows short roots, enlarged pulp cham-
bers with thin dentin. Three types of TDO syndrome and Heimler 
Syndrome type II have the symptoms of taurodontism. Amelo-
onycho-hypohidrotic syndrome has the delayed eruption of per-
manent teeth. The details of enamel changes are not described in 
arthrogryposis and ectodermal dysplasia, so we grouped it as un-
stated enamel phenotypes (Figure 2). The dentists and other clini-
cians may use these enamel changes and other combined dental 
abnormalities as telltale symptoms to diagnose systemic hereditary 
diseases.

5  |  DE VELOPMENT OF TOOTH ENAMEL 
AND MOLECUL AR PAT TERN OF AI

5.1  |  Enamel development

Enamel formation is a dynamic process showing a specific spatial 
and temporal pattern. When the tooth germ develops to the late bell 
stage, the inner enamel epithelium differentiates into ameloblasts, 
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marking the initiation of enamel development (Lacruz et al., 2017). 
Once the inner enamel epithelial cells differentiate into ameloblasts, 
the cells gradually become taller and form Tomes' processes. The 
ameloblasts in the secretory phase secrete enamel matrix proteins 
through Tomes' processes. The secretory phase is responsible for 
enamel morphogenesis. After the enamel reaches its final thickness 
at the end of secretory stage, the ameloblasts stop secreting and 
Tomes' processes disappear (Bronckers,  2017; Smith,  1998). The 
crystal growth and deposition appear in the secretory stage and 
become the main activity in the mature phase (Bronckers,  2017; 
Moradian-Oldak,  2012). Ameloblasts in maturation stage change 
between smooth-ended and ruffled-ended. Most matrix proteins 
and water are absorbed, the crystals are formed and deposited, and 
finally the mature enamel contains up to 96% of minerals (Figure 3).

5.2  |  Molecular pattern of AI

Amelogenesis imperfecta is a clinically and genetically heteroge-
neous group of diseases characterized by enamel and its study has 

helped to define the processes and genes involved in amelogene-
sis (Smith, Kirkham, et al., 2017; Smith, Poulter, et al., 2017; Urzúa 
et al., 2015). Currently, 41 genes were reported related to enamel 
defects (Simmer et al., 2021). These genes includes AMELX, ENAM, 
and AMBN that encodes enamel matrix proteins (EMPs) and makes 
up the bulk of enamel organic matrix; MMP20 and KLK4 that de-
grades the enamel matrix proteins during the secretory and matura-
tion stage respectively; ITGB6, LAMA3, LAMB3, COL17A1, COL7A1, 
AMTN, ODAPH, and FAM83H that functions the cell–cell and cell-
matrix adhesion; WDR72, SLC24A4, GPR68, CNNM4, SLC13A5, and 
CFTR, encoding ion channels, transporters or pH sensors, that may 
control the active transport of mineral ions between ameloblasts 
and enamel space to support crystallite growth in maturation stage; 
transcript factors DLX3, MSX2, SP6, and CREBBP that regulates 
enamel-related gene expression; FAM20A and VDR regulates enamel 
mineralization; GJA1 affects intercellular communication; PEX1 and 
PEX6 protects ameloblasts against oxidative injuries and regulates 
lipid homeostasis; SATB1 influences ameloblast differentiation, as 
well as RELT and ACP4 regulates enamel development with unclear 
mechanism (Figure 4).

F I G U R E  2  Classification of syndromes with enamel defects.
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5.2.1  |  Amelogenin (AMELX)

Amelogenin, the only AI pathogenic gene located on the X chromo-
some, encodes the enamel-specific protein secreted by ameloblasts 
during secretory stage enamel. Amelogenin accounts for almost 
90% of enamel matrix proteins (Termine et al., 1980) and provides 
the scaffold for the spacing and growth of enamel crystallites (Chen 
et al., 2011). Additionally, unprotonated amelogenins rich in hydro-
phobic, proline, and histidine can bind to protons, suggesting amelo-
genin could regulate the pH in enamel (Guo et al., 2015). After being 

secreted, amelogenin undergoes intensive extracellular proteolytic 
processing (Brookes et al., 1995).

The mutations in AMELX cause X-linked AI. The affected indi-
viduals present various clinical heterogeneity, which are related to 
the location of mutations in signal peptide region, N-terminal re-
gion, or C-terminal region of amelogenin protein, or the effects of 
mutation on the function and expression (Aldred et al., 1992). For 
example, large deletions and N-terminal variants usually cause hy-
pomaturation AI with variable focal hypoplasia, while mutations in 
the signal peptide and the C-terminal result in smooth hypoplastic 

F I G U R E  3  Schematic map of ameloblasts and enamel in different development stages. In the secretory phase, ameloblasts secrete 
enamel matrix and few crystals are deposited. Then ameloblasts gradually become short and transform into mature stage. Matrix proteins 
are degraded and endocytosed, and large amount of mineral content are increased during maturation stage.

F I G U R E  4  Subgroups of the moleculars underlying amelogenesis imperfecta.
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AI (Hart et al., 2002; Smith, Kirkham, et al., 2017; Smith, Poulter, 
et al., 2017).

The skewed X inactivation could attribute to the variable phe-
notypes in females with AMELX-linked AI (Duan et al.,  2019). The 
homozygous AMELX mutation in females and hemizygous AMELX 
mutation in males presented the same enamel malformations, such 
as thin enamel and pit defects, while the heterozygous AMELX mu-
tation in females showed vertical bands of opaque white enamel and 
thinner translucent enamel, due to the coexisted ameloblasts secret-
ing normal and defective amelogenin (Duan et al., 2019).

5.2.2  |  Enamelin (ENAM)

ENAM is primarily expressed by secretory stage ameloblasts and in-
volved in the nucleation, growth, and organization of hydroxyapatite 
crystals (Hu & Yamakoshi, 2003). ENAM cleavage products have a 
high affinity for HA crystals and accumulate within enamel prisms, 
while the uncleaved protein presents in the outermost layer of newly 
secreted enamel matrix (Hu & Yamakoshi, 2003).

Mutation in ENAM causes hypoplastic AI in humans. The af-
fected enamel showed a clear dose-dependent effect and variable 
expressivity. Patients with a homozygous mutation exhibited severe 
generalized enamel imperfecta or even loss of enamel, while the 
heterozygous ENAM mutation displayed localized enamel defects 
(Kim, Seymen, et al., 2005; Kim, Simmer, et al., 2005; Yu et al., 2022). 
ENAM is usually expressed in an amount approximately appropriate 
for enamel formation. Haploinsufficiency of ENAM causes a local-
ized dysplastic enamel characterized by horizontally oriented pits, 
grooves, or large hypoplasia. The substantial alteration in ENAM 
protein structure will lead to more severe phenotypes through dom-
inant negative effects of toxic defective protein matrix (Hart, Hart, 
et al., 2003; Hart, Michalec, et al., 2003).

5.2.3  |  Ameloblastin (AMBN)

AMBN, the second most abundant nonamelogenin enamel ma-
trix protein, is a phosphorylated glycoprotein expressed through-
out amelogenesis with the peak amount in the secretory stage 
(Fukumoto et al.,  2004; Lee et al.,  1996). AMBN is localized to 
Tomes' processes, the enamel matrix, and the dentino-enamel 
junction (DEJ) (Krebsbach et al., 1996). During teeth development, 
AMBN can be cleaved into C-terminus and N-terminus fragments 
by MMP20, and its cleavage products bounds to the sheath space 
surrounding enamel prisms (Poulter, Brookes, et al., 2014; Poulter, 
Murillo, et al., 2014). Subsequently, ameloblastin plays a role in crys-
tal nucleation and the linkage between ameloblasts and the enamel 
extracellular matrix. Clinical heterogeneity of AMBN-associated AI 
is related to the type and location of the mutations in AMBN. A ho-
mozygous inframe deletion (c.294+139_531+478del) induces the 
reduced mineral density and thickness of enamel (Poulter, Brookes, 
et al.,  2014; Poulter, Murillo, et al.,  2014), and a homozygous 

mutation in splice-junction (c.532-1G>C) only causes thin enamel 
without any pits (Prasad et al., 2016). Moreover, a heterozygous mis-
sense mutation (c.1069C>T) in AMBN results in autosomal-dominant 
hypoplastic human AI and dentin defects (Lu et al., 2018).

5.2.4  |  Matrix metalloproteinase 20 (MMP20)

MMP20 is located in chromosome 11q22.2 and encodes a 
483-amino-acid protein, previously called enamelysin (Llano 
et al., 1997). MMP20 is secreted by ameloblasts during the secre-
tory stage and is responsible for processing the enamel matrix pro-
tein into functional fragments (Hu, Smith, Richardson, et al., 2016; 
Kim, Kang, et al., 2017). MMP20 plays an important role in enamel 
mineralization by replacing the organic matrix with mineral crystals 
(Uskoković et al., 2011) and regulating crystal elongation, the normal 
structure of dentin–enamel connection, and the organization and 
maintenance of enamel prisms (Lu et al., 2008).

The severity of clinical phenotype of MMP20-related AI 
is related to the reduced functional activity of MMP20 (Kim 
et al., 2020; Kim, Kang, et al., 2017; Kim, Kim, et al., 2017). The 
mutations with total loss of MMP20 function present severe 
enamel phenotype such as severe discoloration and hypoplastic–
hypomaturation (Gasse et al., 2013; Kim, Kang, et al., 2017; Kim, 
Kim, et al.,  2017; Papagerakis et al.,  2008), while the mutations 
with retained functional activity show mild discoloration com-
pared with nullifying mutations (Gasse et al.,  2013; Kim, Kang, 
et al., 2017; Kim, Kim, et al., 2017; Kim, Seymen, et al., 2005; Kim, 
Simmer, et al.,  2005; Lee, Seymen, Kang, et al.,  2010; Ozdemir, 
Hart, Ryu, et al., 2005; Seymen, Lee, et al., 2015; Seymen, Park, 
et al., 2015; Wang et al., 2013). The degree of discoloration could 
be an indicator of the enamel porosity and reflects an altered level 
of enamel maturation.

MMP20 has five domains including signal peptide, pro-
domain, catalytic domain, linker, and hemopexin domain. Almost 
all the reported MMP20 mutations to date were associated with 
MMP20 hemopexin-like (PEX) domain and catalytic domain (Gasse 
et al.,  2013, 2017; Kim, Kang, et al.,  2017; Kim, Kim, et al.,  2017; 
Kim, Seymen, et al., 2005; Kim, Simmer, et al., 2005; Lee, Seymen, 
Kang, et al.,  2010; Lee, Seymen, Lee, et al.,  2010; Ozdemir, Hart, 
Firatli, et al.,  2005; Ozdemir, Hart, Ryu, et al.,  2005; Papagerakis 
et al., 2008; Seymen, Lee, et al., 2015; Seymen, Park, et al., 2015; 
Wang et al., 2013, 2020).

5.2.5  |  Kallikrein 4 (KLK4)

KLK4 is one of the 15 kallikrein subfamily members located in a clus-
ter on chromosome 19, and plays important role in the degradation 
of enamel proteins. During the transition and maturation stages, 
the remaining enamel matrix was degraded by KLK4, removed by 
endocytosis, and further replaced by tissue fluid for the enamel 
crystals to grow in width (Yamakoshi et al.,  2013). KLK4 mutation 
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mainly causes hypomaturation AI, which may be related to the loss 
or reduction in KLK4 activity (Smith, Kirkham, et al.,  2017; Smith, 
Poulter, et al., 2017; Wright et al., 2006). Cleavage of KLK4 enables 
the degraded enamel matrix protein to move from deep enamel 
(Bartlett & Simmer, 2014). KLK4-related AI remains organic matrix in 
the inner enamel layer but normal in the outer layer, suggesting that 
KLK4 is more required for the mineralization of inner enamel than 
outer enamel (Núñez et al., 2016; Smith, Kirkham, et al., 2017; Smith, 
Poulter, et al., 2017).

5.2.6  |  LAMA3, LAMB3, COL7A1, and COL17A1

Laminin 332 (LM332) is a basement-membrane protein composed 
of three heterotrimeric polypeptide chains, α3, β3, and γ2, which 
are encoded by the LAMA3, LAMB3, and LAMC2, respectively 
(Smith et al.,  2019). LM332 expression is observed in secretory 
ameloblasts and Tomes' processes. Therefore, defective LM332 
may interrupt the secretory stage of amelogenesis, leading to a 
reduction in the enamel matrix volume and impaired crystal rod 
growth. LM332 may participate in controlling ameloblast differ-
entiation and adhesion to enamel matrix (Yoshiba et al.,  1998). 
LM332 can anchor ameloblasts to the enamel matrix, which is 
required for crystal rod orientation, structure, and mineralization 
(Aberdam, Aguzzi, et al., 1994; Aberdam, Galliano, et al., 1994). The 
C-terminal domain of LAMB3 contributes to the complete hetero-
trimers which enables LM332 to be secreted (Matsui et al., 1995), 
thus LAMB3 truncates in the C-terminal domain may induce loss 
function of LM332. Biallele LAMB3 mutations are bound up with 
JEB, while LAMB3-related AI is caused by a defect of a single allele 
(Kim et al., 2013).

Type VII collagen (COL7) is a major component of anchoring fi-
brils in the epidermal basement membrane and plays a crucial role 
in anchoring fibril formation and mediates derma-epidermal adher-
ence (Christiano et al., 1994; Sakai et al., 1986). Mutations in COL7A1 
lead to DEB in an autosomal recessive manner. COL7A1 is expressed 
throughout enamel formation and essential for forming Tomes' pro-
cesses (Umemoto et al., 2012). COL7 interacts with laminin 332 at 
the epithelial–mesenchymal junction. The deficiency of COL7 dis-
rupts the interaction between COL7 and laminin 332, and laminin 
332 regulated ameloblast differentiation (Rousselle et al.,  1997; 
Sakai et al., 1986).

Collagen type XVII, alpha-1 (COL17A1) is an integral component 
of hemidesmosomes at the dermal-epidermal junction, belongs 
to transmembrane collagen expressed in stratified and complex 
epithelia, and it plays a crucial role in hemidesmosome stability 
and epithelial–mesenchymal attachment (McGrath et al.,  1995). 
COL17A1 plays a role in enamel formation and ameloblast differenti-
ation. The Col17 gene is involved in the interaction between enamel 
epithelium and underlying mesenchymal through the epithelial–
mesenchymal junction (Asaka et al., 2009). Col17−/− mice lack Tomes' 
processes in ameloblasts or exhibit malformed ameloblasts and 

reduced production of enamel matrix (Asaka et al., 2009; Umemoto 
et al., 2012). Compared with the COL7 deficiency-related deleteri-
ous effects on ameloblast differentiation, COL17 deficiency appears 
to have a more damaging effect on enamel epithelium.

5.2.7  |  Integrin, β6 (ITGB6)

ITGB6 is a member of the integrin superfamily, containing α and β 
subunits and acts as a receptor on the cell surface (Hynes, 2002). 
Members of integrin family are involved in cell–cell, cell–matrix, 
and cell–pathogen interactions by facilitating interaction with the 
cytoskeleton (Zhang & Chen, 2012). ITGB6 expression is localized 
in the distal membrane of differentiated and pre-ameloblasts and 
then internalized by the secretory stage ameloblasts, while the 
strongest expression appeared in the maturation stage ameloblasts 
(Wang, Choi, et al., 2014; Wang, Reid, et al., 2014; Wang, Wrennall, 
et al., 2014). Studies showed that inefficient ITGB6 could result in 
the impaired cell–matrix interaction, ameloblast–ameloblast interac-
tions, and proteolytic processing of extracellular matrix proteins via 
MMP20 (Munger et al., 1999; Poulter, Brookes, et al., 2014; Poulter, 
Murillo, et al.,  2014). Clinical phenotypes of ITGB6-related AI are 
related to the types of mutations. p.Arg616* and p.[Ala143Thr]; 
[His275Gln] causes generalized hypoplastic AI (Wang, Choi, 
et al., 2014; Wang, Reid, et al., 2014; Wang, Wrennall, et al., 2014), 
p.Gly173Arg mainly causes pitted hypoplastic-hypomineralized 
enamel (Seymen, Lee, et al., 2015; Seymen, Park, et al., 2015), and 
p.Pro196Thr results in pitted hypomineralized AI (Poulter, Brookes, 
et al., 2014; Poulter, Murillo, et al., 2014).

5.2.8  |  The family with sequence similarity 83 
member H (FAM83H)

FAM83H encodes an intracellular protein associated with keratin 
cytoskeleton and desmosome (Fulcher et al.,  2018). FAM83H is 
expressed by several cell types, especially in the pre-secretory and 
secretory ameloblasts (Kim et al., 2008). Affect enamel of FAM83H-
related AI shows a reduced mineral density, suggesting the defects 
in calcification process during amelogenesis.

In vitro studies have shown that FAM83H locates to keratin fil-
aments and regulates the organization of the keratin cytoskeleton 
and maintains the formation of desmosomes in ameloblastoma cells 
(Kuga et al., 2016). The functional truncations of FAM83H could dis-
turb the organization of keratin cytoskeleton and desmosomes of 
ameloblastoma cells, which suggests that AI caused by the FAM83H 
mutation might be mediated by the disorganization of the keratin 
cytoskeleton and subsequent disruption of desmosomes in amelo-
blasts (Kuga et al., 2016). In addition, overexpression or Fam83h null 
mice did not show distinct enamel phenotypes (Wang et al., 2016); 
thus, it is believed that FAM83H-related AI is likely caused by the 
gain of function or dominant negative effect of mutated FAM83H 
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rather than loss of function or haploinsufficiency (Nowwarote 
et al., 2018).

5.2.9  |  Amelotin (AMTN)

AMTN is a proline, leucine, threonine, and glutamine-rich protein 
and specifically expressed in maturation-stage ameloblasts (Moffatt 
et al.,  2006). The protein localizes to the ameloblast basal lamina, 
where it participates the attachment between the maturation stage 
ameloblasts and the mineralizing enamel (Bartlett & Simmer, 2015; 
Holcroft & Ganss,  2011; Moffatt et al.,  2014). A vitro study indi-
cates that AMTN plays a critical role in the formation of compact 
surface aprismatic enamel during maturation (Abbarin et al., 2015). 
Therefore, AMTN is thought to be possibly bi-functional, with roles 
in both cell–matrix attachment and mineral nucleation (Smith, 
Kirkham, et al., 2017; Smith, Poulter, et al., 2017). Deletion in AMTN 
mainly presents a lower mineral enamel (Smith et al., 2016), which 
is also observed in mouse mode (Nakayama et al.,  2015; Núñez 
et al., 2016), suggesting an important role of AMTN in the minerali-
zation of enamel.

5.2.10  |  Odontogenesis-associated phosphoprotein 
(ODAPH)

Chromosome 4 open reading frame 26 (C4orf26) is now defined as 
odontogenesis-associated phosphoprotein (ODAPH) because it was 
reported to be inactivated in toothless placental mammals (Springer 
et al., 2016). Human ODAPH encodes a protein of 130 amino acids, 
including a signal peptide and a secreted protein of 107 amino acids. 
Mutation in ODAPH has been reported to cause recessive hypomin-
eralized AI in human (Parry et al.,  2012). The affected enamel is 
yellowish-brown and hypomineralized, which was prone to rapid at-
trition after tooth eruption. Severe attrition of enamel and reduced 
enamel mineralization were also observed in Odaph−/− mice, which is 
consistent with the pattern of human hypomaturation AI phenotype 
(Ji et al., 2021).

Previous researches shown that ODAPH was located on the 
sBL between the distal ends of ameloblasts and the enamel sur-
face in the maturation stage (Li et al.,  2022). sBL is a specialized 
basement membrane and is located the distal portion of the ame-
loblasts, which forms after the formation of the enamel body when 
ameloblasts become shorter and lose their Tome's processes (Mu 
et al., 2022). It has been reported that sBL includes three specific 
constituents AMTN, ODAM, and SCPPPQ1 as well as rich in LAMC2, 
which is thought to participate in the adhesion and of ameloblasts 
to the tooth surface (Fouillen et al., 2017; Li et al., 2022). ODAPH 
is a newly discovered constituent of sBL. In Odaph-deficient mice, 
the integrity of the sBL is impaired and the maturation stage fails 
entirely (Ji et al., 2021; Liang et al., 2021). In addition, in vitro stud-
ies showed phosphorylated ODAPH has the capacity to promote 

nucleation of hydroxyapatite, which further prove ODAPH may 
play a vital role in adhesion of ameloblast and enamel at maturation 
stage (Parry et al., 2012).

