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1  | INTRODUC TION

Enamel is a mineralized tissue consisting of hydroxyapatite crys-
tals and largely generated by ameloblasts. The composition and 

morphology of the mineral components within the enamel play es-
sential roles in the physical properties and physiological function of 
the tissue. The unique molecular and cellular activities have been 
underway during amelogenesis, which was reflected by enamel's 
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Abstract
Objectives: To identify the genetic cause of one Chinese family with hypoplastic 
amelogenesis imperfecta (AI) and explore the relationship between genotype and its 
phenotype.
Material and Methods: One Chinese family with generalized hypoplastic AI was re-
cruited. One deciduous tooth from the proband was subjected to scanning electron 
microscopy. Whole-exome sequencing was performed and identified mutation was 
confirmed by Sanger sequencing. Bioinformatics studies were further conducted to 
analyze potential deleterious effects of the mutation.
Results: The proband presented a typical hypoplastic AI phenotype whose teeth in de-
ciduous and permanent dentitions showed thin, yellow, and hard enamel surface. The 
affected enamel in deciduous tooth showed irregular, broken, and collapsing enamel 
rods with borders of the enamel prisms undulated and structural shapes of prisms 
irregular. A novel homozygous nonsense mutation in the last exon of the enamelin 
(ENAM) gene (NM_031889.3; c.2078C>G) was identified in the proband, which was 
predicted to produce a highly truncated protein (NP_114095.2; p.(Ser693*)). This mu-
tation was also identified in the proband's parents in heterozygous form. Surprisingly, 
the clinical phenotype of the heterozygous parents varied from a lack of penetrance 
to mild enamel defects. Additional bioinformatics studies demonstrated that the de-
tected mutation could change the 3D structure of the ENAM protein and severely 
damaged the function of ENAM.
Conclusion: The novel homozygous ENAM mutation resulted in hypoplastic AI in the 
present study. Our results provide new genetic evidence that mutations involved in 
ENAM contribute to hypoplastic AI.
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final composition (Paine et al., 2001). Many genes were proved to be 
associated with the process of amelogenesis and mutations in them 
were known to cause amelogenesis imperfecta (AI), such as genes 
encoding the enamel matrix proteins (AMELX, AMBN, and ENAM) 
and the enamel proteinases (MMP20 and KLK4), other genes encod-
ing proteins that mediate or affect cell adhesion (LAMA3, LAMB3, 
COL17A1, FAM83H, and ITGB6) or were thought to be involved in 
endocytosis, calcium transport and pH sensing (WDR72, SLC24A4, 
and GPR68, respectively), and master controllers of amelogenesis 
(FAM20A and DLX3) had also been implicated. In addition, mutations 
in genes encoding proteins for which their function in amelogenesis 
was less clear (e.g., ODAPH, AMTN, ACP4, RELT, and SP6) were also 
known to cause AI (Gadhia et  al.,  2012; Kim et  al.,  2019; Seymen 
et al., 2016; Smith et al., 2017, 2020). More knowledge about these 
genetic influences on the process of amelogenesis leads to better 
understanding of the biological mechanism of enamel formation. 
Deviations from normal genetic programming during development 
may result in AI.

AI is a genetic disease affecting the structure, composition, 
and quantity of tooth enamel. The prevalence of AI has been 
reported to be 1 in 700 among an isolated Swedish population 
(Bäckman & Holm,  1986) and around 1 in 14,000 among the 
US population (Witkop, 1988). Many different inheritance pat-
terns are existed in AI, including autosomal dominant, autoso-
mal recessive, X-linked dominant, or X-linked recessive heredity 
(Witkop, 1988).

As a heterogeneous group of genetic conditions characterized by 
defective enamel, AI can be broadly classified based on the enamel 
phenotype, although mixed phenotypes frequently exist. Defects 
during the secretory stage tend to cause hypoplastic AI, for which 
the enamel is absent or thin and variably mineralized. Defects during 
the maturation stage generally result in hypomineralized AI, where 
the enamel is of full-thickness but is weak and fails prematurely. 
Hypomineralized AI can be further subdivided into hypomaturation 
and hypocalcified AI that produce brittle and soft enamel, respec-
tively (Smith et al., 2017). AI may present as an isolated phenotype 
or may be associated with a syndrome.