5.2.11  |  WD repeat domain 72 (WDR72)

WDR72, an intracellular protein, forms a β propeller structure 
that acts as a scaffold for protein–protein interactions (Jawad & 
Paoli, 2002; Katsura et al., 2014). WDR72 is widely expressed dur-
ing tooth development and mainly in maturation-stage ameloblasts 
(El-Sayed et al., 2009). Mutations in WDR72 mainly cause hypoma-
tured AI. The affected enamel presents rough and soft surface with 
yellow-brown discoloration and easy to break after tooth eruption. 
WDR72 is thought to might be transported and secreted into im-
mature enamel by vesicles and to remove cleaved enamel matrix 
proteins via endocytosis. Defects in WDR7 could impair clathrin-
mediated endocytosis in ameloblasts, resulting in impaired enamel 
mineralization (Wang, Hu, et al., 2015). Wdr72 knockout mice pre-
sent residual enamel matrix and the disruption of connection be-
tween ameloblasts and enamel matrix, suggesting WDR72 serves 
critical functions specifically during the maturation stage of amelo-
genesis and is required for both protein removal and enamel miner-
alization (Katsura et al., 2014; Wang, Hu, et al., 2015; Wang, Zhao, 
et al., 2015).

5.2.12  |  Solute carrier family 24 member 4 
(SLC24A4)

SLC24A is a member of the potassium-dependent sodium/calcium 
exchanger family (SLC24A). During the maturation stage of enamel 
development, SLC24A is involved in the active transport of Ca2+ 
and K+ from ameloblasts into the enamel matrix in exchange for 
Na+ (Khan et al.,  2020). SLC24A4-related AI mainly exhibits soft 
enamel with yellow-brown discoloration and irregular enamel 
prisms, which might be related to decreased transporter activity or 
the loss of function of SLC24A4 mutant (Khan et al., 2020; Parry 
et al., 2013).

5.2.13  |  Cyclin M4 (CNNM4)

CNNM4 encodes a putative metal transporter and transports Mg2+ 
from the enamel-forming areas (Yamazaki et al., 2013). It is localized 
to the basolateral membrane of ameloblasts and intestinal epithelia. 
CNNM4 is highly expressed during amelogenesis in the transition 
and maturation stages instead of secretion stage (Parry et al., 2009). 
Both SLC41A1 and CNNM4 are involved in regulating Mg2+ targeted 
transport in intestinal epithelial cells, but extrusion speed of Mg2+ by 
CNNM4 is faster than by SLC41A1, suggesting a specialized role of 
CNNM4 in the intestinal epithelia (Kolisek et al., 2012).
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5.2.14  |  Cystic fibrosis transmembrane conductance 
regulator (CFTR)

CFTR encodes an ATP-binding cassette (ABC) transporter that func-
tions as a chloride channel regulated by cyclic AMP-dependent 
protein phosphorylation (Bronckers et al.,  2010; Wang, Choi, 
et al., 2014; Wang, Reid, et al., 2014; Wang, Wrennall, et al., 2014). 
Meanwhile, CFTR controls the activity of other channels and trans-
porters, including Na+/H+ exchangers (NHE), HCO3

−/Cl− exchang-
ers and cotransporters, and Ca2+ and volume-activated Cl− channels 
(Linsdell, 2006; Steward et al., 2005). CFTR is expressed in matura-
tion stage ameloblasts, odontoblasts, and bone cells and plays an 
important role in pH regulation during enamel formation and matu-
ration, and regulates receptor-mediated endocytosis in ameloblast-
like PABSo-E cells by changing the intracellular acidic environment 
(Bronckers et al.,  2010; Duan et al.,  2011). Loss of CFTR function 
leads to the increased enamel matrix protein retention and reduced 
enamel mineralization.

5.2.15  |  Solute carrier family 13 member 5 
(SLC13A5)

SLC13A5 (a sodium-dependent citrate transporter) encodes a mem-
brane citrate channel providing citrate influx proximally and efflux 
distally (Simmer et al., 2021). Citrate is highly enriched in bone and 
other mineralized organs, and has been demonstrated to be essen-
tial for the organization of the bone apatite nanocrystals (Costello 
et al., 2012; Dickens, 1941; Hu et al., 2010; Rhee & Tanaka, 1999; Xie 
& Nancollas, 2010). Osteoblasts, odontoblasts, and ameloblasts are 
responsible for synthesis of the citrate incorporated into the apa-
tite nanocrystals in bone and teeth (Franklin et al., 2014). Slc13a5 
deficiency resulted in abnormalities in the enamel and bone, dem-
onstrating the importance of the transporter in amelogenesis and 
osteogenesis (Irizarry et al., 2017). SLC13A5 delivers citrate into the 
enamel matrix, stabilizing the thin mineral belt. Slc13a5−/− mice could 
not form mature enamel, and the amount of enamel matrix was less 
formed, and the degree of mineralization was also reduced (Irizarry 
et al., 2017).

5.2.16  |  G protein-coupled receptor 68 (GPR68)

GPR68 is a proton-sensing G protein-coupled receptor (GPCR) 
(Ludwig et al.,  2003). The expression of GPR68 in ameloblasts is 
throughout the whole stage of amelogenesis, with the strong ex-
pression at the ameloblast pole in contact with the enamel matrix 
(Parry et al.,  2016). Mutation in GPR68 causes hypomaturation AI 
in human, which is characterized by brownish-yellow discoloration 
with increased opacity and poorly mineralized enamel prone to frac-
ture and attrition (Parry et al., 2016; Seymen et al., 2021).

G protein-coupled receptor 68 is a recognized pH sensor in 
osteoblasts and osteocytes. In vitro studies have suggested that 

GPR68 could change barrier function of epithelial cells and inhibits 
migration in an acidic environment (de Vallière et al., 2015), as well 
as regulate the expression of Na+/H+ antiporters and H+-ATPase 
transporters in epithelial cells (Mohebbi et al., 2012). Both crystal 
growth and protease activity are sensitive to extracellular pH in 
enamel development (Lacruz et al., 2010; Smith et al., 1996; Takagi 
et al., 1998). And during the maturation stage of amelogenesis, cyclic 
changes in ameloblasts morphology between ruffle-ended amelo-
blasts (RAs) with mildly acidic (pH 6.1–6.8) and smooth-ended am-
eloblasts (SAs) with physiological pH (pH 7.2–7.4) is also likely to be 
dependent upon a pH-sensing mechanism (Parry et al., 2016; Smith 
et al., 1996). Given the location in ameloblasts and the function of 
pH sensor, therefore, GPR68 is thought to function as a pH sensor 
and a potential switcher between ruffle-ended and smooth-ended 
ameloblasts during the maturation stage (Parry et al., 2016).

5.2.17  |  Distal-less homeobox 3 (DLX3)

The transcription factor DLX3 is expressed in bone and ectodermally 
derived skin, hair, and teeth, and may play a role in craniofacial pat-
terning and morphogenesis. The dysfunction of DLX3 both affects 
enamel and dentin (Choi et al.,  2010; Robinson & Mahon,  1994). 
DLX3 is expressed in the ameloblasts throughout enamel formation, 
with a strong expression in the secretory phase but relatively weak 
in the pre-secretory and mature stages (Lézot et al.,  2008; Zhang 
et al.,  2015). DLX3 is involved in the expression of keratin sets, 
which contribute to enamel rod formation, and DLX3 contributes to 
the coordinated migration of ameloblasts in the enamel secretion 
process (Duverger & Morasso, 2018). ChIP-Seq analysis shows that 
DLX3 binds to the proximal promoters of several ion transporters 
and carbonic anhydrases known to regulate enamel pH during matu-
ration. Thus, DLX3 plays a crucial regulatory function on pH oscil-
lations during enamel mineralization (Duverger et al.,  2017), while 
other reports showed that DLX3 also binds to enhancer regions of 
Amelx and Enam and positively regulates their expression (Zhang 
et al., 2015).

5.2.18  |  Sp6 transcription factor (SP6)

SP6 belongs to a family of transcription factors that contains three 
classical zinc finger DNA-binding domains with a zinc atom, two 
cysteines, and two histidines (C2H2 motif). During teeth develop-
ment, SP6 is expressed in the secretory stage of amelogenesis and 
inner enamel epithelium (Muto et al., 2012). SP6 promotes the pro-
liferation of inner enamel epithelium and stimulates these cells to 
differentiate into ameloblasts, which further secret enamel matrix, 
which may explain hypoplastic enamel with SP6 mutations (Utami 
et al.,  2011). SP6 also regulates the expression of enamel-related 
gene such as AMBN. SPR study suggested the reduced binding of 
SP6 mutant to the AMBN proximal promoter, which resulted in less 
AMBN protein present in the enamel matrix (Smith et al., 2020).
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5.2.19  |  Msh homeobox 2 (MSX2)

MSX2 belongs to a small family of chromosomally unlinked 
homeobox-containing genes related to the Drosophila gene 
muscle-segment homeobox (msh) (Babajko et al., 2014). During mid-
gestation, Msx2 expression occurs at numerous interaction sites of 
epithelial–mesenchymal tissue, including tooth germ. Msx2 deficient 
mice exhibit defects in the development of various ectodermal or-
gans, including hair follicle, mammary gland, and dentition (Satokata 
et al.,  2000). During enamel genesis, MSX2 inhibits the transition 
of outer enamel epithelium to keratinized stratified squamous epi-
thelium and promotes properly differentiated enamel organs and 
subsequent enamel formation (Nakatomi et al., 2018). As a transcrip-
tional regulator, Msx2 controls laminin 5 α3 expression in secretory 
ameloblasts, and ameloblasts from Msx2 mutant mice exhibit de-
fective cell–cell contacts (Ryan et al., 1999). Msx2 controls amelo-
blast terminal differentiation and the expression pattern of Msx2 in 
ameloblasts is inversely related to amelogenin abundance (Babajko 
et al., 2014; Molla et al., 2010).

5.2.20  |  CREB-binding protein (CREBBP)

CREBBP is a general transcriptional co-activator that interacts 
with various transcriptional factors, including c-Fos, c-Jun, NF-
κB, and nuclear receptors, CREB and AP-1 (Bannister et al., 1995; 
Chan & La Thangue,  2001; Kamei et al.,  1996; Shiama,  1997; 
Zhong et al.,  1998). CREBBP is localized in the nuclei of amelo-
blasts in the maturation zone but not in the secretion and transi-
tion zones. CREBBP may function as a co-factor that participates 
in transcriptional activation of AP-1 and/or other factors in the 
maturation ameloblasts and the other enamel organ-derived cells 
(Nishikawa, 2002).

5.2.21  |  Family with sequence similarity 20, 
member A (FAM20A)

FAM20A encodes components of the Golgi casein kinase complex 
that would control the phosphorylation of enamel peptides and 
enamel mineralization. FAM20A is only present in the ameloblast at 
secretory stage (Wang, Choi, et al., 2014; Wang, Reid, et al., 2014; 
Wang, Wrennall, et al., 2014). The role of FAM20A in amelogenesis 
may be indirect, as FAM20A is a pseudokinase that forms a func-
tional complex with FAM20C and allosterically activates FAM20C 
to promote the phosphorylation of enamel matrix proteins in vitro 
and in cells (Cui et al.,  2015). During tooth development, Fam20a 
and Fam20c are both expressed in ameloblasts and odontoblast (Li 
et al., 2016; Wang et al., 2010). The severe enamel defects and wide-
spread mineralization of muscular arteries in Fam20a−/− mice suggest 

a local role of FAM20A in enamel and systemic roles in other tissues 
(Vogel et al., 2012).

5.2.22  |  Vitamin D receptor (VDR)

Vitamin D acts locally by binding to vitamin D receptors (VDRs) 
and affects the proliferation of osteoblasts (van Driel & van 
Leeuwen, 2014). It has been shown that disruption of the vitamin D 
pathway reduces bone mineralization and negatively affects tooth 
formation (Berdal et al., 1987; Lézot et al., 2002). VDR deficiency 
reduces dentin mineralization and leads to early enamel hypermin-
eralization (Zhang, Beck, et al.,  2009). The higher expression of 
steroid hormone receptors such as VDR in the maturation-stage 
ameloblasts suggests a hormonal control of final enamel minerali-
zation and quality (Zhang, Beck, et al., 2009; Zhang, Rahemtulla, 
et al., 2009).

5.2.23  |  Gap junction alpha 1 (GJA1)

GJA1 gene encodes connexin 43 gap junction protein (Cx43) 
(Shimura & Shaw,  2022). Mutations in GJA1 result in the misas-
sembly of channels, change channel conduction characteristics, 
affect gap junctions, reduce intercellular communication, and dis-
rupt morphological patterns during development and normal in-
tercellular coupling in mature tissues (Paznekas et al., 2003). Cx43 
plays a role in normal enamel organ differentiation and enamel 
development (Al-Ansari et al., 2018). Cx43 is localized in all stages 
of ameloblasts with a higher expression level in secretion stage to 
maturation stage (Toth et al., 2010). Cx43 in the supporting cells 
and ameloblast layers allows the enamel organ to properly differ-
entiate, secrete, and mineralize enamel. Decreased Cx43 lead to 
enamel organ morphological defects and enamel hypoplasia (Toth 
et al., 2010).

5.2.24  |  Special AT-rich sequence-binding protein 1 
(SATB1)

Special AT-rich sequence-binding protein 1 (SATB1) is a genome 
organizer selectively binding to a special AT-rich sequence context 
where one strand consists of mixed A's, T's, and C's, excluding G's 
(ATC sequences). SATB1 is reported to be expressed predominantly 
in the thymus and selectively bound to nuclear matrix/scaffold-
associating DNAs (MARs/SARs) (Dickinson et al.,  1992). SATB1 is 
essential for establishing secretory ameloblasts polarity by affecting 
actin filament assembly, the formation of tight junction, and Tomes' 
processes. Several transcriptional regulators are recruited and as-
sembled by the SATB1 network at specific gene loci to achieve 
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large-scale gene regulation and enable ameloblast differentiation 
(Zhang, Zheng, et al., 2019).

5.2.25  |  Peroxisome biogenesis factor 1 (PEX1), 
peroxisome biogenesis factor-6 (PEX6)

As the members of the AAA family of ATPases, both PEX1 and 
PEX6 contain two ATPase domains in a single polypeptide chain 
and form hexameric double rings, are necessary for peroxisome bio-
genesis (Blok et al., 2015; Ratbi et al., 2015). PEX6 is expressed in 
the secretory ameloblasts (Zaki et al., 2016). The apically localized 
peroxisomes near the mineralized area might be involved in the deg-
radation of reactive oxygen species to protect ameloblast and od-
ontoblast processes. Furthermore, peroxisome-derived membrane 
lipids may defend the plasma membranes of ameloblasts and od-
ontoblasts against oxidative injuries and regulate lipid homeostasis 
(Stelzig et al., 2013).

5.2.26  |  RELT TNF receptor (RELT)

RELT is a member of the tumor necrosis factor (TNF) receptor 
superfamily, commonly regulates inflammation, cell prolifera-
tion, apoptosis, and morphogenesis (Aggarwal et al.,  2012). Kim 
et al.  (2019) first reported that variants in RELT could cause re-
cessive AI as part of a syndrome encompassing small stature and 
severe childhood infections. Recently, Nikolopoulos et al.  (2020) 
found that variants in RELT cause nonsyndromic hypomineral-
ized AI in four Pakistani families. The affected individuals pre-
sent reduced enamel mineralization with yellow discoloration and 
rough surface (Kim et al., 2019; Nikolopoulos et al., 2020). During 
tooth development, RELT is expressed during the secretory phase 
ameloblasts (Kim et al., 2019). In vitro studies have suggested that 
RELT stimulates the proliferation of T cells and can induce apopto-
sis (Cusick et al., 2010; Moua et al., 2017). However, proliferation 
and apoptosis are not normal activities of secretory stage amelo-
blasts. Therefore, RELT involved signaling molecule was thought 
to may not belong to the TNF superfamily during teeth develop-
ment (Kim et al., 2019).

5.2.27  |  Acid phosphatase 4 (ACP4)

ACP4 belongs to the histidine phosphatase superfamily with a con-
served histidine active site (Rigden,  2008). During tooth develop-
ment, ACP4 is located in secretory stage ameloblasts, follicular cells, 
odontoblasts, and osteoblasts (Choi et al., 2016). Mutation in ACP4 
has been reported to cause recessive hypoplastic AI in human. The 
affected individuals present extremely thin enamel with yellow-
to-black discoloration and sensitivity to thermal changes (Kim 
et al., 2022; Liang et al., 2022).

Acid phosphatase 4 localizes to the Tomes' processes of secre-
tory stage ameloblasts. A possible reduction in ENAM and AMBN 
was detected in the Tomes' processes in Acp4R110C/R110C mice model 
(Kim et al., 2022), indicating that ACP4 plays a critical role in apposi-
tional growth of dental enamel formation probably through regulat-
ing secretion or turnover of EMPs. At a molecular level, however, as 
an acid phosphatase, how ACP functions during appositional growth 
of enamel formation remains to be elucidated (Figure 5).

6  |  CONCLUSIONS

Herein, we summarize the clinical characteristics of nonsyndromic 
AI and syndromic AI and the underline pathogenic genes. These AI 
causative genes play different roles in enamel development, which 
directly lead to various gene-specific enamel phenotypes.

Some genes cause the similar enamel abnormalities; thus, the 
basic AI phenotypes could be grouped as hypolastic, hypomatura-
tion, and hypocalcification. However, genetic differences can lead 
to some subtle differences in abnormal enamel phenotypes even in 
the same type of AI. The phenotype characteristics of AI are totally 
gene-dependent. For example, the mutation in LAMB3 and AMBN 
is both associated with hypoplastic AI that mainly exhibits reduced 
enamel thickness with normal radiodensity. However, besides thin 
enamel, AMBN-related AI mainly showed an exfoliated enamel that 
results in a rough tooth surface with yellow, gray, or brownish-blue 
discoloration and incisor enamel attrition (Lu et al.,  2018; Poulter, 
Brookes, et al.,  2014; Poulter, Murillo, et al.,  2014), while LAMB3-
related AI mainly displays deep pits and vertical grooves and may 
also be accompanied with multiple cusps in molars and taurodontism.

The types of mutation may also determine genetic heterogeneity 
of AI. For example, enamel defects of ENAM-related AI are dose-
dependent (Ozdemir, Hart, Firatli, et al., 2005; Ozdemir, Hart, Ryu, 
et al., 2005). The affected enamel with homozygous ENAM mutation 
is either completely absent or appears as a very thin mineral layer 
partially covering the crown (Hart, Hart, et al., 2003; Hart, Michalec, 
et al.,  2003; Wang, Hu, et al.,  2015; Wang, Zhao, et al.,  2015; Yu 
et al., 2022). The patients with heterozygous ENAM mutation var-
ied from a lack of penetrance to mild enamel defects (Koruyucu 
et al.,  2018). In its mildest form, the enamel defects are well-
circumscribed enamel pits, often arranged in horizontal lines (Simmer 
et al., 2013). With the increasing severity, the enamel defects appear 
as horizontal grooves, usually in the cervical third of crown (Masuya 
et al., 2005; Zhang, Hu, et al., 2019; Zhang, Koruyucu, et al., 2019; 
Zhang, Zheng, et al., 2019).

Furthermore, the phenotypic diversity of AI is associated with 
another genetic or epigenetic regulation mechanism such as X chro-
mosome inactivation (Duan et al., 2019). The gender difference in 
enamel phenotypes has been found in AMELX-related AI cases or in 
mouse model (Barron et al., 2010; Duan et al., 2019; Hu, Smith, Cai, 
et al., 2016; Hu, Smith, Richardson, et al., 2016). The affected male 
enamel mainly exhibits multiple crown resorptions with a moth-eaten 
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appearance (Lee et al., 2011) or snow-capped appearance with more 
radiographic enamel on the cusp tips than on the lateral and occlusal 
surfaces (Hu et al., 2012). The female AMELX-related AI cases pres-
ent the variable enamel phenotypes from generalized thin and pitted 
enamel to vertical ridges with brown pigmentation, which turned out 
to be the difference between homozygous and heterozygous mu-
tations in AMELX and the effect of skewed inactivated AMELX in X 
chromosome (Duan et al., 2019).

To sum up, the gene-specific enamel phenotypes could be one 
of the important indicators for diagnosing nonsyndromic and syn-
dromic AI. It is recommended to pay attention to the general condi-
tion of AI patients to reduce the missed diagnosis of syndromic AI. 
Genetic testing is necessary to make a further molecular diagnosis. 
Overall, the increased understanding of genetic variants responsible 
for AI provides new insights into several cellular and extracellular 
biological processes critical for enamel formation, enables the clini-
cians to get a better understanding of isolated or syndomic AI and 
future improves the diagnosis and treatment level.

AUTHOR CONTRIBUTIONS
Jing Dong: Writing – original draft; writing – review and editing. 
Wenyan Ruan: Writing – original draft; writing – review and editing. 
Xiaohong Duan: Writing – review and editing.

ACKNOWLEDG MENTS
We thank the many colleagues who have kindly collaborated with 
us over the years. We gratefully acknowledge funding from National 
Natural Science Foundation of China (81974145), National Clinical 

Research Center for Oral Diseases (LCA202013), and Key R&D Plan 
of Shaanxi Province (2021ZDLSF02-13).

PEER RE VIE W
The peer review history for this article is available at https://publons.
com/publon/10.1111/odi.14599.

CONFLIC T OF INTERE S T S TATEMENT
All authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing not applicable to this article as no datasets were gener-
ated or analysed during the current study.