AI enamel is abnormally thin, soft, fragile, pitted, and/or 
discolored, causing patients severe embarrassment, eating dif-
ficulties and pain. Clinically, the enamel in the hypoplastic type 
exhibits hard and translucent with reduced thickness (volume). 
Usually, it may be localized as pits or horizontal ridges or can be 
generalized with the entire enamel thickness being markedly re-
duced. Hypoplastic AI could be caused by mutations in AMELX 
(Lagerström et  al.,  1991), ENAM (Rajpar et  al.,  2001), AMBN 
(Poulter, Murillo, et al., 2014), ACP4 (Seymen et al., 2016), LAMA3 
(Yuen et  al.,  2012), LAMB3 (Poulter, El-Sayed, et  al.,  2014), and 
COL17A1 (McGrath et al., 1996).

In this study, the phenotypic characteristics and detailed ul-
trastructure of the enamel in one novel autosomal-recessive mu-
tation in ENAM gene (c.2078C>G, p.(Ser693*)) were reported. In 
this family, the affected proband with homozygous ENAM mu-
tation showed generalized hypoplastic enamel with almost no 

enamel covering dentin. The clinical phenotype of the parents 
with heterozygous ENAM mutation varied from a lack of pene-
trance to mild enamel defects.

2  | MATERIAL S AND METHODS

2.1 | Subjects

This study was ethically approved by the Ethical Committee of 
Peking University School and Hospital of Stomatology (issue num-
ber: PKUSSIRB-201631124) and was conducted following the 
Declaration of Helsinki principles. All participants or their guardians 
signed written-informed consent.

The proband was an 8-year-old girl with no health concerns or 
allergies. Her parents complained that the girl's erupted teeth were 
esthetically impaired. As the results of clinical and radiologic exam-
inations confirmed to the clinical diagnostic criterion of hypoplastic 
AI (Witkop, 1988), diagnosis was made accordingly. Detailed clinical 
and radiologic examinations were also performed for the proband's 
family members.

Totally six healthy controls with age- and gender-matched with 
the proband were included, three for genotype analysis and three 
for phenotype analysis.

2.2 | Scanning electron microscopy

One exfoliated deciduous molar from the proband was collected 
and one deciduous molar from a normal individual of similar age 
was used as control. All extracted teeth were rinsed with 0.1  M 
phosphate buffer (pH 7.2) and were sectioned longitudinally in the 
buccolingual direction using a peripheral diamond. The cut sides 
were polished first, acid-etched for exactly 15  s with 40% phos-
phoric acid to remove the smear layer, dehydrated with 70% alco-
hol, dried in air.

Each section from the selected teeth was sputter-coated with 
gold and mounted on an aluminum stub for examination by scanning 
electron microscopy (SEM) (SU8010, Hitachi). Images were obtained 
at magnifications between 1000× and 2000×.

2.3 | DNA collection

Peripheral blood samples were collected from the participants and 
genomic DNA was extracted using TIANamp Blood DNA mini kit 
(Tiangen) following the manufacturer's instruction.

2.4 | Whole-exome sequencing and data analysis

Three micrograms of the patient's genomic DNA were prepared 
for whole-exome sequencing (WES) with the Agilent SureSelect 



1612  |     YU et al.

XT Library Prep Kit according to the manufacturer's protocol 
(Agilent Technologies). Sequencing was performed using a 100-bp 
paired-end protocol on an Illumina HiSeq2500 (Illumina). Agilent 
SureSelect Human All Exon V5 Enrichment System (Agilent 
Technologies) was used as the capture reagent. The sequencing 
reads were aligned to the human reference genome (GRCh37) 
using the Burrows-Wheeler aligner (Li & Durbin, 2009). With a se-
ries of bioinformatics tools, such as Samtools, Genome Analysis 
Tool Kit, and Annovar (Hintzsche et al., 2016), the sequence vari-
ants were annotated with dbSNP build 150 and filtered with a 
cut-off value of 0.01 for the minor allele frequency. Exome depth 
was used for CNV analysis according to the developer's guidelines 
(Plagnol et al., 2012).