ORCID
Wenyan Ruan   https://orcid.org/0000-0003-3452-3005 
Xiaohong Duan   https://orcid.org/0000-0002-6747-1734 

R E FE R E N C E S
Abbarin, N., San Miguel, S., Holcroft, J., Iwasaki, K., & Ganss, B. (2015). 

The enamel protein amelotin is a promoter of hydroxyapatite min-
eralization. Journal of Bone and Mineral Research, 30(5), 775–785. 
https://doi.org/10.1002/jbmr.2411

Aberdam, D., Aguzzi, A., Baudoin, C., Galliano, M. F., Ortonne, J. P., & 
Meneguzzi, G. (1994). Developmental expression of nicein adhe-
sion protein (laminin-5) subunits suggests multiple morphogenic 
roles. Cell Adhesion and Communication, 2(2), 115–129. https://doi.
org/10.3109/15419​06940​9004431

Aberdam, D., Galliano, M. F., Vailly, J., Pulkkinen, L., Bonifas, J., Christiano, 
A. M., Tryggvason, K., Uitto, J., Epstein, E. H., Jr., Ortonne, J. P., 

F I G U R E  5  Schematic location of causative genes of nonsyndromic amelogenesis imperfecta (AI) and syndromic AI in different 
amelogenesis stage.

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://publons.com/publon/10.1111/odi.14599
https://publons.com/publon/10.1111/odi.14599
https://orcid.org/0000-0003-3452-3005
https://orcid.org/0000-0003-3452-3005
https://orcid.org/0000-0002-6747-1734
https://orcid.org/0000-0002-6747-1734
https://doi.org/10.1002/jbmr.2411
https://doi.org/10.3109/15419069409004431
https://doi.org/10.3109/15419069409004431


2356  |    DONG et al.

& Meneguzzi, G. (1994). Herlitz's junctional epidermolysis bullosa 
is linked to mutations in the gene (LAMC2) for the gamma 2 sub-
unit of nicein/kalinin (LAMININ-5). Nature Genetics, 6(3), 299–304. 
https://doi.org/10.1038/ng039​4-299

Aggarwal, B. B., Gupta, S. C., & Kim, J. H. (2012). Historical perspec-
tives on tumor necrosis factor and its superfamily: 25 years later, 
a golden journey. Blood, 119(3), 651–665. https://doi.org/10.1182/
blood​-2011-04-325225

Ala-aho, R., & Kähäri, V. M. (2005). Collagenases in cancer. Biochimie, 
87(3–4), 273–286. https://doi.org/10.1016/j.biochi.2004.12.009

Al-Ansari, S., Jalali, R., Plotkin, L. I., Bronckers, A. L. J. J., DenBesten, 
P., Zhang, Y., Raber-Durlacher, J. E., de Lange, J., & Rozema, F. R. 
(2018). The importance of connexin 43 in enamel development 
and mineralization. Frontiers in Physiology, 9, 750. https://doi.
org/10.3389/fphys.2018.00750

Aldred, M. J., Crawford, P. J., Roberts, E., Gillespie, C. M., Thomas, N. S., 
Fenton, I., Sandkuijl, L. A., & Harper, P. S. (1992). Genetic heteroge-
neity in X-linked amelogenesis imperfecta. Genomics, 14(3), 567–
573. https://doi.org/10.1016/s0888​-7543(05)80153​-3

Aldred, M. J., Savarirayan, R., & Crawford, P. J. (2003). 
Amelogenesis imperfecta: A classification and catalogue 
for the 21st century. Oral Diseases, 9(1), 19–23. https://doi.
org/10.1034/j.1601-0825.2003.00843.x

Alvarez, C., Aragón, M. A., Lee, Y., Gutiérrez, S., Méndez, P., García, D. A.,  
Otero, L., & Kim, J. W. (2022). A recurrent FAM83H mutation in an 
extended Colombian family and variable craniofacial phenotypes. 
Children (Basel), 9(3), 362. https://doi.org/10.3390/child​ren90​
30362

Argyropoulou, Z., Liu, L., Ozoemena, L., Branco, C. C., Senra, R., Reis-
Rego, Â., & Mota-Vieira, L. (2018). A novel PLEC nonsense homo-
zygous mutation (c.7159G>T; p.Glu2387*) causes epidermolysis 
bullosa simplex with muscular dystrophy and diffuse alopecia: A 
case report. BMC Dermatology, 18(1), 1. https://doi.org/10.1186/
s1289​5-018-0069-x

Arquitt, C. K., Boyd, C., & Wright, J. T. (2002). Cystic fibrosis transmem-
brane regulator gene (CFTR) is associated with abnormal enamel 
formation. Journal of Dental Research, 81(7), 492–496. https://doi.
org/10.1177/15440​59102​08100712

Asaka, T., Akiyama, M., Domon, T., Nishie, W., Natsuga, K., Fujita, Y., Abe, 
R., Kitagawa, Y., & Shimizu, H. (2009). Type XVII collagen is a key 
player in tooth enamel formation. The American Journal of Pathology, 
174(1), 91–100. https://doi.org/10.2353/ajpath.2009.080573

Babajko, S., de La Dure-Molla, M., Jedeon, K., & Berdal, A. (2014). MSX2 
in ameloblast cell fate and activity. Frontiers in Physiology, 5, 510. 
https://doi.org/10.3389/fphys.2014.00510

Bäckman, B., & Holm, A. K. (1986). Amelogenesis imperfecta: Prevalence 
and incidence in a northern Swedish county. Community Dentistry 
and Oral Epidemiology, 14(1), 43–47. https://doi.org/10.1111/
j.1600-0528.1986.tb014​93.x

Bannister, A. J., Oehler, T., Wilhelm, D., Angel, P., & Kouzarides, T. (1995). 
Stimulation of c-Jun activity by CBP: c-Jun residues Ser63/73 are 
required for CBP induced stimulation in vivo and CBP binding in 
vitro. Oncogene, 11(12), 2509–2514.

Barron, M. J., Brookes, S. J., Kirkham, J., Shore, R. C., Hunt, C., Mironov, 
A., Kingswell, N. J., Maycock, J., Shuttleworth, C. A., & Dixon, M. J. 
(2010). A mutation in the mouse Amelx tri-tyrosyl domain results in 
impaired secretion of amelogenin and phenocopies human X-linked 
amelogenesis imperfecta. Human Molecular Genetics, 19(7), 1230–
1247. https://doi.org/10.1093/hmg/ddq001

Bartlett, J. D., & Simmer, J. P. (2014). Kallikrein-related peptidase-4 
(KLK4): Role in enamel formation and revelations from ablated 
mice. Frontiers in Physiology, 5, 240. https://doi.org/10.3389/
fphys.2014.00240

Bartlett, J. D., & Simmer, J. P. (2015). New perspectives on amelotin and 
amelogenesis. Journal of Dental Research, 94(5), 642–644. https://
doi.org/10.1177/00220​34515​572442

Bauer, E. A., & Eisen, A. Z. (1978). Recessive dystrophic epidermolysis 
bullosa. Evidence for increased collagenase as a genetic charac-
teristic in cell culture. The Journal of Experimental Medicine, 148(5), 
1378–1387. https://doi.org/10.1084/jem.148.5.1378

Berdal, A., Balmain, N., Cuisinier-Gleizes, P., & Mathieu, H. (1987). 
Histology and microradiography of early post-natal molar tooth 
development in vitamin-D deficient rats. Archives of Oral Biology, 
32(7), 493–498. https://doi.org/10.1016/s0003​-9969(87)80010​-9

Blok, N. B., Tan, D., Wang, R. Y., Penczek, P. A., Baker, D., DiMaio, F., 
Rapoport, T. A., & Walz, T. (2015). Unique double-ring struc-
ture of the peroxisomal Pex1/Pex6 ATPase complex revealed by 
cryo-electron microscopy. Proceedings of the National Academy of 
Sciences of the United States of America, 112(30), E4017–E4025. 
https://doi.org/10.1073/pnas.15002​57112

Braverman, N. E., Raymond, G. V., Rizzo, W. B., Moser, A. B., Wilkinson, 
M. E., Stone, E. M., Steinberg, S. J., Wangler, M. F., Rush, E. T., 
Hacia, J. G., & Bose, M. (2016). Peroxisome biogenesis disorders 
in the Zellweger spectrum: An overview of current diagnosis, clin-
ical manifestations, and treatment guidelines. Molecular Genetics 
and Metabolism, 117(3), 313–321. https://doi.org/10.1016/j.
ymgme.2015.12.009

Bronckers, A., Kalogeraki, L., Jorna, H. J., Wilke, M., Bervoets, T. J., 
Lyaruu, D. M., Zandieh-Doulabi, B., Denbesten, P., & de Jonge, H. 
(2010). The cystic fibrosis transmembrane conductance regulator 
(CFTR) is expressed in maturation stage ameloblasts, odontoblasts 
and bone cells. Bone, 46(4), 1188–1196. https://doi.org/10.1016/j.
bone.2009.12.002

Bronckers, A. L. (2017). Ion transport by ameloblasts during amelo-
genesis. Journal of Dental Research, 96(3), 243–253. https://doi.
org/10.1177/00220​34516​681768

Brookes, S. J., Robinson, C., Kirkham, J., & Bonass, W. A. (1995). 
Biochemistry and molecular biology of amelogenin proteins of de-
veloping dental enamel. Archives of Oral Biology, 40(1), 1–14. https://
doi.org/10.1016/0003-9969(94)00135​-x

Chan, H. M., & La Thangue, N. B. (2001). p300/CBP proteins: HATs for 
transcriptional bridges and scaffolds. Journal of Cell Science, 114(Pt 
13), 2363–2373. https://doi.org/10.1242/jcs.114.13.2363

Chen, C. L., Bromley, K. M., Moradian-Oldak, J., & DeYoreo, J. J. (2011). 
In situ AFM study of amelogenin assembly and disassembly dynam-
ics on charged surfaces provides insights on matrix protein self-
assembly. Journal of the American Chemical Society, 133(43), 17406–
17413. https://doi.org/10.1021/ja206​849c

Cho, E. S., Kim, K. J., Lee, K. E., Lee, E. J., Yun, C. Y., Lee, M. J., Shin, T. 
J., Hyun, H. K., Kim, Y. J., Lee, S. H., Jung, H. S., Lee, Z. H., & Kim, 
J. W. (2014). Alteration of conserved alternative splicing in AMELX 
causes enamel defects. Journal of Dental Research, 93(10), 980–987. 
https://doi.org/10.1177/00220​34514​547272

Choi, H., Kim, T. H., Yun, C. Y., Kim, J. W., & Cho, E. S. (2016). Testicular 
acid phosphatase induces odontoblast differentiation and min-
eralization. Cell and Tissue Research, 364(1), 95–103. https://doi.
org/10.1007/s0044​1-015-2310-9

Choi, S. J., Song, I. S., Feng, J. Q., Gao, T., Haruyama, N., Gautam, P., 
Robey, P. G., & Hart, T. C. (2010). Mutant DLX 3 disrupts odon-
toblast polarization and dentin formation. Developmental Biology, 
344(2), 682–692. https://doi.org/10.1016/j.ydbio.2010.05.499

Christiano, A. M., Anhalt, G., Gibbons, S., Bauer, E. A., & Uitto, J. (1994). 
Premature termination codons in the type VII collagen gene 
(COL7A1) underlie severe, mutilating recessive dystrophic epider-
molysis bullosa. Genomics, 21(1), 160–168. https://doi.org/10.1006/
geno.1994.1238

Colombi, M., Gardella, R., Zoppi, N., Moro, L., Marini, D., Spurr, N. K., 
& Barlati, S. (1992). Exclusion of stromelysin-1, stromelysin-2, in-
terstitial collagenase and fibronectin genes as the mutant loci in a 
family with recessive epidermolysis bullosa dystrophica and a form 
of cerebellar ataxia. Human Genetics, 89(5), 503–507. https://doi.
org/10.1007/BF002​19174

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/ng0394-299
https://doi.org/10.1182/blood-2011-04-325225
https://doi.org/10.1182/blood-2011-04-325225
https://doi.org/10.1016/j.biochi.2004.12.009
https://doi.org/10.3389/fphys.2018.00750
https://doi.org/10.3389/fphys.2018.00750
https://doi.org/10.1016/s0888-7543(05)80153-3
https://doi.org/10.1034/j.1601-0825.2003.00843.x
https://doi.org/10.1034/j.1601-0825.2003.00843.x
https://doi.org/10.3390/children9030362
https://doi.org/10.3390/children9030362
https://doi.org/10.1186/s12895-018-0069-x
https://doi.org/10.1186/s12895-018-0069-x
https://doi.org/10.1177/154405910208100712
https://doi.org/10.1177/154405910208100712
https://doi.org/10.2353/ajpath.2009.080573
https://doi.org/10.3389/fphys.2014.00510
https://doi.org/10.1111/j.1600-0528.1986.tb01493.x
https://doi.org/10.1111/j.1600-0528.1986.tb01493.x
https://doi.org/10.1093/hmg/ddq001
https://doi.org/10.3389/fphys.2014.00240
https://doi.org/10.3389/fphys.2014.00240
https://doi.org/10.1177/0022034515572442
https://doi.org/10.1177/0022034515572442
https://doi.org/10.1084/jem.148.5.1378
https://doi.org/10.1016/s0003-9969(87)80010-9
https://doi.org/10.1073/pnas.1500257112
https://doi.org/10.1016/j.ymgme.2015.12.009
https://doi.org/10.1016/j.ymgme.2015.12.009
https://doi.org/10.1016/j.bone.2009.12.002
https://doi.org/10.1016/j.bone.2009.12.002
https://doi.org/10.1177/0022034516681768
https://doi.org/10.1177/0022034516681768
https://doi.org/10.1016/0003-9969(94)00135-x
https://doi.org/10.1016/0003-9969(94)00135-x
https://doi.org/10.1242/jcs.114.13.2363
https://doi.org/10.1021/ja206849c
https://doi.org/10.1177/0022034514547272
https://doi.org/10.1007/s00441-015-2310-9
https://doi.org/10.1007/s00441-015-2310-9
https://doi.org/10.1016/j.ydbio.2010.05.499
https://doi.org/10.1006/geno.1994.1238
https://doi.org/10.1006/geno.1994.1238
https://doi.org/10.1007/BF00219174
https://doi.org/10.1007/BF00219174


    |  2357DONG et al.

Costello, L. C., Franklin, R. B., Reynolds, M. A., & Chellaiah, M. (2012). The 
important role of osteoblasts and citrate production in bone forma-
tion: "osteoblast citration" as a new concept for an old relationship. 
The Open Bone Journal, 4, 27–34. https://doi.org/10.2174/18765​
25401​20401​0027

Crawford, P. J., Aldred, M., & Bloch-Zupan, A. (2007). Amelogenesis 
imperfecta. Orphanet Journal of Rare Diseases, 2, 17. https://doi.
org/10.1186/1750-1172-2-17

Cui, J., Xiao, J., Tagliabracci, V. S., Wen, J., Rahdar, M., & Dixon, J. E. 
(2015). A secretory kinase complex regulates extracellular pro-
tein phosphorylation. eLife, 4, e06120. https://doi.org/10.7554/
eLife.06120

Cusick, J. K., Mustian, A., Goldberg, K., & Reyland, M. E. (2010). 
RELT induces cellular death in HEK 293 epithelial cells. Cellular  
Immunology, 261(1), 1–8. https://doi.org/10.1016/j.cellimm.2009.​
10.​013

de la Dure-Molla, M., Quentric, M., Yamaguti, P. M., Acevedo, A. C., 
Mighell, A. J., Vikkula, M., Huckert, M., Berdal, A., & Bloch-Zupan, 
A. (2014). Pathognomonic oral profile of enamel renal syndrome 
(ERS) caused by recessive FAM20A mutations. Orphanet Journal of 
Rare Diseases, 9, 84. https://doi.org/10.1186/1750-1172-9-84

de Vallière, C., Vidal, S., Clay, I., Jurisic, G., Tcymbarevich, I., Lang, S., 
Ludwig, M. G., Okoniewski, M., Eloranta, J. J., Kullak-Ublick, G. A., 
Wagner, C. A., Rogler, G., & Seuwen, K. (2015). The pH-sensing 
receptor OGR1 improves barrier function of epithelial cells and 
inhibits migration in an acidic environment. American Journal of 
Physiology. Gastrointestinal and Liver Physiology, 309(6), G475–G490. 
https://doi.org/10.1152/ajpgi.00408.2014

den Hoed, J., de Boer, E., Voisin, N., Dingemans, A. J. M., Guex, N., Wiel, 
L., Nellaker, C., Amudhavalli, S. M., Banka, S., Bena, F. S., Ben-Zeev, 
B., Bonagura, V. R., Bruel, A. L., Brunet, T., Brunner, H. G., Chew, 
H. B., Chrast, J., Cimbalistienė, L., Coon, H., … Vissers, L. E. L. M. 
(2021). Mutation-specific pathophysiological mechanisms define 
different neurodevelopmental disorders associated with SATB1 
dysfunction. American Journal of Human Genetics, 108(2), 346–356. 
https://doi.org/10.1016/j.ajhg.2021.01.007

Dickens, F. (1941). The citric acid content of animal tissues, with refer-
ence to its occurrence in bone and tumour. The Biochemical Journal, 
35(8–9), 1011–1023. https://doi.org/10.1042/bj035​1011

Dickinson, L. A., Joh, T., Kohwi, Y., & Kohwi-Shigematsu, T. (1992). 
A tissue-specific MAR/SAR DNA-binding protein with un-
usual binding site recognition. Cell, 70(4), 631–645. https://doi.
org/10.1016/0092-8674(92)90432​-c

Duan, X., Mao, Y., Wen, X., Yang, T., & Xue, Y. (2011). Excess fluoride 
interferes with chloride-channel-dependent endocytosis in am-
eloblasts. Journal of Dental Research, 90(2), 175–180. https://doi.
org/10.1177/00220​34510​385687

Duan, X., Yang, S., Zhang, H., Wu, J., Zhang, Y., Ji, D., Tie, L., & Boerkoel, 
C. F. (2019). A novel AMELX mutation, its phenotypic features, and 
skewed X inactivation. Journal of Dental Research, 98(8), 870–878. 
https://doi.org/10.1177/00220​34519​854973

Duverger, O., & Morasso, M. I. (2018). Pleiotropic function of DLX3 in 
amelogenesis: From regulating pH and keratin expression to con-
trolling enamel rod decussation. Connective Tissue Research, 59(sup1), 
30–34. https://doi.org/10.1080/03008​207.2017.1408602

Duverger, O., Ohara, T., Bible, P. W., Zah, A., & Morasso, M. I. (2017). 
DLX3-dependent regulation of ion transporters and carbonic 
anhydrases is crucial for enamel mineralization. Journal of Bone 
and Mineral Research, 32(3), 641–653. https://doi.org/10.1002/
jbmr.3022

El-Sayed, W., Parry, D. A., Shore, R. C., Ahmed, M., Jafri, H., Rashid, 
Y., Al-Bahlani, S., Al Harasi, S., Kirkham, J., Inglehearn, C. F., & 
Mighell, A. J. (2009). Mutations in the beta propeller WDR72 cause 
autosomal-recessive hypomaturation amelogenesis imperfecta. 
American Journal of Human Genetics, 85(5), 699–705. https://doi.
org/10.1016/j.ajhg.2009.09.014

El-Sayed, W., Shore, R. C., Parry, D. A., Inglehearn, C. F., & Mighell, A. 
J. (2010). Ultrastructural analyses of deciduous teeth affected by 
hypocalcified amelogenesis imperfecta from a family with a novel 
Y458X FAM83H nonsense mutation. Cells, Tissues, Organs, 191(3), 
235–239. https://doi.org/10.1159/00025​2801

El-Sayed, W., Shore, R. C., Parry, D. A., Inglehearn, C. F., & Mighell, A. J. 
(2011). Hypomaturation amelogenesis imperfecta due to WDR72 
mutations: A novel mutation and ultrastructural analyses of de-
ciduous teeth. Cells, Tissues, Organs, 194(1), 60–66. https://doi.
org/10.1159/00032​2036

Fine, J. D., Bruckner-Tuderman, L., Eady, R. A., Bauer, E. A., Bauer, J. W.,  
Has, C., Heagerty, A., Hintner, H., Hovnanian, A., Jonkman, M. 
F., Leigh, I., Marinkovich, M. P., Martinez, A. E., McGrath, J. A., 
Mellerio, J. E., Moss, C., Murrell, D. F., Shimizu, H., Uitto, J., … 
Zambruno, G. (2014). Inherited epidermolysis bullosa: Updated 
recommendations on diagnosis and classification. Journal of the 
American Academy of Dermatology, 70(6), 1103–1126. https://doi.
org/10.1016/j.jaad.2014.01.903

Fouillen, A., Dos Santos Neves, J., Mary, C., Castonguay, J. D., Moffatt, 
P., Baron, C., & Nanci, A. (2017). Interactions of AMTN, ODAM and 
SCPPPQ1 proteins of a specialized basal lamina that attaches ep-
ithelial cells to tooth mineral. Scientific Reports, 7, 46683. https://
doi.org/10.1038/srep4​6683

Franklin, R. B., Chellaiah, M., Zou, J., Reynolds, M. A., & Costello, L. C. 
(2014). Evidence that osteoblasts are specialized citrate-producing 
cells that provide the citrate for incorporation into the structure of 
bone. The Open Bone Journal, 6, 1–7. https://doi.org/10.2174/18765​
25401​40601​0001

Fukumoto, S., Kiba, T., Hall, B., Iehara, N., Nakamura, T., Longenecker, 
G., Krebsbach, P. H., Nanci, A., Kulkarni, A. B., & Yamada, Y. (2004). 
Ameloblastin is a cell adhesion molecule required for maintaining 
the differentiation state of ameloblasts. The Journal of Cell Biology, 
167(5), 973–983. https://doi.org/10.1083/jcb.20040​9077

Fulcher, L. J., Bozatzi, P., Tachie-Menson, T., Wu, K. Z. L., Cummins, T. D., 
Bufton, J. C., Pinkas, D. M., Dunbar, K., Shrestha, S., Wood, N. T., 
Weidlich, S., Macartney, T. J., Varghese, J., Gourlay, R., Campbell, 
D. G., Dingwell, K. S., Smith, J. C., Bullock, A. N., & Sapkota, G. P. 
(2018). The DUF1669 domain of FAM83 family proteins anchor 
casein kinase 1 isoforms. Science Signaling, 11(531), eaao2341. 
https://doi.org/10.1126/scisi​gnal.aao2341

Gardner, D. G. (1975). The dental manifestations of the Morquio syn-
drome (mucopolysaccharidosis type IV). A diagnostic aid. American 
Journal of Diseases of Children, 129(12), 1445–1448. https://doi.
org/10.1001/archp​edi.1975.02120​49005​5017

Gasse, B., Karayigit, E., Mathieu, E., Jung, S., Garret, A., Huckert, M., 
Morkmued, S., Schneider, C., Vidal, L., Hemmerlé, J., Sire, J. Y., & 
Bloch-Zupan, A. (2013). Homozygous and compound heterozygous 
MMP20 mutations in amelogenesis imperfecta. Journal of Dental 
Research, 92(7), 598–603. https://doi.org/10.1177/00220​34513​
488393

Gasse, B., Prasad, M., Delgado, S., Huckert, M., Kawczynski, M., Garret-
Bernardin, A., Lopez-Cazaux, S., Bailleul-Forestier, I., Manière, M. 
C., Stoetzel, C., Bloch-Zupan, A., & Sire, J. Y. (2017). Evolutionary 
analysis predicts sensitive positions of MMP20 and validates newly- 
and previously-identified MMP20 mutations causing Amelogenesis 
imperfecta. Frontiers in Physiology, 8, 398. https://doi.org/10.3389/
fphys.2017.00398

Gjørup, H., Beck-Nielsen, S. S., & Haubek, D. (2018). Craniofacial and 
dental characteristics of patients with vitamin-D-dependent rick-
ets type 1A compared to controls and patients with X-linked hypo-
phosphatemia. Clinical Oral Investigations, 22(2), 745–755. https://
doi.org/10.1007/s0078​4-017-2149-4

Goodman, J. R., Gelbier, M. J., Bennett, J. H., & Winter, G. B. (1998). 
Dental problems associated with hypophosphataemic vitamin D 
resistant rickets. International Journal of Paediatric Dentistry, 8(1), 
19–28. https://doi.org/10.1046/j.1365-263x.1998.00059.x

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.2174/1876525401204010027
https://doi.org/10.2174/1876525401204010027
https://doi.org/10.1186/1750-1172-2-17
https://doi.org/10.1186/1750-1172-2-17
https://doi.org/10.7554/eLife.06120
https://doi.org/10.7554/eLife.06120
https://doi.org/10.1016/j.cellimm.2009.10.013
https://doi.org/10.1016/j.cellimm.2009.10.013
https://doi.org/10.1186/1750-1172-9-84
https://doi.org/10.1152/ajpgi.00408.2014
https://doi.org/10.1016/j.ajhg.2021.01.007
https://doi.org/10.1042/bj0351011
https://doi.org/10.1016/0092-8674(92)90432-c
https://doi.org/10.1016/0092-8674(92)90432-c
https://doi.org/10.1177/0022034510385687
https://doi.org/10.1177/0022034510385687
https://doi.org/10.1177/0022034519854973
https://doi.org/10.1080/03008207.2017.1408602
https://doi.org/10.1002/jbmr.3022
https://doi.org/10.1002/jbmr.3022
https://doi.org/10.1016/j.ajhg.2009.09.014
https://doi.org/10.1016/j.ajhg.2009.09.014
https://doi.org/10.1159/000252801
https://doi.org/10.1159/000322036
https://doi.org/10.1159/000322036
https://doi.org/10.1016/j.jaad.2014.01.903
https://doi.org/10.1016/j.jaad.2014.01.903
https://doi.org/10.1038/srep46683
https://doi.org/10.1038/srep46683
https://doi.org/10.2174/1876525401406010001
https://doi.org/10.2174/1876525401406010001
https://doi.org/10.1083/jcb.200409077
https://doi.org/10.1126/scisignal.aao2341
https://doi.org/10.1001/archpedi.1975.02120490055017
https://doi.org/10.1001/archpedi.1975.02120490055017
https://doi.org/10.1177/0022034513488393
https://doi.org/10.1177/0022034513488393
https://doi.org/10.3389/fphys.2017.00398
https://doi.org/10.3389/fphys.2017.00398
https://doi.org/10.1007/s00784-017-2149-4
https://doi.org/10.1007/s00784-017-2149-4
https://doi.org/10.1046/j.1365-263x.1998.00059.x


2358  |    DONG et al.

Gostyńska, K. B., Yan Yuen, W., Pasmooij, A. M. G., Stellingsma, C., Pas, 
H. H., Lemmink, H., & Jonkman, M. F. (2016). Carriers with func-
tional null mutations in LAMA3 have localized enamel abnormali-
ties due to haploinsufficiency. European Journal of Human Genetics, 
25(1), 94–99. https://doi.org/10.1038/ejhg.2016.136

Grubb, B. R., & Boucher, R. C. (1999). Pathophysiology of gene-targeted 
mouse models for cystic fibrosis. Physiological Reviews, 79(1 Suppl), 
S193–S214. https://doi.org/10.1152/physr​ev.1999.79.1.S193

Guo, J., Lyaruu, D. M., Takano, Y., Gibson, C. W., DenBesten, P. K., & 
Bronckers, A. L. (2015). Amelogenins as potential buffers during 
secretory-stage amelogenesis. Journal of Dental Research, 94(3), 
412–420. https://doi.org/10.1177/00220​34514​564186

Hart, P. S., Aldred, M. J., Crawford, P. J., Wright, N. J., Hart, T. C., & Wright, 
J. T. (2002). Amelogenesis imperfecta phenotype-genotype correla-
tions with two amelogenin gene mutations. Archives of Oral Biology, 
47(4), 261–265. https://doi.org/10.1016/s0003​-9969(02)00003​-1

Hart, P. S., Becerik, S., Cogulu, D., Emingil, G., Ozdemir-Ozenen, D., Han, 
S. T., Sulima, P. P., Firatli, E., & Hart, T. C. (2009). Novel FAM83H 
mutations in Turkish families with autosomal dominant hypocal-
cified amelogenesis imperfecta. Clinical Genetics, 75(4), 401–404. 
https://doi.org/10.1111/j.1399-0004.2008.01112.x

Hart, P. S., Michalec, M. D., Seow, W. K., Hart, T. C., & Wright, J. T. (2003). 
Identification of the enamelin (g.8344delG) mutation in a new kin-
dred and presentation of a standardized ENAM nomenclature. 
Archives of Oral Biology, 48(8), 589–596. https://doi.org/10.1016/
s0003​-9969(03)00114​-6

Hart, T. C., Hart, P. S., Gorry, M. C., Michalec, M. D., Ryu, O. H., Uygur, 
C., Ozdemir, D., Firatli, S., Aren, G., & Firatli, E. (2003). Novel ENAM 
mutation responsible for autosomal recessive amelogenesis im-
perfecta and localised enamel defects. Journal of Medical Genetics, 
40(12), 900–906. https://doi.org/10.1136/jmg.40.12.900

Has, C., Bauer, J. W., Bodemer, C., Bolling, M. C., Bruckner-Tuderman, L., 
Diem, A., Fine, J. D., Heagerty, A., Hovnanian, A., Marinkovich, M. 
P., Martinez, A. E., McGrath, J. A., Moss, C., Murrell, D. F., Palisson, 
F., Schwieger-Briel, A., Sprecher, E., Tamai, K., Uitto, J., … Mellerio, 
J. E. (2020). Consensus reclassification of inherited epidermolysis 
bullosa and other disorders with skin fragility. The British Journal of 
Dermatology, 183(4), 614–627. https://doi.org/10.1111/bjd.18921

Heimler, A., Fox, J. E., Hershey, J. E., & Crespi, P. (1991). Sensorineural 
hearing loss, enamel hypoplasia, and nail abnormalities in sibs. 
American Journal of Medical Genetics, 39(2), 192–195. https://doi.
org/10.1002/ajmg.13203​90214

Hendriksz, C. J., Al-Jawad, M., Berger, K. I., Hawley, S. M., Lawrence, 
R., McArdle, C., Summers, C. G., Wright, E., & Braunlin, E. (2013). 
Clinical overview and treatment options for non-skeletal mani-
festations of mucopolysaccharidosis type IVA. Journal of Inherited 
Metabolic Disease, 36(2), 309–322. https://doi.org/10.1007/s1054​
5-012-9459-0

Hendriksz, C. J., Berger, K. I., Giugliani, R., Harmatz, P., Kampmann, C., 
Mackenzie, W. G., Raiman, J., Villarreal, M. S., & Savarirayan, R. 
(2015). International guidelines for the management and treatment 
of Morquio a syndrome. American Journal of Medical Genetics. Part 
A, 167A(1), 11–25. https://doi.org/10.1002/ajmg.a.36833

Hentschel, J., Tatun, D., Parkhomchuk, D., Kurth, I., Schimmel, B., 
Heinrich-Weltzien, R., Bertzbach, S., Peters, H., & Beetz, C. 
(2016). Identification of the first multi-exonic WDR72 deletion in 
isolated amelogenesis imperfecta, and generation of a WDR72-
specific copy number screening tool. Gene, 590(1), 1–4. https://doi.
org/10.1016/j.gene.2016.05.040

Herzog, C. R., Reid, B. M., Seymen, F., Koruyucu, M., Tuna, E. B., Simmer, 
J. P., & Hu, J. C. C. (2015). Hypomaturation amelogenesis imper-
fecta caused by a novel SLC24A4 mutation. Oral Surgery, Oral 
Medicine, Oral Pathology, Oral Radiology, 119(2), e77–e81. https://
doi.org/10.1016/j.oooo.2014.09.003

Holcroft, J., & Ganss, B. (2011). Identification of amelotin- and ODAM-
interacting enamel matrix proteins using the yeast two-hybrid 

system. European Journal of Oral Sciences, 119(Suppl 1), 301–306. 
https://doi.org/10.1111/j.1600-0722.2011.00870.x

Hovnanian, A., Duquesnoy, P., Amselem, S., Blanchet-Bardon, C., Lathrop, 
M., Dubertret, L., & Goossens, M. (1991). Exclusion of linkage be-
tween the collagenase gene and generalized recessive dystrophic 
epidermolysis bullosa phenotype. The Journal of Clinical Investigation, 
88(5), 1716–1721. https://doi.org/10.1172/JCI11​5489

Hu, J. C., Chan, H. C., Simmer, S. G., Seymen, F., Richardson, A. S., Hu, 
Y., Milkovich, R. N., Estrella, N. M., Yildirim, M., Bayram, M., Chen, 
C. F., & Simmer, J. P. (2012). Amelogenesis imperfecta in two fam-
ilies with defined AMELX deletions in ARHGAP6. PLoS One, 7(12), 
e52052. https://doi.org/10.1371/journ​al.pone.0052052

Hu, J. C., & Yamakoshi, Y. (2003). Enamelin and autosomal-dominant 
amelogenesis imperfecta. Critical Reviews in Oral Biology and 
Medicine, 14(6), 387–398. https://doi.org/10.1177/15441​11303​
01400602

Hu, Y., Smith, C. E., Cai, Z., Donnelly, L. A. J., Yang, J., Hu, J. C. C., & 
Simmer, J. P. (2016). Enamel ribbons, surface nodules, and octa-
calcium phosphate in C57BL/6 Amelx(−/−) mice and Amelx(+/−) 
lyonization. Molecular Genetics & Genomic Medicine, 4(6), 641–661. 
https://doi.org/10.1002/mgg3.252

Hu, Y., Smith, C. E., Richardson, A. S., Bartlett, J. D., Hu, J. C., & Simmer, 
J. P. (2016). MMP20, KLK4, and MMP20/KLK4 double null mice 
define roles for matrix proteases during dental enamel formation. 
Molecular Genetics & Genomic Medicine, 4(2), 178–196. https://doi.
org/10.1002/mgg3.194

Hu, Y. Y., Rawal, A., & Schmidt-Rohr, K. (2010). Strongly bound citrate 
stabilizes the apatite nanocrystals in bone. Proceedings of the 
National Academy of Sciences of the United States of America, 107(52), 
22425–22429. https://doi.org/10.1073/pnas.10092​19107

Hynes, R. O. (2002). Integrins: Bidirectional, allosteric signaling ma-
chines. Cell, 110(6), 673–687. https://doi.org/10.1016/s0092​
-8674(02)00971​-6

Hytönen, M. K., Arumilli, M., Sarkiala, E., Nieminen, P., & Lohi, H. (2019). 
Canine models of human amelogenesis imperfecta: Identification 
of novel recessive ENAM and ACP4 variants. Human Genetics, 
138(5), 525–533. https://doi.org/10.1007/s0043​9-019-01997​-8

Intong, L. R., & Murrell, D. F. (2012). Inherited epidermolysis bullosa: 
New diagnostic criteria and classification. Clinics in Dermatology, 
30(1), 70–77. https://doi.org/10.1016/j.clind​ermat​ol.2011.03.012

Irizarry, A. R., Yan, G., Zeng, Q., Lucchesi, J., Hamang, M. J., Ma, Y. L., 
& Rong, J. X. (2017). Defective enamel and bone development in 
sodium-dependent citrate transporter (NaCT) Slc13a5 deficient 
mice. PLoS One, 12(4), e0175465. https://doi.org/10.1371/journ​
al.pone.0175465

Jagels, A. E., & Sweeney, E. A. (1976). Oral health of patients with cystic 
fibrosis and their siblings. Journal of Dental Research, 55(6), 991–
996. https://doi.org/10.1177/00220​34576​05500​65101

Jamsheer, A., Badura-Stronka, M., Sowińska, A., Debicki, S., Kiryluk, 
K., & Latos-Bieleńska, A. (2010). A severe progressive oc-
ulodentodigital dysplasia due to compound heterozygous 
GJA1 mutation. Clinical Genetics, 78(1), 94–97. https://doi.
org/10.1111/j.1399-0004.2010.01412.x

Jaureguiberry, G., De la Dure-Molla, M., Parry, D., Quentric, M., 
Himmerkus, N., Koike, T., Poulter, J., Klootwijk, E., Robinette, S. 
L., Howie, A. J., Patel, V., Figueres, M. L., Stanescu, H. C., Issler, 
N., Nicholson, J. K., Bockenhauer, D., Laing, C., Walsh, S. B., 
McCredie, D. A., … Kleta, R. (2012). Nephrocalcinosis (enamel 
renal syndrome) caused by autosomal recessive FAM20A 
mutations. Nephron Physiology, 122(1–2), 1–6. https://doi.
org/10.1159/00034​9989

Jawad, Z., & Paoli, M. (2002). Novel sequences propel familiar folds. 
Structure, 10(4), 447–454. https://doi.org/10.1016/s0969​
-2126(02)00750​-5

Ji, Y., Li, C., Tian, Y., Gao, Y., Dong, Z., Xiang, L., Xu, Z., Gao, Y., 
& Zhang, L. (2021). Maturation stage enamel defects in 

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/ejhg.2016.136
https://doi.org/10.1152/physrev.1999.79.1.S193
https://doi.org/10.1177/0022034514564186
https://doi.org/10.1016/s0003-9969(02)00003-1
https://doi.org/10.1111/j.1399-0004.2008.01112.x
https://doi.org/10.1016/s0003-9969(03)00114-6
https://doi.org/10.1016/s0003-9969(03)00114-6
https://doi.org/10.1136/jmg.40.12.900
https://doi.org/10.1111/bjd.18921
https://doi.org/10.1002/ajmg.1320390214
https://doi.org/10.1002/ajmg.1320390214
https://doi.org/10.1007/s10545-012-9459-0
https://doi.org/10.1007/s10545-012-9459-0
https://doi.org/10.1002/ajmg.a.36833
https://doi.org/10.1016/j.gene.2016.05.040
https://doi.org/10.1016/j.gene.2016.05.040
https://doi.org/10.1016/j.oooo.2014.09.003
https://doi.org/10.1016/j.oooo.2014.09.003
https://doi.org/10.1111/j.1600-0722.2011.00870.x
https://doi.org/10.1172/JCI115489
https://doi.org/10.1371/journal.pone.0052052
https://doi.org/10.1177/154411130301400602
https://doi.org/10.1177/154411130301400602
https://doi.org/10.1002/mgg3.252
https://doi.org/10.1002/mgg3.194
https://doi.org/10.1002/mgg3.194
https://doi.org/10.1073/pnas.1009219107
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.1016/s0092-8674(02)00971-6
https://doi.org/10.1007/s00439-019-01997-8
https://doi.org/10.1016/j.clindermatol.2011.03.012
https://doi.org/10.1371/journal.pone.0175465
https://doi.org/10.1371/journal.pone.0175465
https://doi.org/10.1177/00220345760550065101
https://doi.org/10.1111/j.1399-0004.2010.01412.x
https://doi.org/10.1111/j.1399-0004.2010.01412.x
https://doi.org/10.1159/000349989
https://doi.org/10.1159/000349989
https://doi.org/10.1016/s0969-2126(02)00750-5
https://doi.org/10.1016/s0969-2126(02)00750-5


    |  2359DONG et al.