Available genomic databases (Exome Variant Server, Genome 
aggregation database, and a local Paris Descartes Bioinformatics 
platform database) were used to filter variants in exon-intron 
boundaries, exonic and splicing variants, and exclude variants with 
a frequency >1%. Variants with a Combined Annotation Dependent 
Depletion (CADD; version 1.3) score ≥15 were prioritized, and those 
in genes already known to cause AI were highlighted for segrega-
tion analysis, including AMELX, ENAM, AMBN, MMP20, KLK4, ITGB6, 
LAMB3, LAMA3, COL17A1, AMTN, FAM83H, WDR72, SLC24A4, 
FAM20A, DLX3, C4orf26, GPR68, ACPT, ACP4, ODAPH, RELT, and SP4 
(Gadhia et  al.,  2012; Kim et  al.,  2019; Seymen et  al.,  2016; Smith 
et al., 2017, 2020).

2.5 | PCR amplification and Sanger sequencing

An ENAM mutation identified by WES was confirmed by Sanger 
sequencing. The exons and exon–intron boundaries of the ENAM 
gene were amplified by polymerase chain reaction (PCR) using 
the intron–exon specific primers (table S1) as described previ-
ously (Chan et  al.,  2010). DNA polymerase was purchased from 
Takara Technologies. In brief, the PCR reactions were carried out 
in a DNA Engine PTC-200 using the program described elsewhere 
(Zhang et  al.,  2017). The amplification products were bidirection-
ally sequenced using an ABI 3,730 XL automatic sequencer (Applied 
Biosystems, Foster City, CA). DNA sequences were analyzed using 
NCBI databases and the BLASTN (BLAST nucleotide) program 
(http://blast.ncbi.nlm.nih.gov/).

2.6 | Prediction of damaging effects

Sequential data processing using CADD (Kircher et  al.,  2014) 
(Combined Annotation Dependent Depletion, http://cadd.gs.washi​
ngton.edu/) and M-CAP (Jagadeesh et  al.,  2016) (Mendelian 
Clinically Applicable Pathogenicity, http://bejer​ano.stanf​ord.edu/
MCAP) were performed to predict deleteriousness of the detected 
mutation. Additionally, the online program Mutation Taster (Schwarz 
et al., 2014) (http://www.mutat​ionta​ster.org) was also used to pre-
dict if the mutation was disease-causing. To analyze the effect of the 

mutation on the molecular structure of ENAM protein, the three-
dimensional (3D) structures of wide-type and mutant ENAM were 
predicted in silico using I-TASSER (Yang & Zhang,  2015) (Iterative 
Threading Assembly Refinement, https://zhang​lab.ccmb.med.umich.
edu/I-TASSE​R/).

3  | RESULTS

3.1 | Clinical findings

The proband was an 8-year-old girl presenting a typical hypoplas-
tic AI phenotype from a non-consanguineous family. Her pedi-
gree contained nine family members without similar manifestation 
(Figure 1a), which indicated an autosomal-recessive inheritance pat-
tern. The enamel of the permanent teeth, including first molars and 
the recently erupted mandible and maxillary incisors of the proband 
was thin, yellow, and with hard texture (Figure 1b–e). The charac-
teristics of enamel were more remarkable in the images of amplifi-
cation of mandible and maxillary incisors, although there was some 
pigmentation in the lingual side of maxillary incisors (Figure 1d and 
e). In addition, the color of the primary teeth was darker compared to 
the cream white color of normal primary teeth (Figure 1b–e).

The panoramic radiograph of the proband showed that there was 
almost no enamel coverage on the erupted and developing tooth 
buds of permanent teeth (Figure 1f) comparing to that from a healthy 
age- and gender-matched child (Figure 1g). Notably, enamel in the 
deciduous teeth was nearly invisible as well (Figure 1f).