Odontogenesis-associated phosphoprotein (Odaph) deficient 
mice. Developmental Dynamics, 250(10), 1505–1517. https://doi.
org/10.1002/dvdy.336

Kahaly, G. J. (2009). Polyglandular autoimmune syndromes. European 
Journal of Endocrinology, 161(1), 11–20. https://doi.org/10.1530/
EJE-09-0044

Kahaly, G. J., & Frommer, L. (2018). Polyglandular autoimmune syn-
dromes. Journal of Endocrinological Investigation, 41(1), 91–98. 
https://doi.org/10.1007/s4061​8-017-0740-9

Kamei, Y., Xu, L., Heinzel, T., Torchia, J., Kurokawa, R., Gloss, B., Lin, S. C., 
Heyman, R. A., Rose, D. W., Glass, C. K., & Rosenfeld, M. G. (1996). 
A CBP integrator complex mediates transcriptional activation and 
AP-1 inhibition by nuclear receptors. Cell, 85(3), 403–414. https://
doi.org/10.1016/s0092​-8674(00)81118​-6

Katsura, K. A., Horst, J. A., Chandra, D., le, T. Q., Nakano, Y., Zhang, Y., 
Horst, O. V., Zhu, L., le, M. H., & DenBesten, P. K. (2014). WDR72 
models of structure and function: A stage-specific regulator of 
enamel mineralization. Matrix Biology, 38, 48–58. https://doi.
org/10.1016/j.matbio.2014.06.005

Khan, S. A., Khan, M. A., Muhammad, N., Bashir, H., Khan, N., Muhammad, 
N., Yilmaz, R., Khan, S., & Wasif, N. (2020). A novel nonsense vari-
ant in SLC24A4 causing a rare form of amelogenesis imperfecta 
in a Pakistani family. BMC Medical Genetics, 21(1), 97. https://doi.
org/10.1186/s1288​1-020-01038​-6

Khandelwal, P., Mahesh, V., Mathur, V. P., Raut, S., Geetha, T. S., Nair, 
S., Hari, P., Sinha, A., & Bagga, A. (2021). Phenotypic variability 
in distal acidification defects associated with WDR72 mutations. 
Pediatric Nephrology, 36(4), 881–887. https://doi.org/10.1007/
s0046​7-020-04747​-5

Kim, J. W., Lee, S. K., Lee, Z. H., Park, J. C., Lee, K. E., Lee, M. H., Park, J. 
T., Seo, B. M., Hu, J. C. C., & Simmer, J. P. (2008). FAM83H muta-
tions in families with autosomal-dominant hypocalcified amelogen-
esis imperfecta. American Journal of Human Genetics, 82(2), 489–
494. https://doi.org/10.1016/j.ajhg.2007.09.020

Kim, J. W., Seymen, F., Lee, K. E., Ko, J., Yildirim, M., Tuna, E. B., Gencay, 
K., Shin, T. J., Kyun, H. K., Simmer, J. P., & Hu, J. C. C. (2013). 
LAMB3 mutations causing autosomal-dominant amelogenesis im-
perfecta. Journal of Dental Research, 92(10), 899–904. https://doi.
org/10.1177/00220​34513​502054

Kim, J. W., Seymen, F., Lin, B. P., Kiziltan, B., Gencay, K., Simmer, J. P., & 
Hu, J. C. (2005). ENAM mutations in autosomal-dominant amelo-
genesis imperfecta. Journal of Dental Research, 84(3), 278–282. 
https://doi.org/10.1177/15440​59105​08400314

Kim, J. W., Simmer, J. P., Hart, T. C., Hart, P. S., Ramaswami, M. D., 
Bartlett, J. D., & Hu, J. C. (2005). MMP-20 mutation in autoso-
mal recessive pigmented hypomaturation amelogenesis imper-
fecta. Journal of Medical Genetics, 42(3), 271–275. https://doi.
org/10.1136/jmg.2004.024505

Kim, J. W., Simmer, J. P., Hu, Y. Y., Lin, B. P. L., Boyd, C., Wright, J. T., 
Yamada, C. J. M., Rayes, S. K., Feigal, R. J., & Hu, J. C. C. (2004). 
Amelogenin p.M1T and p.W4S mutations underlying hypoplastic X-
linked amelogenesis imperfecta. Journal of Dental Research, 83(5), 
378–383. https://doi.org/10.1177/15440​59104​08300505

Kim, J. W., Zhang, H., Seymen, F., Koruyucu, M., Hu, Y., Kang, J., Kim, 
Y. J., Ikeda, A., Kasimoglu, Y., Bayram, M., Zhang, C., Kawasaki, K., 
Bartlett, J. D., Saunders, T. L., Simmer, J. P., & Hu, J. C. C. (2019). 
Mutations in RELT cause autosomal recessive amelogenesis imper-
fecta. Clinical Genetics, 95(3), 375–383. https://doi.org/10.1111/
cge.13487

Kim, Y. J., Kang, J., Seymen, F., Koruyucu, M., Gencay, K., Shin, T. J., 
Hyun, H. K., Lee, Z. H., Hu, J. C., Simmer, J. P., & Kim, J. W. (2017). 
Analyses of MMP20 missense mutations in two families with hypo-
maturation amelogenesis imperfecta. Frontiers in Physiology, 8, 229. 
https://doi.org/10.3389/fphys.2017.00229

Kim, Y. J., Kang, J., Seymen, F., Koruyucu, M., Zhang, H., Kasimoglu, Y., 
Bayram, M., Tuna-Ince, E. B., Bayrak, S., Tuloglu, N., Hu, J. C. C., 

Simmer, J. P., & Kim, J. W. (2020). Alteration of exon definition 
causes amelogenesis imperfecta. Journal of Dental Research, 99(4), 
410–418. https://doi.org/10.1177/00220​34520​901708

Kim, Y. J., Kim, Y. J., Kang, J., Shin, T. J., Hyun, H. K., Lee, S. H., Lee, 
Z. H., & Kim, J. W. (2017). A novel AMELX mutation causes hypo-
plastic amelogenesis imperfecta. Archives of Oral Biology, 76, 61–65. 
https://doi.org/10.1016/j.archo​ralbio.2017.01.004

Kim, Y. J., Lee, Y., Kasimoglu, Y., Seymen, F., Simmer, J. P., Hu, J. C. C., 
Cho, E. S., & Kim, J. W. (2022). Recessive mutations in ACP4 cause 
amelogenesis imperfecta. Journal of Dental Research, 101(1), 37–45. 
https://doi.org/10.1177/00220​34521​1015119

Kim, Y. J., Lee, Y., Zhang, H., Song, J. S., Hu, J. C. C., Simmer, J. P., & Kim, J. 
W. (2021). A novel de novo SP6 mutation causes severe hypoplas-
tic amelogenesis imperfecta. Genes (Basel), 12(3), 346. https://doi.
org/10.3390/genes​12030346

Kivirikko, S., McGrath, J. A., Baudoin, C., Aberdam, D., Ciatti, S., Dunnill, 
M. G. S., McMillan, J. R., Eady, R. A. J., Ortonne, J. P., Meneguzzi, G., 
Ultto, J., & Christiano, A. M. (1995). A homozygous nonsense muta-
tion in the alpha 3 chain gene of laminin 5 (LAMA3) in lethal (Herlitz) 
junctional epidermolysis bullosa. Human Molecular Genetics, 4(5), 
959–962. https://doi.org/10.1093/hmg/4.5.959

Klouwer, F. C., Berendse, K., Ferdinandusse, S., Wanders, R. J., 
Engelen, M., & Poll-The, B. T. (2015). Zellweger spectrum dis-
orders: Clinical overview and management approach. Orphanet 
Journal of Rare Diseases, 10, 151. https://doi.org/10.1186/s1302​
3-015-0368-9

Kohlschütter, A., Chappuis, D., Meier, C., Tönz, O., Vassella, F., & 
Herschkowitz, N. (1974). Familial epilepsy and yellow teeth – A 
disease of the CNS associated with enamel hypoplasia. Helvetica 
Paediatrica Acta, 29(4), 283–294.

Kolisek, M., Nestler, A., Vormann, J., & Schweigel-Röntgen, M. (2012). 
Human gene SLC41A1 encodes for the Na+/Mg2+ exchanger. 
American Journal of Physiology. Cell Physiology, 302(1), C318–C326. 
https://doi.org/10.1152/ajpce​ll.00289.2011

Koruyucu, M., Kang, J., Kim, Y. J., Seymen, F., Kasimoglu, Y., Lee, 
Z. H., Shin, T. J., Hyun, H. K., Kim, Y. J., Lee, S. H., Hu, J. C. C., 
Simmer, J. P., & Kim, J. W. (2018). Hypoplastic AI with highly vari-
able expressivity caused by ENAM mutations. Journal of Dental 
Research, 97(9), 1064–1069. https://doi.org/10.1177/00220​34518​
763152

Korzus, E. (2017). Rubinstein-Taybi syndrome and epigenetic alterations. 
Advances in Experimental Medicine and Biology, 978, 39–62. https://
doi.org/10.1007/978-3-319-53889​-1_3

Krebsbach, P. H., Lee, S. K., Matsuki, Y., Kozak, C. A., Yamada, K. M., 
& Yamada, Y. (1996). Full-length sequence, localization, and chro-
mosomal mapping of ameloblastin. A novel tooth-specific gene. 
The Journal of Biological Chemistry, 271(8), 4431–4435. https://doi.
org/10.1074/jbc.271.8.4431

Kuechler, A., Hentschel, J., Kurth, I., Stephan, B., Prott, E. C., Schweiger, 
B., Schuster, A., Wieczorek, D., & Lüdecke, H. J. (2012). A novel 
homozygous WDR72 mutation in two siblings with amelogenesis 
imperfecta and mild short stature. Molecular Syndromology, 3(5), 
223–229. https://doi.org/10.1159/00034​3746

Kuga, T., Sasaki, M., Mikami, T., Miake, Y., Adachi, J., Shimizu, M., Saito, 
Y., Koura, M., Takeda, Y., Matsuda, J., Tomonaga, T., & Nakayama, 
Y. (2016). FAM83H and casein kinase I regulate the organization of 
the keratin cytoskeleton and formation of desmosomes. Scientific 
Reports, 6, 26557. https://doi.org/10.1038/srep2​6557

Lacruz, R. S., Habelitz, S., Wright, J. T., & Paine, M. L. (2017). Dental 
enamel formation and implications for oral health and disease. 
Physiological Reviews, 97(3), 939–993. https://doi.org/10.1152/
physr​ev.00030.2016

Lacruz, R. S., Nanci, A., White, S. N., Wen, X., Wang, H. J., Zalzal, S. F., 
Luong, V. Q., Schuetter, V. L., Conti, P. S., Kurtz, I., & Paine, M. L. 
(2010). The sodium bicarbonate cotransporter (NBCe1) is essential 
for normal development of mouse dentition. The Journal of Biological 

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/dvdy.336
https://doi.org/10.1002/dvdy.336
https://doi.org/10.1530/EJE-09-0044
https://doi.org/10.1530/EJE-09-0044
https://doi.org/10.1007/s40618-017-0740-9
https://doi.org/10.1016/s0092-8674(00)81118-6
https://doi.org/10.1016/s0092-8674(00)81118-6
https://doi.org/10.1016/j.matbio.2014.06.005
https://doi.org/10.1016/j.matbio.2014.06.005
https://doi.org/10.1186/s12881-020-01038-6
https://doi.org/10.1186/s12881-020-01038-6
https://doi.org/10.1007/s00467-020-04747-5
https://doi.org/10.1007/s00467-020-04747-5
https://doi.org/10.1016/j.ajhg.2007.09.020
https://doi.org/10.1177/0022034513502054
https://doi.org/10.1177/0022034513502054
https://doi.org/10.1177/154405910508400314
https://doi.org/10.1136/jmg.2004.024505
https://doi.org/10.1136/jmg.2004.024505
https://doi.org/10.1177/154405910408300505
https://doi.org/10.1111/cge.13487
https://doi.org/10.1111/cge.13487
https://doi.org/10.3389/fphys.2017.00229
https://doi.org/10.1177/0022034520901708
https://doi.org/10.1016/j.archoralbio.2017.01.004
https://doi.org/10.1177/00220345211015119
https://doi.org/10.3390/genes12030346
https://doi.org/10.3390/genes12030346
https://doi.org/10.1093/hmg/4.5.959
https://doi.org/10.1186/s13023-015-0368-9
https://doi.org/10.1186/s13023-015-0368-9
https://doi.org/10.1152/ajpcell.00289.2011
https://doi.org/10.1177/0022034518763152
https://doi.org/10.1177/0022034518763152
https://doi.org/10.1007/978-3-319-53889-1_3
https://doi.org/10.1007/978-3-319-53889-1_3
https://doi.org/10.1074/jbc.271.8.4431
https://doi.org/10.1074/jbc.271.8.4431
https://doi.org/10.1159/000343746
https://doi.org/10.1038/srep26557
https://doi.org/10.1152/physrev.00030.2016
https://doi.org/10.1152/physrev.00030.2016


2360  |    DONG et al.

Chemistry, 285(32), 24432–24438. https://doi.org/10.1074/jbc.
M110.115188

Lee, K. E., Ko, J., Le, C. G., Shin, T. J., Hyun, H. K., Lee, S. H., & Kim, J. W. 
(2015). Novel LAMB3 mutations cause non-syndromic amelogen-
esis imperfecta with variable expressivity. Clinical Genetics, 87(1), 
90–92. https://doi.org/10.1111/cge.12340

Lee, K. E., Lee, S. K., Jung, S. E., Song, S. J., Cho, S. H., Lee, Z. H., & Kim, J. 
W. (2011). A novel mutation in the AMELX gene and multiple crown 
resorptions. European Journal of Oral Sciences, 119(Suppl 1), 324–
328. https://doi.org/10.1111/j.1600-0722.2011.00858.x

Lee, S. K., Krebsbach, P. H., Matsuki, Y., Nanci, A., Yamada, K. M., & 
Yamada, Y. (1996). Ameloblastin expression in rat incisors and 
human tooth germs. The International Journal of Developmental 
Biology, 40(6), 1141–1150.

Lee, S. K., Seymen, F., Kang, H. Y., Lee, K. E., Gencay, K., Tuna, B., & Kim, 
J. W. (2010). MMP20 hemopexin domain mutation in amelogene-
sis imperfecta. Journal of Dental Research, 89(1), 46–50. https://doi.
org/10.1177/00220​34509​352844

Lee, S. K., Seymen, F., Lee, K. E., Kang, H. Y., Yildirim, M., Bahar Tuna, E., 
Gencay, K., Hwang, Y. H., Nam, K. H., de la Garza, R. J., Hu, J. C. C., 
Simmer, J. P., & Kim, J. W. (2010). Novel WDR72 mutation and cyto-
plasmic localization. Journal of Dental Research, 89(12), 1378–1382. 
https://doi.org/10.1177/00220​34510​382117

Lee, Y., Zhang, H., Seymen, F., Kim, Y. J., Kasimoglu, Y., Koruyucu, M., 
Simmer, J. P., Hu, J. C., & Kim, J. W. (2022). Novel KLK4 muta-
tions cause Hypomaturation amelogenesis imperfecta. Journal of 
Personalized Medicine, 12(2), 150. https://doi.org/10.3390/jpm12​
020150

Lepperdinger, U., Maurer, E., Witsch-Baumgartner, M., Stigler, 
R., Zschocke, J., Lussi, A., & Kapferer-Seebacher, I. (2020). 
Correction to: Expanding the phenotype of hypomaturation 
amelogenesis imperfecta due to a novel SLC24A4 variant. Clinical 
Oral Investigations, 24(10), 3527–3528. https://doi.org/10.1007/
s0078​4-020-03550​-8

Lézot, F., Descroix, V., Mesbah, M., Hotton, D., Blin, C., Papagerakis, P., 
Mauro, N., Kato, S., MacDougall, M., Sharpe, P., & Berdal, A. (2002). 
Cross-talk between Msx/dlx homeobox genes and vitamin D during 
tooth mineralization. Connective Tissue Research, 43(2–3), 509–514. 
https://doi.org/10.1080/03008​20029​0000583

Lézot, F., Thomas, B., Greene, S. R., Hotton, D., Yuan, Z. A., Castaneda, 
B., Bolaños, A., Depew, M., Sharpe, P., Gibson, C. W., & Berdal, A. 
(2008). Physiological implications of DLX homeoproteins in enamel 
formation. Journal of Cellular Physiology, 216(3), 688–697. https://
doi.org/10.1002/jcp.21448

Li, C., Gao, Y., Xu, Z., Tian, Y., Mu, H., Yu, C., Gao, Y., & Zhang, L. 
(2022). Expression and localization of amelotin, laminin γ2 and 
odontogenesis-associated phosphoprotein (ODAPH) on the basal 
lamina and junctional epithelium. Journal of Molecular Histology, 
53(1), 111–118. https://doi.org/10.1007/s1073​5-021-10026​-w

Li, L. L., Liu, P. H., Xie, X. H., Ma, S., Liu, C., Chen, L., & Qin, C. L. (2016). 
Loss of epithelial FAM20A in mice causes amelogenesis imperfecta, 
tooth eruption delay and gingival overgrowth. International Journal 
of Oral Science, 8(2), 98–109. https://doi.org/10.1038/ijos.2016.14

Liang, T., Hu, Y., Kawasaki, K., Zhang, H., Zhang, C., Saunders, T. L., 
Simmer, J. P., & Hu, J. C. C. (2021). Odontogenesis-associated 
phosphoprotein truncation blocks ameloblast transition into mat-
uration in Odaph(C41*/C41*) mice. Scientific Reports, 11(1), 1132. 
https://doi.org/10.1038/s4159​8-020-80912​-y

Liang, T., Hu, Y., Smith, C. E., Richardson, A. S., Zhang, H., Yang, J., Lin, 
B., Wang, S. K., Kim, J. W., Chun, Y. H., Simmer, J. P., & Hu, J. C. 
(2019). AMBN mutations causing hypoplastic amelogenesis imper-
fecta and Ambn knockout-NLS-lacZ knockin mice exhibiting failed 
amelogenesis and Ambn tissue-specificity. Molecular Genetics & 
Genomic Medicine, 7(9), e929. https://doi.org/10.1002/mgg3.929

Liang, T., Wang, S. K., Smith, C., Zhang, H., Hu, Y., Seymen, F., Koruyucu, 
M., Kasimoglu, Y., Kim, J. W., Zhang, C., Saunders, T. L., Simmer, J. 

P., & Hu, J. C. C. (2022). Enamel defects in Acp4(R110C/R110C) 
mice and human ACP4 mutations. Scientific Reports, 12(1), 16477. 
https://doi.org/10.1038/s4159​8-022-20684​-9

Lichtenstein, J., Warson, R., Jorgenson, R., Dorst, J. P., & McKusick, V. 
A. (1972). The tricho-dento-osseous (TDO) syndrome. American 
Journal of Human Genetics, 24(5), 569–582.

Lignon, G., Beres, F., Quentric, M., Rouzière, S., Weil, R., de la Dure-
Molla, M., Naveau, A., Kozyraki, R., Dessombz, A., & Berdal, A. 
(2017). FAM20A gene mutation: Amelogenesis or ectopic miner-
alization. Frontiers in Physiology, 8, 267. https://doi.org/10.3389/
fphys.2017.00267

Linsdell, P. (2006). Mechanism of chloride permeation in the cystic fi-
brosis transmembrane conductance regulator chloride channel. 
Experimental Physiology, 91(1), 123–129. https://doi.org/10.1113/
expph​ysiol.2005.031757

Llano, E., Pendás, A. M., Knäuper, V., Sorsa, T., Salo, T., Salido, E., 
Murphy, G., Simmer, J. P., Bartlett, J. D., & López-Otín, C. (1997). 
Identification and structural and functional characterization of 
human enamelysin (MMP-20). Biochemistry, 36(49), 15101–15108. 
https://doi.org/10.1021/bi972​120y

Lu, T., Li, M., Xu, X., Xiong, J., Huang, C., Zhang, X., Hu, A., Peng, L., 
Cai, D., Zhang, L., Wu, B., & Xiong, F. (2018). Whole exome se-
quencing identifies an AMBN missense mutation causing severe 
autosomal-dominant amelogenesis imperfecta and dentin dis-
orders. International Journal of Oral Science, 10(3), 26. https://doi.
org/10.1038/s4136​8-018-0027-9

Lu, Y., Papagerakis, P., Yamakoshi, Y., Hu, J. C., Bartlett, J. D., & Simmer, 
J. P. (2008). Functions of KLK4 and MMP-20 in dental enamel 
formation. Biological Chemistry, 389(6), 695–700. https://doi.
org/10.1515/BC.2008.080

Lubinsky, M., Angle, C., Marsh, P. W., & Witkop, C. J., Jr. (1985). Syndrome 
of amelogenesis imperfecta, nephrocalcinosis, impaired renal 
concentration, and possible abnormality of calcium metabolism. 
American Journal of Medical Genetics, 20(2), 233–243. https://doi.
org/10.1002/ajmg.13202​00205

Ludwig, M. G., Vanek, M., Guerini, D., Gasser, J. A., Jones, C. E., Junker, 
U., Hofstetter, H., Wolf, R. M., & Seuwen, K. (2003). Proton-sensing 
G-protein-coupled receptors. Nature, 425(6953), 93–98. https://
doi.org/10.1038/natur​e01905

MacGibbon, D. (1972). Generalized enamel hypoplasia and renal dys-
function. Australian Dental Journal, 17(1), 61–63. https://doi.
org/10.1111/j.1834-7819.1972.tb027​47.x

Maia, C. M. F., Machado, R. A., Gil-da-Silva-Lopes, V. L., Lustosa-Mendes, 
E., Rim, P. H. H., Dias, V. O., Martelli, D. R. B., Nasser, L. S., Coletta, 
R. D., & Martelli-Júnior, H. (2018). Report of two unrelated families 
with Jalili syndrome and a novel nonsense heterozygous mutation 
in CNNM4 gene. European Journal of Medical Genetics, 61(7), 384–
387. https://doi.org/10.1016/j.ejmg.2018.02.003

Mårdh, C. K., Bäckman, B., Holmgren, G., Hu, J. C., Simmer, J. P., & 
Forsman-Semb, K. (2002). A nonsense mutation in the enamelin 
gene causes local hypoplastic autosomal dominant amelogenesis 
imperfecta (AIH2). Human Molecular Genetics, 11(9), 1069–1074. 
https://doi.org/10.1093/hmg/11.9.1069

Martins, F., Roussen, A. C., Rezende, N., Hiraoka, C., Zamunaro, M., & 
Gallottini, M. (2022). Oral and cephalometric study in Brazilian 
Rubinstein-Taybi syndrome patients. Special Care in Dentistry, 42(2), 
143–148. https://doi.org/10.1111/scd.12645

Masuya, H., Shimizu, K., Sezutsu, H., Sakuraba, Y., Nagano, J., Shimizu, A., 
Fujimoto, N., Kawai, A., Miura, I., Kaneda, H., Kobayashi, K., Ishijima, 
J., Maeda, T., Gondo, Y., Noda, T., Wakana, S., & Shiroishi, T. (2005). 
Enamelin (Enam) is essential for amelogenesis: ENU-induced mouse 
mutants as models for different clinical subtypes of human amelo-
genesis imperfecta (AI). Human Molecular Genetics, 14(5), 575–583. 
https://doi.org/10.1093/hmg/ddi054

Matsui, C., Wang, C. K., Nelson, C. F., Bauer, E. A., & Hoeffler, W. K. 
(1995). The assembly of laminin-5 subunits. The Journal of Biological 

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1074/jbc.M110.115188
https://doi.org/10.1074/jbc.M110.115188
https://doi.org/10.1111/cge.12340
https://doi.org/10.1111/j.1600-0722.2011.00858.x
https://doi.org/10.1177/0022034509352844
https://doi.org/10.1177/0022034509352844
https://doi.org/10.1177/0022034510382117
https://doi.org/10.3390/jpm12020150
https://doi.org/10.3390/jpm12020150
https://doi.org/10.1007/s00784-020-03550-8
https://doi.org/10.1007/s00784-020-03550-8
https://doi.org/10.1080/03008200290000583
https://doi.org/10.1002/jcp.21448
https://doi.org/10.1002/jcp.21448
https://doi.org/10.1007/s10735-021-10026-w
https://doi.org/10.1038/ijos.2016.14
https://doi.org/10.1038/s41598-020-80912-y
https://doi.org/10.1002/mgg3.929
https://doi.org/10.1038/s41598-022-20684-9
https://doi.org/10.3389/fphys.2017.00267
https://doi.org/10.3389/fphys.2017.00267
https://doi.org/10.1113/expphysiol.2005.031757
https://doi.org/10.1113/expphysiol.2005.031757
https://doi.org/10.1021/bi972120y
https://doi.org/10.1038/s41368-018-0027-9
https://doi.org/10.1038/s41368-018-0027-9
https://doi.org/10.1515/BC.2008.080
https://doi.org/10.1515/BC.2008.080
https://doi.org/10.1002/ajmg.1320200205
https://doi.org/10.1002/ajmg.1320200205
https://doi.org/10.1038/nature01905
https://doi.org/10.1038/nature01905
https://doi.org/10.1111/j.1834-7819.1972.tb02747.x
https://doi.org/10.1111/j.1834-7819.1972.tb02747.x
https://doi.org/10.1016/j.ejmg.2018.02.003
https://doi.org/10.1093/hmg/11.9.1069
https://doi.org/10.1111/scd.12645
https://doi.org/10.1093/hmg/ddi054


    |  2361DONG et al.

Chemistry, 270(40), 23496–23503. https://doi.org/10.1074/
jbc.270.40.23496

McGrath, J. A., Gatalica, B., Christiano, A. M., si, K., Owaribe, K., 
McMillan, J. R., Eady, R. A. J., & Uitto, J. (1995). Mutations in the 
180-kD bullous pemphigoid antigen (BPAG2), a hemidesmosomal 
transmembrane collagen (COL17A1), in generalized atrophic benign 
epidermolysis bullosa. Nature Genetics, 11(1), 83–86. https://doi.
org/10.1038/ng099​5-83

Mechaussier, S., Perrault, I., Dollfus, H., Bloch-Zupan, A., Loundon, 
N., Jonard, L., & Marlin, S. (2020). Heimler syndrome. Advances 
in Experimental Medicine and Biology, 1299, 81–87. https://doi.
org/10.1007/978-3-030-60204​-8_7

Menke, L. A., DDD study, Gardeitchik, T., Hammond, P., Heimdal, K. R., 
Houge, G., Hufnagel, S. B., Ji, J., Johansson, S., Kant, S. G., Kinning, 
E., Leon, E. L., Newbury-Ecob, R., Paolacci, S., Pfundt, R., Ragge, 
N. K., Rinne, T., Ruivenkamp, C., Saitta, S. C., … Hennekam, R. C. 
(2018). Further delineation of an entity caused by CREBBP and 
EP300 mutations but not resembling Rubinstein-Taybi syndrome. 
American Journal of Medical Genetics. Part A, 176(4), 862–876. 
https://doi.org/10.1002/ajmg.a.38626

Michaelides, M., Bloch-Zupan, A., Holder, G. E., Hunt, D. M., & Moore, A. 
T. (2004). An autosomal recessive cone-rod dystrophy associated 
with amelogenesis imperfecta. Journal of Medical Genetics, 41(6), 
468–473. https://doi.org/10.1136/jmg.2003.015792

Michels, A. W., & Gottlieb, P. A. (2010). Autoimmune polyglandular syn-
dromes. Nature Reviews. Endocrinology, 6(5), 270–277. https://doi.
org/10.1038/nrendo.2010.40

Milani, D., Manzoni, F. M., Pezzani, L., Ajmone, P., Gervasini, C., Menni, 
F., & Esposito, S. (2015). Rubinstein-Taybi syndrome: Clinical fea-
tures, genetic basis, diagnosis, and management. Italian Journal of 
Pediatrics, 41, 4. https://doi.org/10.1186/s1305​2-015-0110-1

Moffatt, P., Smith, C. E., St-Arnaud, R., Simmons, D., Wright, J. T., & 
Nanci, A. (2006). Cloning of rat amelotin and localization of the pro-
tein to the basal lamina of maturation stage ameloblasts and junc-
tional epithelium. The Biochemical Journal, 399(1), 37–46. https://
doi.org/10.1042/BJ200​60662

Moffatt, P., Wazen, R. M., Dos Santos Neves, J., & Nanci, A. (2014). 
Characterisation of secretory calcium-binding phosphoprotein-
proline-glutamine-rich 1: A novel basal lamina component ex-
pressed at cell-tooth interfaces. Cell and Tissue Research, 358(3), 
843–855. https://doi.org/10.1007/s0044​1-014-1989-3

Mohebbi, N., Benabbas, C., Vidal, S., Daryadel, A., Bourgeois, S., 
Velic, A., Ludwig, M. G., Seuwen, K., & Wagner, C. A. (2012). The 
proton-activated G protein coupled receptor OGR1 acutely reg-
ulates the activity of epithelial proton transport proteins. Cellular 
Physiology and Biochemistry, 29(3–4), 313–324. https://doi.
org/10.1159/00033​8486

Molla, M., Descroix, V., Aïoub, M., Simon, S., Castañeda, B., Hotton, D., 
Bolaños, A., Simon, Y., Lezot, F., Goubin, G., & Berdal, A. (2010). 
Enamel protein regulation and dental and periodontal physiopa-
thology in MSX2 mutant mice. The American Journal of Pathology, 
177(5), 2516–2526. https://doi.org/10.2353/ajpath.2010.091224

Moradian-Oldak, J. (2012). Protein-mediated enamel mineralization. 
Frontiers in Bioscience-Landmark, 17(6), 1996–2023. https://doi.
org/10.2741/4034

Moua, P., Checketts, M., Xu, L. G., Shu, H. B., Reyland, M. E., & Cusick, J. 
K. (2017). RELT family members activate p38 and induce apoptosis 
by a mechanism distinct from TNFR1. Biochemical and Biophysical 
Research Communications, 491(1), 25–32. https://doi.org/10.1016/j.
bbrc.2017.07.022

Mu, H., Dong, Z., Wang, Y., Chu, Q., Gao, Y., Wang, A., Wang, Y., Liu, 
X., & Gao, Y. (2022). Odontogenesis-associated phosphoprotein 
(ODAPH) overexpression in ameloblasts disrupts enamel forma-
tion via inducing abnormal mineralization of enamel in secretory 
stage. Calcified Tissue International, 111(6), 611–621. https://doi.
org/10.1007/s0022​3-022-01023​-6

Munger, J. S., Huang, X., Kawakatsu, H., Griffiths, M. J. D., Dalton, S. L., 
Wu, J., Pittet, J. F., Kaminski, N., Garat, C., Matthay, M. A., Rifkin, 
D. B., & Sheppard, D. (1999). The integrin alpha v beta 6 binds and 
activates latent TGF beta 1: A mechanism for regulating pulmo-
nary inflammation and fibrosis. Cell, 96(3), 319–328. https://doi.
org/10.1016/s0092​-8674(00)80545​-0

Muto, T., Miyoshi, K., Horiguchi, T., & Noma, T. (2012). Dissection of mor-
phological and metabolic differentiation of ameloblasts via ectopic 
SP6 expression. The Journal of Medical Investigation, 59(1–2), 59–68. 
https://doi.org/10.2152/jmi.59.59

Nakatomi, M., Ida-Yonemochi, H., Nakatomi, C., Saito, K., Kenmotsu, S., 
Maas, R. L., & Ohshima, H. (2018). Msx2 prevents stratified squa-
mous epithelium formation in the enamel organ. Journal of Dental 
Research, 97(12), 1355–1364. https://doi.org/10.1177/00220​
34518​777746

Nakayama, Y., Holcroft, J., & Ganss, B. (2015). Enamel hypomineraliza-
tion and structural defects in amelotin-deficient mice. Journal of 
Dental Research, 94(5), 697–705. https://doi.org/10.1177/00220​
34514​566214

Nikolopoulos, G., Smith, C., Brookes, S. J., el-Asrag, M. E., Brown, C. J., 
Patel, A., Murillo, G., O'Connell, M. J., Inglehearn, C. F., & Mighell, A. 
J. (2020). New missense variants in RELT causing hypomineralised 
amelogenesis imperfecta. Clinical Genetics, 97(5), 688–695. https://
doi.org/10.1111/cge.13721

Nishikawa, S. (2002). Localization of transcriptional co-activator 
CBP in the ameloblasts and the other enamel organ-derived 
cells of the rat incisor. The Journal of Histochemistry and 
Cytochemistry, 50(11), 1455–1460. https://doi.org/10.1177/00221​
55402​05001104

Nowwarote, N., Theerapanon, T., Osathanon, T., Pavasant, P., 
Porntaveetus, T., & Shotelersuk, V. (2018). Amelogenesis imper-
fecta: A novel FAM83H mutation and characteristics of periodon-
tal ligament cells. Oral Diseases, 24(8), 1522–1531. https://doi.
org/10.1111/odi.12926

Núñez, S. M., Chun, Y. P., Ganss, B., Hu, Y., Richardson, A. S., Schmitz, 
J. E., Fajardo, R., Yang, J., Hu, J. C., & Simmer, J. P. (2016). 
Maturation stage enamel malformations in Amtn and Klk4 null 
mice. Matrix Biology, 52–54, 219–233. https://doi.org/10.1016/j.
matbio.2015.11.007

Ozdemir, D., Hart, P. S., Firatli, E., Aren, G., Ryu, O. H., & Hart, T. C. 
(2005). Phenotype of ENAM mutations is dosage-dependent. 
Journal of Dental Research, 84(11), 1036–1041. https://doi.
org/10.1177/15440​59105​08401113

Ozdemir, D., Hart, P. S., Ryu, O. H., Choi, S. J., Ozdemir-Karatas, M., 
Firatli, E., Piesco, N., & Hart, T. C. (2005). MMP20 active-site muta-
tion in hypomaturation amelogenesis imperfecta. Journal of Dental 
Research, 84(11), 1031–1035. https://doi.org/10.1177/15440​
59105​08401112

Papagerakis, P., Lin, H. K., Lee, K. Y., Hu, Y., Simmer, J. P., Bartlett, J. 
D., & Hu, J. C. C. (2008). Premature stop codon in MMP20 causing 
amelogenesis imperfecta. Journal of Dental Research, 87(1), 56–59. 
https://doi.org/10.1177/15440​59108​08700109

Parry, D. A., Brookes, S. J., Logan, C. V., Poulter, J. A., el-Sayed, W., al-
Bahlani, S., al Harasi, S., Sayed, J., Raïf, E. M., Shore, R. C., Dashash, 
M., Barron, M., Morgan, J. E., Carr, I. M., Taylor, G. R., Johnson, C. 
A., Aldred, M. J., Dixon, M. J., Wright, J. T., … Mighell, A. J. (2012). 
Mutations in C4orf26, encoding a peptide with in vitro hydroxy-
apatite crystal nucleation and growth activity, cause amelogenesis 
imperfecta. American Journal of Human Genetics, 91(3), 565–571. 
https://doi.org/10.1016/j.ajhg.2012.07.020

Parry, D. A., Mighell, A. J., El-Sayed, W., Shore, R. C., Jalili, I. K., Dollfus, 
H., Bloch-Zupan, A., Carlos, R., Carr, I. M., Downey, L. M., Blain, 
K. M., Mansfield, D. C., Shahrabi, M., Heidari, M., Aref, P., Abbasi, 
M., Michaelides, M., Moore, A. T., Kirkham, J., & Inglehearn, C. F. 
(2009). Mutations in CNNM4 cause Jalili syndrome, consisting 
of autosomal-recessive cone-rod dystrophy and amelogenesis 

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1074/jbc.270.40.23496
https://doi.org/10.1074/jbc.270.40.23496
https://doi.org/10.1038/ng0995-83
https://doi.org/10.1038/ng0995-83
https://doi.org/10.1007/978-3-030-60204-8_7
https://doi.org/10.1007/978-3-030-60204-8_7
https://doi.org/10.1002/ajmg.a.38626
https://doi.org/10.1136/jmg.2003.015792
https://doi.org/10.1038/nrendo.2010.40
https://doi.org/10.1038/nrendo.2010.40
https://doi.org/10.1186/s13052-015-0110-1
https://doi.org/10.1042/BJ20060662
https://doi.org/10.1042/BJ20060662
https://doi.org/10.1007/s00441-014-1989-3
https://doi.org/10.1159/000338486
https://doi.org/10.1159/000338486
https://doi.org/10.2353/ajpath.2010.091224
https://doi.org/10.2741/4034
https://doi.org/10.2741/4034
https://doi.org/10.1016/j.bbrc.2017.07.022
https://doi.org/10.1016/j.bbrc.2017.07.022
https://doi.org/10.1007/s00223-022-01023-6
https://doi.org/10.1007/s00223-022-01023-6
https://doi.org/10.1016/s0092-8674(00)80545-0
https://doi.org/10.1016/s0092-8674(00)80545-0
https://doi.org/10.2152/jmi.59.59
https://doi.org/10.1177/0022034518777746
https://doi.org/10.1177/0022034518777746
https://doi.org/10.1177/0022034514566214
https://doi.org/10.1177/0022034514566214
https://doi.org/10.1111/cge.13721
https://doi.org/10.1111/cge.13721
https://doi.org/10.1177/002215540205001104
https://doi.org/10.1177/002215540205001104
https://doi.org/10.1111/odi.12926
https://doi.org/10.1111/odi.12926
https://doi.org/10.1016/j.matbio.2015.11.007
https://doi.org/10.1016/j.matbio.2015.11.007
https://doi.org/10.1177/154405910508401113
https://doi.org/10.1177/154405910508401113
https://doi.org/10.1177/154405910508401112
https://doi.org/10.1177/154405910508401112
https://doi.org/10.1177/154405910808700109
https://doi.org/10.1016/j.ajhg.2012.07.020


2362  |    DONG et al.

imperfecta. American Journal of Human Genetics, 84(2), 266–273. 
https://doi.org/10.1016/j.ajhg.2009.01.009

Parry, D. A., Poulter, J. A., Logan, C. V., Brookes, S. J., Jafri, H., Ferguson, 
C. H., Anwari, B. M., Rashid, Y., Zhao, H., Johnson, C. A., Inglehearn, 
C. F., & Mighell, A. J. (2013). Identification of mutations in 
SLC24A4, encoding a potassium-dependent sodium/calcium ex-
changer, as a cause of amelogenesis imperfecta. American Journal 
of Human Genetics, 92(2), 307–312. https://doi.org/10.1016/j.
ajhg.2013.01.003

Parry, D. A., Smith, C. E., El-Sayed, W., Poulter, J. A., Shore, R. C., 
Logan, C. V., Mogi, C., Sato, K., Okajima, F., Harada, A., Zhang, 
H., Koruyucu, M., Seymen, F., Hu, J. C., Simmer, J. P., Ahmed, 
M., Jafri, H., Johnson, C. A., Inglehearn, C. F., & Mighell, A. J. 
(2016). Mutations in the pH-sensing G-protein-coupled recep-
tor GPR68 cause amelogenesis imperfecta. American Journal 
of Human Genetics, 99(4), 984–990. https://doi.org/10.1016/j.
ajhg.2016.08.020

Pavlic, A., Petelin, M., & Battelino, T. (2007). Phenotype and enamel ul-
trastructure characteristics in patients with ENAM gene mutations 
g.13185-13186insAG and 8344delG. Archives of Oral Biology, 52(3), 
209–217. https://doi.org/10.1016/j.archo​ralbio.2006.10.010

Paznekas, W. A., Boyadjiev, S. A., Shapiro, R. E., Daniels, O., Wollnik, B., 
Keegan, C. E., Innis, J. W., Dinulos, M. B., Christian, C., Hannibal, 
M. C., & Jabs, E. W. (2003). Connexin 43 (GJA1) mutations 
cause the pleiotropic phenotype of oculodentodigital dysplasia. 
American Journal of Human Genetics, 72(2), 408–418. https://doi.
org/10.1086/346090

Pizzuti, A., Flex, E., Mingarelli, R., Salpietro, C., Zelante, L., & Dallapiccola, 
B. (2004). A homozygous GJA1 gene mutation causes a Hallermann-
Streiff/ODDD spectrum phenotype. Human Mutation, 23(3), 286. 
https://doi.org/10.1002/humu.9220

Poulter, J. A., Brookes, S. J., Shore, R. C., Smith, C. E. L., Abi Farraj, L., 
Kirkham, J., Inglehearn, C. F., & Mighell, A. J. (2014). A missense 
mutation in ITGB6 causes pitted hypomineralized amelogenesis im-
perfecta. Human Molecular Genetics, 23(8), 2189–2197. https://doi.
org/10.1093/hmg/ddt616

Poulter, J. A., Murillo, G., Brookes, S. J., Smith, C. E. L., Parry, D. A., Silva, 
S., Kirkham, J., Inglehearn, C. F., & Mighell, A. J. (2014). Deletion 
of ameloblastin exon 6 is associated with amelogenesis imper-
fecta. Human Molecular Genetics, 23(20), 5317–5324. https://doi.
org/10.1093/hmg/ddu247

Prasad, M. K., Geoffroy, V., Vicaire, S., Jost, B., Dumas, M., le Gras, S., 
Switala, M., Gasse, B., Laugel-Haushalter, V., Paschaki, M., Leheup, 
B., Droz, D., Dalstein, A., Loing, A., Grollemund, B., Muller-Bolla, M., 
Lopez-Cazaux, S., Minoux, M., Jung, S., … Bloch-Zupan, A. (2016). 
A targeted next-generation sequencing assay for the molecular di-
agnosis of genetic disorders with orodental involvement. Journal 
of Medical Genetics, 53(2), 98–110. https://doi.org/10.1136/jmedg​
enet-2015-103302

Price, J. A., Wright, J. T., Kula, K., Bowden, D. W., & Hart, T. C. (1998). 
A common DLX3 gene mutation is responsible for tricho-dento-
osseous syndrome in Virginia and North Carolina families. Journal 
of Medical Genetics, 35(10), 825–828. https://doi.org/10.1136/
jmg.35.10.825

Pulkkinen, L., Christiano, A. M., Airenne, T., Haakana, H., Tryggvason, K., 
& Uitto, J. (1994). Mutations in the gamma 2 chain gene (LAMC2) of 
kalinin/laminin 5 in the junctional forms of epidermolysis bullosa. 
Nature Genetics, 6(3), 293–297. https://doi.org/10.1038/ng039​
4-293

Pulkkinen, L., Christiano, A. M., Gerecke, D., Wagman, D. W., Burgeson, 
R. E., Pittelkow, M. R., & Uitto, J. (1994). A homozygous nonsense 
mutation in the beta 3 chain gene of laminin 5 (LAMB3) in Herlitz 
junctional epidermolysis bullosa. Genomics, 24(2), 357–360. https://
doi.org/10.1006/geno.1994.1627

Quattromani, F., Shapiro, S. D., Young, R. S., Jorgenson, R. J., Parker, J. 
W., Blumhardt, R., & Reece, R. R. (1983). Clinical heterogeneity in 

the tricho-dento-osseous syndrome. Human Genetics, 64(2), 116–
121. https://doi.org/10.1007/BF003​27105

Rao, S., & Witkop, C. J., Jr. (1971). Inherited defects in tooth structure. 
Birth Defects Original Article Series, 7(7), 153–184.

Ratbi, I., Falkenberg, K. D., Sommen, M., al-Sheqaih, N., Guaoua, S., 
Vandeweyer, G., Urquhart, J. E., Chandler, K. E., Williams, S. G., 
Roberts, N. A., el Alloussi, M., Black, G. C., Ferdinandusse, S., 
Ramdi, H., Heimler, A., Fryer, A., Lynch, S. A., Cooper, N., Ong, K. 
R., … van Camp, G. (2015). Heimler syndrome is caused by hypo-
morphic mutations in the peroxisome-biogenesis genes PEX1 and 
PEX6. American Journal of Human Genetics, 97(4), 535–545. https://
doi.org/10.1016/j.ajhg.2015.08.011

Rhee, S. H., & Tanaka, J. (1999). Effect of citric acid on the nucleation 
of hydroxyapatite in a simulated body fluid. Biomaterials, 20(22), 
2155–2160. https://doi.org/10.1016/s0142​-9612(99)00118​-0

Richardson, R. J., Joss, S., Tomkin, S., Ahmed, M., Sheridan, E., & Dixon, 
M. J. (2006). A nonsense mutation in the first transmembrane do-
main of connexin 43 underlies autosomal recessive oculodentodig-
ital syndrome. Journal of Medical Genetics, 43(7), e37. https://doi.
org/10.1136/jmg.2005.037655

Rigden, D. J. (2008). The histidine phosphatase superfamily: Structure 
and function. The Biochemical Journal, 409(2), 333–348. https://doi.
org/10.1042/BJ200​71097

Robinson, G. C., & Miller, J. R. (1966). Hereditary enamel hypoplasia: 
Its association with characteristic hair structure. Pediatrics, 37(3), 
498–502.

Robinson, G. W., & Mahon, K. A. (1994). Differential and overlap-
ping expression domains of dlx-2 and dlx-3 suggest distinct 
roles for distal-less homeobox genes in craniofacial develop-
ment. Mechanisms of Development, 48(3), 199–215. https://doi.
org/10.1016/0925-4773(94)90060​-4

Roma, M., Hegde, P., Durga Nandhini, M., & Hegde, S. (2021). Management 
guidelines for amelogenesis imperfecta: A case report and review 
of the literature. Journal of Medical Case Reports, 15(1), 67. https://
doi.org/10.1186/s1325​6-020-02586​-4

Rousselle, P., Keene, D. R., Ruggiero, F., Champliaud, M. F., Rest, M., & 
Burgeson, R. E. (1997). Laminin 5 binds the NC-1 domain of type 
VII collagen. The Journal of Cell Biology, 138(3), 719–728. https://doi.
org/10.1083/jcb.138.3.719

Ruspita, I., Das, P., Xia, Y., Kelangi, S., Miyoshi, K., Noma, T., Snead, M. 
L., D'Souza, R. N., & Bei, M. (2020). An Msx2-Sp6-Follistatin path-
way operates during late stages of tooth development to control 
amelogenesis. Frontiers in Physiology, 11, 582610. https://doi.
org/10.3389/fphys.2020.582610

Ryan, M. C., Lee, K., Miyashita, Y., & Carter, W. G. (1999). Targeted dis-
ruption of the LAMA3 gene in mice reveals abnormalities in survival 
and late stage differentiation of epithelial cells. The Journal of Cell 
Biology, 145(6), 1309–1323. https://doi.org/10.1083/jcb.145.6.1309

Sakai, L. Y., Keene, D. R., Morris, N. P., & Burgeson, R. E. (1986). Type VII 
collagen is a major structural component of anchoring fibrils. The 
Journal of Cell Biology, 103(4), 1577–1586. https://doi.org/10.1083/
jcb.103.4.1577

Satokata, I., Ma, L., Ohshima, H., Bei, M., Woo, I., Nishizawa, K., Maeda, T., 
Takano, Y., Uchiyama, M., Heaney, S., Peters, H., Tang, Z., Maxson, 
R., & Maas, R. (2000). Msx2 deficiency in mice causes pleiotropic 
defects in bone growth and ectodermal organ formation. Nature 
Genetics, 24(4), 391–395. https://doi.org/10.1038/74231

Schossig, A., Bloch-Zupan, A., Lussi, A., Wolf, N. I., Raskin, S., Cohen, 
M., Giuliano, F., Jurgens, J., Krabichler, B., Koolen, D. A., de 
Macena Sobreira, N. L., Maurer, E., Muller-Bolla, M., Penzien, J., 
Zschocke, J., & Kapferer-Seebacher, I. (2017). SLC13A5 is the sec-
ond gene associated with Kohlschütter-Tönz syndrome. Journal 
of Medical Genetics, 54(1), 54–62. https://doi.org/10.1136/jmedg​
enet-2016-103988

Schossig, A., Wolf, N. I., Fischer, C., Fischer, M., Stocker, G., Pabinger, 
S., Dander, A., Steiner, B., Tönz, O., Kotzot, D., Haberlandt, E., 

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.ajhg.2009.01.009
https://doi.org/10.1016/j.ajhg.2013.01.003
https://doi.org/10.1016/j.ajhg.2013.01.003
https://doi.org/10.1016/j.ajhg.2016.08.020
https://doi.org/10.1016/j.ajhg.2016.08.020
https://doi.org/10.1016/j.archoralbio.2006.10.010
https://doi.org/10.1086/346090
https://doi.org/10.1086/346090
https://doi.org/10.1002/humu.9220
https://doi.org/10.1093/hmg/ddt616
https://doi.org/10.1093/hmg/ddt616
https://doi.org/10.1093/hmg/ddu247
https://doi.org/10.1093/hmg/ddu247
https://doi.org/10.1136/jmedgenet-2015-103302
https://doi.org/10.1136/jmedgenet-2015-103302
https://doi.org/10.1136/jmg.35.10.825
https://doi.org/10.1136/jmg.35.10.825
https://doi.org/10.1038/ng0394-293
https://doi.org/10.1038/ng0394-293
https://doi.org/10.1006/geno.1994.1627
https://doi.org/10.1006/geno.1994.1627
https://doi.org/10.1007/BF00327105
https://doi.org/10.1016/j.ajhg.2015.08.011
https://doi.org/10.1016/j.ajhg.2015.08.011
https://doi.org/10.1016/s0142-9612(99)00118-0
https://doi.org/10.1136/jmg.2005.037655
https://doi.org/10.1136/jmg.2005.037655
https://doi.org/10.1042/BJ20071097
https://doi.org/10.1042/BJ20071097
https://doi.org/10.1016/0925-4773(94)90060-4
https://doi.org/10.1016/0925-4773(94)90060-4
https://doi.org/10.1186/s13256-020-02586-4
https://doi.org/10.1186/s13256-020-02586-4
https://doi.org/10.1083/jcb.138.3.719
https://doi.org/10.1083/jcb.138.3.719
https://doi.org/10.3389/fphys.2020.582610
https://doi.org/10.3389/fphys.2020.582610
https://doi.org/10.1083/jcb.145.6.1309
https://doi.org/10.1083/jcb.103.4.1577
https://doi.org/10.1083/jcb.103.4.1577
https://doi.org/10.1038/74231
https://doi.org/10.1136/jmedgenet-2016-103988
https://doi.org/10.1136/jmedgenet-2016-103988


    |  2363DONG et al.

Amberger, A., Burwinkel, B., Wimmer, K., Fauth, C., Grond-
Ginsbach, C., Koch, M. J., Deichmann, A., von Kalle, C., … Zschocke, 
J. (2012). Mutations in ROGDI Cause Kohlschütter-Tönz Syndrome. 
American Journal of Human Genetics, 90(4), 701–707. https://doi.
org/10.1016/j.ajhg.2012.02.012

Sela, M., Eidelman, E., & Yatziv, S. (1975). Oral manifestations of Morquio's 
syndrome. Oral Surgery, Oral Medicine, and Oral Pathology, 39(4), 
583–589. https://doi.org/10.1016/0030-4220(75)90200​-5

Seltzer, J. L., Eisen, A. Z., Bauer, E. A., Morris, N. P., Glanville, R. W., 
& Burgeson, R. E. (1989). Cleavage of type VII collagen by inter-
stitial collagenase and type IV collagenase (gelatinase) derived 
from human skin. The Journal of Biological Chemistry, 264(7), 
3822–3826.

Seymen, F., Lee, K. E., Koruyucu, M., Gencay, K., Bayram, M., Tuna, E. B., 
Lee, Z. H., & Kim, J. W. (2015). Novel ITGB6 mutation in autosomal 
recessive amelogenesis imperfecta. Oral Diseases, 21(4), 456–461. 
https://doi.org/10.1111/odi.12303

Seymen, F., Lee, K. E., Tran Le, C. G., Yildirim, M., Gencay, K., Lee, Z. H., 
& Kim, J. W. (2014). Exonal deletion of SLC24A4 causes hypomat-
uration amelogenesis imperfecta. Journal of Dental Research, 93(4), 
366–370. https://doi.org/10.1177/00220​34514​523786

Seymen, F., Park, J. C., Lee, K. E., Lee, H. K., Lee, D. S., Koruyucu, M., 
Gencay, K., Bayram, M., Tuna, E. B., Lee, Z. H., Kim, Y. J., & Kim, 
J. W. (2015). Novel MMP20 and KLK4 mutations in amelogenesis 
imperfecta. Journal of Dental Research, 94(8), 1063–1069. https://
doi.org/10.1177/00220​34515​590569

Seymen, F., Zhang, H., Kasimoglu, Y., Koruyucu, M., Simmer, J. P., 
Hu, J. C. C., & Kim, J. W. (2021). Novel mutations in GPR68 and 
SLC24A4 cause hypomaturation amelogenesis imperfecta. Journal 
of Personalized Medicine, 12(1), 13. https://doi.org/10.3390/jpm12​
010013

Shapiro, S. D., Quattromani, F. L., Jorgenson, R. J., & Young, R. S. (1983). 
Tricho-dento-osseous syndrome: Heterogeneity or clinical variabil-
ity. American Journal of Medical Genetics, 16(2), 225–236. https://
doi.org/10.1002/ajmg.13201​60212

Shiama, N. (1997). The p300/CBP family: Integrating signals with tran-
scription factors and chromatin. Trends in Cell Biology, 7(6), 230–
236. https://doi.org/10.1016/S0962​-8924(97)01048​-9

Shimura, D., & Shaw, R. M. (2022). GJA1-20k and mitochondrial dynam-
ics. Frontiers in Physiology, 13, 867358. https://doi.org/10.3389/
fphys.2022.867358

Shore, R. C., Bäckman, B., Elcock, C., Brook, A. H., Brookes, S. J., & 
Kirkham, J. (2010). The structure and composition of deciduous 
enamel affected by local hypoplastic autosomal dominant amelo-
genesis imperfecta resulting from an ENAM mutation. Cells, Tissues, 
Organs, 191(4), 301–306. https://doi.org/10.1159/00025​8703

Simmer, J. P., Hu, J. C., Hu, Y., Zhang, S., Liang, T., Wang, S. K., Kim, J. 
W., Yamakoshi, Y., Chun, Y. H., Bartlett, J. D., & Smith, C. E. (2021). 
A genetic model for the secretory stage of dental enamel for-
mation. Journal of Structural Biology, 213(4), 107805. https://doi.
org/10.1016/j.jsb.2021.107805

Simmer, S. G., Estrella, N. M., Milkovich, R. N., & Hu, J. C. (2013). 
Autosomal dominant amelogenesis imperfecta associated with 
ENAM frameshift mutation p.Asn36Ilefs56. Clinical Genetics, 83(2), 
195–197. https://doi.org/10.1111/j.1399-0004.2012.01887.x

Smith, C., Poulter, J. A., Antanaviciute, A., et al. (2017). Amelogenesis 
imperfecta; genes, proteins, and pathways. Frontiers in Physiology, 
8, 435. https://doi.org/10.3389/fphys.2017.00435

Smith, C. E. (1998). Cellular and chemical events during enamel matu-
ration. Critical Reviews in Oral Biology and Medicine, 9(2), 128–161. 
https://doi.org/10.1177/10454​41198​00900​20101

Smith, C. E., Issid, M., Margolis, H. C., & Moreno, E. C. (1996). 
Developmental changes in the pH of enamel fluid and its effects 
on matrix-resident proteinases. Advances in Dental Research, 10(2), 
159–169. https://doi.org/10.1177/08959​37496​01000​20701

Smith, C. E., Murillo, G., Brookes, S. J., Poulter, J. A., Silva, S., Kirkham, 
J., Inglehearn, C. F., & Mighell, A. J. (2016). Deletion of amelotin 
exons 3-6 is associated with amelogenesis imperfecta. Human 
Molecular Genetics, 25(16), 3578–3587. https://doi.org/10.1093/
hmg/ddw203

Smith, C. E. L., Kirkham, J., Day, P. F., Soldani, F., McDerra, E. J., Poulter, J. 
A., Inglehearn, C. F., Mighell, A. J., & Brookes, S. J. (2017). A fourth 
KLK4 mutation is associated with enamel hypomineralisation and 
structural abnormalities. Frontiers in Physiology, 8, 333. https://doi.
org/10.3389/fphys.2017.00333

Smith, C. E. L., Poulter, J. A., Brookes, S. J., Murillo, G., Silva, S., Brown, 
C. J., Patel, A., Hussain, H., Kirkham, J., Inglehearn, C. F., & Mighell, 
A. J. (2019). Phenotype and variant Spectrum in the LAMB3 form 
of amelogenesis imperfecta. Journal of Dental Research, 98(6), 698–
704. https://doi.org/10.1177/00220​34519​835205

Smith, C. E. L., Whitehouse, L. L. E., Poulter, J. A., Wilkinson Hewitt, L., 
Nadat, F., Jackson, B. R., Manfield, I. W., Edwards, T. A., Rodd, H. 
D., Inglehearn, C. F., & Mighell, A. J. (2020). A missense variant in 
specificity protein 6 (SP6) is associated with amelogenesis imper-
fecta. Human Molecular Genetics, 29(9), 1417–1425. https://doi.
org/10.1093/hmg/ddaa041

Springer, M. S., Starrett, J., Morin, P. A., Lanzetti, A., Hayashi, C., & 
Gatesy, J. (2016). Inactivation of C4orf26 in toothless placental 
mammals. Molecular Phylogenetics and Evolution, 95, 34–45. https://
doi.org/10.1016/j.ympev.2015.11.002

Stelzig, I., Karnati, S., Valerius, K. P., & Baumgart-Vogt, E. (2013). 
Peroxisomes in dental tissues of the mouse. Histochemistry and 
Cell Biology, 140(4), 443–462. https://doi.org/10.1007/s0041​
8-013-1131-8

Steward, M. C., Ishiguro, H., & Case, R. M. (2005). Mechanisms of bi-
carbonate secretion in the pancreatic duct. Annual Review of 
Physiology, 67, 377–409. https://doi.org/10.1146/annur​ev.physi​
ol.67.031103.153247

Suda, N., Kitahara, Y., & Ohyama, K. (2006). A case of amelogenesis 
imperfecta, cleft lip and palate and polycystic kidney disease. 
Orthodontics & Craniofacial Research, 9(1), 52–56. https://doi.
org/10.1111/j.1601-6343.2006.00337.x

Sundell, S., & Koch, G. (1985). Hereditary amelogenesis imperfecta. I. 
Epidemiology and clinical classification in a Swedish child popula-
tion. Swedish Dental Journal, 9(4), 157–169.

Sundell, S., & Valentin, J. (1986). Hereditary aspects and classification 
of hereditary amelogenesis imperfecta. Community Dentistry 
and Oral Epidemiology, 14(4), 211–216. https://doi.org/10.1111/
j.1600-0528.1986.tb015​37.x

Takagi, T., Ogasawara, T., Tagami, J., Akao, M., Kuboki, Y., Nagai, N., & 
Legeros, R. Z. (1998). pH and carbonate levels in developing enamel. 
Connective Tissue Research, 38(1–4), 181–187; discussion 201–205. 
https://doi.org/10.3109/03008​20980​9017035

Termine, J. D., Belcourt, A. B., Christner, P. J., Conn, K. M., & Nylen, M. 
U. (1980). Properties of dissociatively extracted fetal tooth ma-
trix proteins. I. Principal molecular species in developing bovine 
enamel. The Journal of Biological Chemistry, 255(20), 9760–9768.

Thevenon, J., Milh, M., Feillet, F., St-Onge, J., Duffourd, Y., Jugé, C., 
Roubertie, A., Héron, D., Mignot, C., Raffo, E., Isidor, B., Wahlen, 
S., Sanlaville, D., Villeneuve, N., Darmency-Stamboul, V., Toutain, 
A., Lefebvre, M., Chouchane, M., Huet, F., … Rivière, J. B. (2014). 
Mutations in SLC13A5 cause autosomal-recessive epileptic enceph-
alopathy with seizure onset in the first days of life. American Journal 
of Human Genetics, 95(1), 113–120. https://doi.org/10.1016/j.
ajhg.2014.06.006

Titeux, M., Pendaries, V., Tonasso, L., Décha, A., Bodemer, C., & 
Hovnanian, A. (2008). A frequent functional SNP in the MMP1 
promoter is associated with higher disease severity in recessive 
dystrophic epidermolysis bullosa. Human Mutation, 29(2), 267–276. 
https://doi.org/10.1002/humu.20647

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.ajhg.2012.02.012
https://doi.org/10.1016/j.ajhg.2012.02.012
https://doi.org/10.1016/0030-4220(75)90200-5
https://doi.org/10.1111/odi.12303
https://doi.org/10.1177/0022034514523786
https://doi.org/10.1177/0022034515590569
https://doi.org/10.1177/0022034515590569
https://doi.org/10.3390/jpm12010013
https://doi.org/10.3390/jpm12010013
https://doi.org/10.1002/ajmg.1320160212
https://doi.org/10.1002/ajmg.1320160212
https://doi.org/10.1016/S0962-8924(97)01048-9
https://doi.org/10.3389/fphys.2022.867358
https://doi.org/10.3389/fphys.2022.867358
https://doi.org/10.1159/000258703
https://doi.org/10.1016/j.jsb.2021.107805
https://doi.org/10.1016/j.jsb.2021.107805
https://doi.org/10.1111/j.1399-0004.2012.01887.x
https://doi.org/10.3389/fphys.2017.00435
https://doi.org/10.1177/10454411980090020101
https://doi.org/10.1177/08959374960100020701
https://doi.org/10.1093/hmg/ddw203
https://doi.org/10.1093/hmg/ddw203
https://doi.org/10.3389/fphys.2017.00333
https://doi.org/10.3389/fphys.2017.00333
https://doi.org/10.1177/0022034519835205
https://doi.org/10.1093/hmg/ddaa041
https://doi.org/10.1093/hmg/ddaa041
https://doi.org/10.1016/j.ympev.2015.11.002
https://doi.org/10.1016/j.ympev.2015.11.002
https://doi.org/10.1007/s00418-013-1131-8
https://doi.org/10.1007/s00418-013-1131-8
https://doi.org/10.1146/annurev.physiol.67.031103.153247
https://doi.org/10.1146/annurev.physiol.67.031103.153247
https://doi.org/10.1111/j.1601-6343.2006.00337.x
https://doi.org/10.1111/j.1601-6343.2006.00337.x
https://doi.org/10.1111/j.1600-0528.1986.tb01537.x
https://doi.org/10.1111/j.1600-0528.1986.tb01537.x
https://doi.org/10.3109/03008209809017035
https://doi.org/10.1016/j.ajhg.2014.06.006
https://doi.org/10.1016/j.ajhg.2014.06.006
https://doi.org/10.1002/humu.20647


2364  |    DONG et al.

Toth, K., Shao, Q., Lorentz, R., & Laird, D. W. (2010). Decreased levels of 
Cx43 gap junctions result in ameloblast dysregulation and enamel 
hypoplasia in Gja1Jrt/+ mice. Journal of Cellular Physiology, 223(3), 
601–609. https://doi.org/10.1002/jcp.22046

Umemoto, H., Akiyama, M., Domon, T., Nomura, T., Shinkuma, S., Ito, K., 
Asaka, T., Sawamura, D., Uitto, J., Uo, M., Kitagawa, Y., & Shimizu, H. 
(2012). Type VII collagen deficiency causes defective tooth enamel 
formation due to poor differentiation of ameloblasts. The American 
Journal of Pathology, 181(5), 1659–1671. https://doi.org/10.1016/j.
ajpath.2012.07.018

Urzúa, B., Martínez, C., Ortega-Pinto, A., Adorno, D., Morales-Bozo, 
I., Riadi, G., Jara, L., Plaza, A., Lefimil, C., Lozano, C., & Reyes, M. 
(2015). Novel missense mutation of the FAM83H gene causes re-
tention of amelogenin and a mild clinical phenotype of hypocalci-
fied enamel. Archives of Oral Biology, 60(9), 1356–1367. https://doi.
org/10.1016/j.archo​ralbio.2015.06.016

Uskoković, V., Khan, F., Liu, H., Witkowska, H. E., Zhu, L., Li, W., & 
Habelitz, S. (2011). Hydrolysis of amelogenin by matrix metallo-
protease-20 accelerates mineralization in vitro. Archives of Oral 
Biology, 56(12), 1548–1559. https://doi.org/10.1016/j.archo​
ralbio.2011.06.016

Utami, T. W., Miyoshi, K., Hagita, H., Yanuaryska, R. D., Horiguchi, 
T., & Noma, T. (2011). Possible linkage of SP6 transcriptional 
activity with amelogenesis by protein stabilization. Journal 
of Biomedicine & Biotechnology, 2011, 320987. https://doi.
org/10.1155/2011/320987

Vahidnezhad, H., Youssefian, L., Harvey, N., Tavasoli, A. R., Saeidian, 
A. H., Sotoudeh, S., Varghaei, A., Mahmoudi, H., Mansouri, P., 
Mozafari, N., Zargari, O., Zeinali, S., & Uitto, J. (2022). Mutation 
update: The spectra of PLEC sequence variants and related plect-
inopathies. Human Mutation, 43(12), 1706–1731. https://doi.
org/10.1002/humu.24434

van Driel, M., & van Leeuwen, J. P. (2014). Vitamin D endocrine system 
and osteoblasts. BoneKEy Reports, 3, 493. https://doi.org/10.1038/
bonek​ey.2013.227

Vidal, F., Aberdam, D., Miquel, C., Christiano, A. M., Pulkkinen, L., Uitto, 
J., Ortonne, J. P., & Meneguzzi, G. (1995). Integrin beta 4 muta-
tions associated with junctional epidermolysis bullosa with pyloric 
atresia. Nature Genetics, 10(2), 229–234. https://doi.org/10.1038/
ng069​5-229

Vinod, A., Raj, S. N., Anand, A., & Shirly, A. D. (2022). Dental consid-
erations for the treatment of patients with Morquio syndrome. 
International Journal of Clinical Pediatric Dentistry, 15(6), 707–710. 
https://doi.org/10.5005/jp-journ​als-10005​-2451

Vogel, P., Hansen, G. M., Read, R. W., Vance, R. B., Thiel, M., Liu, J., 
Wronski, T. J., Smith, D. D., Jeter-Jones, S., & Brommage, R. (2012). 
Amelogenesis imperfecta and other biomineralization defects in 
Fam20a and Fam20c null mice. Veterinary Pathology, 49(6), 998–
1017. https://doi.org/10.1177/03009​85812​453177

Wang, S. K., Choi, M., Richardson, A. S., Reid, B. M., Lin, B. P., Wang, 
S. J., Kim, J. W., Simmer, J. P., & Hu, J. C. C. (2014). ITGB6 loss-
of-function mutations cause autosomal recessive amelogenesis im-
perfecta. Human Molecular Genetics, 23(8), 2157–2163. https://doi.
org/10.1093/hmg/ddt611

Wang, S. K., Hu, Y., Simmer, J. P., Seymen, F., Estrella, N. M. R. P., Pal, S., 
Reid, B. M., Yildirim, M., Bayram, M., Bartlett, J. D., & Hu, J. C. C. 
(2013). Novel KLK4 and MMP20 mutations discovered by whole-
exome sequencing. Journal of Dental Research, 92(3), 266–271. 
https://doi.org/10.1177/00220​34513​475626

Wang, S. K., Hu, Y., Yang, J., Smith, C. E., Nunez, S. M., Richardson, A. S., 
Pal, S., Samann, A. C., Hu, J. C. C., & Simmer, J. P. (2015). Critical 
roles for WDR72 in calcium transport and matrix protein removal 
during enamel maturation. Molecular Genetics & Genomic Medicine, 
3(4), 302–319. https://doi.org/10.1002/mgg3.143

Wang, S. K., Hu, Y., Yang, J., Smith, C. E., Richardson, A. S., Yamakoshi, 
Y., Lee, Y. L., Seymen, F., Koruyucu, M., Gencay, K., Lee, M., Choi, 

M., Kim, J. W., Hu, J. C. C., & Simmer, J. P. (2016). Fam83h null mice 
support a neomorphic mechanism for human ADHCAI. Molecular 
Genetics & Genomic Medicine, 4(1), 46–67. https://doi.org/10.1002/
mgg3.178

Wang, S. K., Reid, B. M., Dugan, S. L., Roggenbuck, J. A., Read, L., Aref, P., 
Taheri, A. P. H., Yeganeh, M. Z., Simmer, J. P., & Hu, J. C. C. (2014). 
FAM20A mutations associated with enamel renal syndrome. Journal 
of Dental Research, 93(1), 42–48. https://doi.org/10.1177/00220​
34513​512653

Wang, S. K., Zhang, H., Chavez, M. B., Hu, Y., Seymen, F., Koruyucu, M., 
Kasimoglu, Y., Colvin, C. D., Kolli, T. N., Tan, M. H., Wang, Y. L., Lu, 
P. Y., Kim, J. W., Foster, B. L., Bartlett, J. D., Simmer, J. P., & Hu, J. C. 
(2020). Dental malformations associated with biallelic MMP20 mu-
tations. Molecular Genetics & Genomic Medicine, 8(8), e1307. https://
doi.org/10.1002/mgg3.1307

Wang, S. K., Zhang, H., Wang, Y. L., Seymen, F., Koruyucu, M., Simmer, 
J. P., & Hu, J. C. C. (2022). Phenotypic variability in LAMA3-
associated amelogenesis imperfecta. Oral Diseases, 1–11. https://
doi.org/10.1111/odi.14425

Wang, X., Hao, J., Xie, Y., Sun, Y., Hernandez, B., Yamoah, A. K., Prasad, 
M., Zhu, Q., Feng, J. Q., & Qin, C. (2010). Expression of FAM20C 
in the osteogenesis and odontogenesis of mouse. The Journal of 
Histochemistry and Cytochemistry, 58(11), 957–967. https://doi.
org/10.1369/jhc.2010.956565

Wang, X., Zhao, Y., Yang, Y., & Qin, M. (2015). Novel ENAM and LAMB3 
mutations in Chinese families with hypoplastic amelogenesis im-
perfecta. PLoS One, 10(3), e0116514. https://doi.org/10.1371/
journ​al.pone.0116514

Wang, Y., Wrennall, J. A., Cai, Z., Li, H., & Sheppard, D. N. (2014). 
Understanding how cystic fibrosis mutations disrupt CFTR func-
tion: From single molecules to animal models. The International 
Journal of Biochemistry & Cell Biology, 52, 47–57. https://doi.
org/10.1016/j.biocel.2014.04.001

Weinmann, J. P., Svoboda, J. F., & Woods, R. W. (1945). Hereditary distur-
bances of enamel formation and calcification**from the research 
department, Loyola university, School of Dentistry, Chicago College 
of Dental Surgery, and the Department of Health and Welfare, 
Bureau of Health, division of dental health, Augusta, Maine. The 
Journal of the American Dental Association, 32(7), 397–418.

Winter, G. B., & Brook, A. H. (1975). Enamel hypoplasia and anomalies of 
the enamel. Dental Clinics of North America, 19(1), 3–24.

Witkop, C. J. (1957). Hereditary defects in enamel and dentin. 
Acta Genetica et Statistica Medica, 7(1), 236–239. https://doi.
org/10.1159/00015​0974

Witkop, C. J., Jr. (1988). Amelogenesis imperfecta, dentinogenesis im-
perfecta and dentin dysplasia revisited: Problems in classifica-
tion. Journal of Oral Pathology, 17(9–10), 547–553. https://doi.
org/10.1111/j.1600-0714.1988.tb013​32.x

Wright, J. T., Daly, B., Simmons, D., Hong, S., Hart, S. P., Hart, T. C., 
Atsawasuwan, P., & Yamauchi, M. (2006). Human enamel pheno-
type associated with amelogenesis imperfecta and a kallikrein-4 
(g.2142G>a) proteinase mutation. European Journal of Oral 
Sciences, 114(Suppl 1), 13–17. https://doi.org/10.1111/j.1600--
0722.2006.00291.x; discussion 39–41, 379.

Wright, J. T., Fine, J. D., & Johnson, L. (1994). Dental car-
ies risk in hereditary epidermolysis bullosa. Pediatric Dentistry, 
16(6), 427–432.

Wright, J. T., Frazier-Bowers, S., Simmons, D., Alexander, K., Crawford, 
P., Han, S. T., Hart, P. S., & Hart, T. C. (2009). Phenotypic variation 
in FAM83H-associated amelogenesis imperfecta. Journal of Dental 
Research, 88(4), 356–360. https://doi.org/10.1177/00220​34509​
333822

Wright, J. T., Johnson, L. B., & Fine, J. D. (1993). Development de-
fects of enamel in humans with hereditary epidermolysis 
bullosa. Archives of Oral Biology, 38(11), 945–955. https://doi.
org/10.1016/0003-9969(93)90107​-w

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/jcp.22046
https://doi.org/10.1016/j.ajpath.2012.07.018
https://doi.org/10.1016/j.ajpath.2012.07.018
https://doi.org/10.1016/j.archoralbio.2015.06.016
https://doi.org/10.1016/j.archoralbio.2015.06.016
https://doi.org/10.1016/j.archoralbio.2011.06.016
https://doi.org/10.1016/j.archoralbio.2011.06.016
https://doi.org/10.1155/2011/320987
https://doi.org/10.1155/2011/320987
https://doi.org/10.1002/humu.24434
https://doi.org/10.1002/humu.24434
https://doi.org/10.1038/bonekey.2013.227
https://doi.org/10.1038/bonekey.2013.227
https://doi.org/10.1038/ng0695-229
https://doi.org/10.1038/ng0695-229
https://doi.org/10.5005/jp-journals-10005-2451
https://doi.org/10.1177/0300985812453177
https://doi.org/10.1093/hmg/ddt611
https://doi.org/10.1093/hmg/ddt611
https://doi.org/10.1177/0022034513475626
https://doi.org/10.1002/mgg3.143
https://doi.org/10.1002/mgg3.178
https://doi.org/10.1002/mgg3.178
https://doi.org/10.1177/0022034513512653
https://doi.org/10.1177/0022034513512653
https://doi.org/10.1002/mgg3.1307
https://doi.org/10.1002/mgg3.1307
https://doi.org/10.1111/odi.14425
https://doi.org/10.1111/odi.14425
https://doi.org/10.1369/jhc.2010.956565
https://doi.org/10.1369/jhc.2010.956565
https://doi.org/10.1371/journal.pone.0116514
https://doi.org/10.1371/journal.pone.0116514
https://doi.org/10.1016/j.biocel.2014.04.001
https://doi.org/10.1016/j.biocel.2014.04.001
https://doi.org/10.1159/000150974
https://doi.org/10.1159/000150974
https://doi.org/10.1111/j.1600-0714.1988.tb01332.x
https://doi.org/10.1111/j.1600-0714.1988.tb01332.x
https://doi.org/10.1111/j.1600-0722.2006.00291.x
https://doi.org/10.1111/j.1600-0722.2006.00291.x
https://doi.org/10.1177/0022034509333822
https://doi.org/10.1177/0022034509333822
https://doi.org/10.1016/0003-9969(93)90107-w
https://doi.org/10.1016/0003-9969(93)90107-w


    |  2365DONG et al.

Wright, J. T., Kiefer, C. L., Hall, K. I., & Grubb, B. R. (1996). Abnormal 
enamel development in a cystic fibrosis transgenic mouse 
model. Journal of Dental Research, 75(4), 966–973. https://doi.
org/10.1177/00220​34596​07500​41101

Xie, B., & Nancollas, G. H. (2010). How to control the size and morphol-
ogy of apatite nanocrystals in bone. Proceedings of the National 
Academy of Sciences of the United States of America, 107(52), 22369–
22370. https://doi.org/10.1073/pnas.10174​93108

Xin, W., Wenjun, W., Man, Q., & Yuming, Z. (2017). Novel FAM83H mu-
tations in patients with amelogenesis imperfecta. Scientific Reports, 
7(1), 6075. https://doi.org/10.1038/s4159​8-017-05208​-0

Yamakoshi, Y., Simmer, J. P., Bartlett, J. D., Karakida, T., & Oida, S. 
(2013). MMP20 and KLK4 activation and inactivation interactions 
in vitro. Archives of Oral Biology, 58(11), 1569–1577. https://doi.
org/10.1016/j.archo​ralbio.2013.08.005

Yamazaki, D., Funato, Y., Miura, J., Sato, S., Toyosawa, S., Furutani, 
K., Kurachi, Y., Omori, Y., Furukawa, T., Tsuda, T., Kuwabata, S., 
Mizukami, S., Kikuchi, K., & Miki, H. (2013). Basolateral Mg2+ ex-
trusion via CNNM4 mediates transcellular Mg2+ transport across 
epithelia: A mouse model. PLoS Genetics, 9(12), e1003983. https://
doi.org/10.1371/journ​al.pgen.1003983

Yoshiba, K., Yoshiba, N., Aberdam, D., Meneguzzi, G., Perrin-Schmitt, 
F., Stoetzel, C., Ruch, J. V., & Lesot, H. (1998). Expression and lo-
calization of laminin-5 subunits during mouse tooth development. 
Developmental Dynamics, 211(2), 164–176. https://doi.org/10.1002/
(SICI)1097-0177(19980​2)211:2<164::AID-AJA5>3.0.CO;2-F

Yu, S., Quan, J., Wang, X., Sun, X., Zhang, X., Liu, Y., Zhang, C., & Zheng, 
S. (2018). A novel FAM83H mutation in one Chinese family with 
autosomal-dominant hypocalcification amelogenesis imperfecta. 
Mutagenesis, 33(4), 333–340. https://doi.org/10.1093/mutag​e/
gey019

Yu, S., Zhang, C., Zhu, C., Quan, J., Liu, D., Wang, X., & Zheng, S. (2022). 
A novel ENAM mutation causes hypoplastic amelogenesis imper-
fecta. Oral Diseases, 28(6), 1610–1619. https://doi.org/10.1111/
odi.13877

Zaki, M. S., Heller, R., Thoenes, M., Nürnberg, G., Stern-Schneider, G., 
Nürnberg, P., Karnati, S., Swan, D., Fateen, E., Nagel-Wolfrum, K., 
Mostafa, M. I., Thiele, H., Wolfrum, U., Baumgart-Vogt, E., & Bolz, 
H. J. (2016). PEX6 is expressed in photoreceptor cilia and mutated 
in deafblindness with enamel dysplasia and microcephaly. Human 
Mutation, 37(2), 170–174. https://doi.org/10.1002/humu.22934

Zambrano, M., Nikitakis, N. G., Sanchez-Quevedo, M. C., Sauk, J. J., 
Sedano, H., & Rivera, H. (2003). Oral and dental manifestations 
of vitamin D-dependent rickets type I: Report of a pediatric 
case. Oral Surgery, Oral Medicine, Oral Pathology, Oral Radiology, 
and Endodontics, 95(6), 705–709. https://doi.org/10.1067/
moe.2003.116

Zhang, H., Hu, Y., Seymen, F., Koruyucu, M., Kasimoglu, Y., Wang, S. 
K., Wright, J. T., Havel, M. W., Zhang, C., Kim, J. W., Simmer, J. 
P., & Hu, J. C. (2019). ENAM mutations and digenic inheritance. 
Molecular Genetics & Genomic Medicine, 7(10), e00928. https://doi.
org/10.1002/mgg3.928

Zhang, H., Koruyucu, M., Seymen, F., Kasimoglu, Y., Kim, J. W., Tinawi, 
S., Zhang, C., Jacquemont, M. L., Vieira, A. R., Simmer, J. P., & Hu, J. 
C. C. (2019). WDR72 mutations associated with amelogenesis im-
perfecta and acidosis. Journal of Dental Research, 98(5), 541–548. 
https://doi.org/10.1177/00220​34518​824571

Zhang, K., & Chen, J. (2012). The regulation of integrin function by di-
valent cations. Cell Adhesion & Migration, 6(1), 20–29. https://doi.
org/10.4161/cam.18702

Zhang, X., Beck, P., Rahemtulla, F., & Thomas, H. F. (2009). Regulation of 
enamel and dentin mineralization by vitamin D receptor. Frontiers 
of Oral Biology, 13, 102–109. https://doi.org/10.1159/00024​2400

Zhang, X., Rahemtulla, F., Zhang, P., Beck, P., & Thomas, H. F. (2009). 
Different enamel and dentin mineralization observed in VDR defi-
cient mouse model. Archives of Oral Biology, 54(4), 299–305. https://
doi.org/10.1016/j.archo​ralbio.2009.01.002

Zhang, Y., Zheng, L., Le, M., Nakano, Y., Chan, B., Huang, Y., Torbaty, 
P. M., Kohwi, Y., Marcucio, R., Habelitz, S., Den Besten, P. K., & 
Kohwi-Shigematsu, T. (2019). SATB1 establishes ameloblast cell 
polarity and regulates directional amelogenin secretion for enamel 
formation. BMC Biology, 17(1), 104. https://doi.org/10.1186/s1291​
5-019-0722-9

Zhang, Z., Tian, H., Lv, P., Wang, W., Jia, Z., Wang, S., Zhou, C., & Gao, X. 
(2015). Transcriptional factor DLX3 promotes the gene expression 
of enamel matrix proteins during amelogenesis. PLoS One, 10(3), 
e0121288. https://doi.org/10.1371/journ​al.pone.0121288

Zhong, H., Voll, R. E., & Ghosh, S. (1998). Phosphorylation of NF-kappa B 
p65 by PKA stimulates transcriptional activity by promoting a novel 
bivalent interaction with the coactivator CBP/p300. Molecular Cell, 
1(5), 661–671. https://doi.org/10.1016/s1097​-2765(00)80066​-0

How to cite this article: Dong, J., Ruan, W., & Duan, X. (2023). 
Molecular-based phenotype variations in amelogenesis 
imperfecta. Oral Diseases, 29, 2334–2365. https://doi.
org/10.1111/odi.14599

 16010825, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/odi.14599 by U

niv of Sao Paulo - B
razil, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1177/00220345960750041101
https://doi.org/10.1177/00220345960750041101
https://doi.org/10.1073/pnas.1017493108
https://doi.org/10.1038/s41598-017-05208-0
https://doi.org/10.1016/j.archoralbio.2013.08.005
https://doi.org/10.1016/j.archoralbio.2013.08.005
https://doi.org/10.1371/journal.pgen.1003983
https://doi.org/10.1371/journal.pgen.1003983
https://doi.org/10.1002/(SICI)1097-0177(199802)211:2&lt;164::AID-AJA5&gt;3.0.CO;2-F
https://doi.org/10.1002/(SICI)1097-0177(199802)211:2&lt;164::AID-AJA5&gt;3.0.CO;2-F
https://doi.org/10.1093/mutage/gey019
https://doi.org/10.1093/mutage/gey019
https://doi.org/10.1111/odi.13877
https://doi.org/10.1111/odi.13877
https://doi.org/10.1002/humu.22934
https://doi.org/10.1067/moe.2003.116
https://doi.org/10.1067/moe.2003.116
https://doi.org/10.1002/mgg3.928
https://doi.org/10.1002/mgg3.928
https://doi.org/10.1177/0022034518824571
https://doi.org/10.4161/cam.18702
https://doi.org/10.4161/cam.18702
https://doi.org/10.1159/000242400
https://doi.org/10.1016/j.archoralbio.2009.01.002
https://doi.org/10.1016/j.archoralbio.2009.01.002
https://doi.org/10.1186/s12915-019-0722-9
https://doi.org/10.1186/s12915-019-0722-9
https://doi.org/10.1371/journal.pone.0121288
https://doi.org/10.1016/s1097-2765(00)80066-0
https://doi.org/10.1111/odi.14599
https://doi.org/10.1111/odi.14599

	Molecular-­based phenotype variations in amelogenesis imperfecta
	Abstract
	1|AMELOGENESIS IMPERFECTA
	2|CLASSIFICATION
	3|ISOLATED AI AND RELATED GENES
	4|SYNDROMES WITH ENAMEL DEFECTS
	4.1|Kohlschütter-­Tönz syndrome
	4.2|Nephrocalcinosis syndrome
	4.3|Tricho-­dento-­osseous syndrome
	4.4|Heimler syndrome
	4.5|Cone-­rod dystrophy with amelogenesis imperfecta
	4.6|Epidermolysis bullosa
	4.7|Other syndromes with enamel abnormalities

	5|DEVELOPMENT OF TOOTH ENAMEL AND MOLECULAR PATTERN OF AI
	5.1|Enamel development
	5.2|Molecular pattern of AI
	5.2.1|Amelogenin (AMELX)
	5.2.2|Enamelin (ENAM)
	5.2.3|Ameloblastin (AMBN)
	5.2.4|Matrix metalloproteinase 20 (MMP20)
	5.2.5|Kallikrein 4 (KLK4)
	5.2.6|LAMA3, LAMB3, COL7A1, and COL17A1
	5.2.7|Integrin, β6 (ITGB6)
	5.2.8|The family with sequence similarity 83 member H (FAM83H)
	5.2.9|Amelotin (AMTN)
	5.2.10|Odontogenesis-­associated phosphoprotein (ODAPH)
	5.2.11|WD repeat domain 72 (WDR72)
	5.2.12|Solute carrier family 24 member 4 (SLC24A4)
	5.2.13|Cyclin M4 (CNNM4)
	5.2.14|Cystic fibrosis transmembrane conductance regulator (CFTR)
	5.2.15|Solute carrier family 13 member 5 (SLC13A5)
	5.2.16|G protein-­coupled receptor 68 (GPR68)
	5.2.17|Distal-­less homeobox 3 (DLX3)
	5.2.18|Sp6 transcription factor (SP6)
	5.2.19|Msh homeobox 2 (MSX2)
	5.2.20|CREB-­binding protein (CREBBP)
	5.2.21|Family with sequence similarity 20, member A (FAM20A)
	5.2.22|Vitamin D receptor (VDR)
	5.2.23|Gap junction alpha 1 (GJA1)
	5.2.24|Special AT-­rich sequence-­binding protein 1 (SATB1)
	5.2.25|Peroxisome biogenesis factor 1 (PEX1), peroxisome biogenesis factor-­6 (PEX6)
	5.2.26|RELT TNF receptor (RELT)
	5.2.27|Acid phosphatase 4 (ACP4)


	6|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	PEER REVIEW
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