The mother's teeth appeared to be highly polished, while some 
localized opaque and white spots were evident, especially in the 
cervical third of the buccal side of maxillary first molar (Figure 1h). 
Besides this, no other alterations in enamel hardness or thickness 
were found. For the proband's father, some irregular localized 
enamel defects—circumscribed enamel pits, arranged in horizontal 
lines in the cervical third of the crown—were shown in the enamel 
(Figure  1j). In addition, exogenous pigmentation was also present 
on most of his teeth (Figure 1j). His panoramic radiograph showed 
normal-looking tooth structures (Figure 1i). The typical feature be-
tween phenotype and genotype of this family was consistent with 
autosomal-recessive transmission of generalized hypoplastic AI 
(Chan et al., 2010; Ozdemir et al., 2005).

3.2 | Scanning electron microscopy observation

The enamel layer of the affected deciduous tooth revealed poorly 
formed enamel rods with extensive irregular, disorganized rough-
superficial enamel layer (Figure 2a and b). The course of the enamel 
prisms was abnormal, or could not be distinguished at all. Irregularly 
shaped empty spaces were present. Borders of the enamel prisms 
were undulated and structural shapes of prisms irregular (Figure 2a 
and b) as compared to normal prisms of healthy enamel (Figure 2c 
and d).

http://blast.ncbi.nlm.nih.gov/
http://cadd.gs.washington.edu/
http://cadd.gs.washington.edu/
http://bejerano.stanford.edu/MCAP
http://bejerano.stanford.edu/MCAP
http://www.mutationtaster.org
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/


     |  1613YU et al.

3.3 | A novel ENAM mutation identified by WES and 
variation screening

WES was performed for the proband in order to identify the po-
tential causative genes. 15.60  Gb data of exome sequences were 
obtained on average and the mean sequencing depth was 106.32-
fold. In total, 95.87% of the exonic regions were covered at least 20-
fold, indicating high sequencing quality. The sequences were then 
mapped to the human GRCh37/hg19 reference genome and 83,924 
single nucleotide variants and indels were identified. The above 
information indicated that both the quality and quantity of the se-
quencing data are suitable for further analysis.

Overall, among the known AI-causing genes, only a novel homo-
zygous C-to-G mutation was identified in ENAM gene (c.2078C>G, 
p.(Ser693*)).

3.4 | Verification of the ENAM mutation by 
Sanger sequencing

The identified ENAM mutation (c.2078C>G, p.(Ser693*)) was veri-
fied subsequently by Sanger sequencing. The result showed that this 
mutation was unable to be detected in normal control (Figure 3a), 
while was identified in homozygous form in the proband (Figure 3b). 

F I G U R E  1   Pedigree and clinical phenotype. (a) Pedigree of the family: Males are marked as squares and females as circles. Filled symbols 
designate affected individuals; open symbols indicate those not affected; Horizontal strip lines symbol indicates localized enamel pitting. 
The black arrow is the proband. (b–e) Intraoral photographs of the proband (III: 1) at age 8 (b–d) and age 8 years and 9 months (e). The first 
molars and the mandible incisors were small, thin, and yellow due to the lack of enamel thickness (white arrows). Insert photograph showed 
the labial side of the mandible (d) and lingual side of maxillary incisors (e) separately. (f) Panoramic radiograph of the proband. (g) Insert 
box shows the density of normal teeth matched by age and gender. (h) Clinical photo of the proband's mother (II: 2). White arrow showed 
localized white spot in the enamel. (i) Panoramic radiograph of the proband's father. (j) Frontal clinical photo of the father (II: 3). White 
arrows showed irregular localized enamel defects. m/m, m/w, and w/w indicate homozygous mutant, heterozygous mutant and wild type, 
respectively

(a) 
(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 
(j) 
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This mutation was also detected in proband's parents in heterozy-
gous as expected (Figure  3 C and D), which was agreed with the 
autosomal-recessive inheritance pattern.

This mutation introduced a premature stop codon in the last 
exon of ENAM gene, which was predicted to result in a truncated 
peptide with 692 amino acids (Figure 3e). As the wild-type ENAM 

F I G U R E  2   Ultrastructural phenotyping 
of affected enamel in deciduous tooth 
with the nonsense ENAM mutation 
(c.2078C>G; p.(Ser693*)). Scanning 
electron microscopy (SEM) of affected 
enamel (a, 1000×, b, 2000×) and the 
control (c, 1000×, d, 2000×) in deciduous 
teeth. The enamel layer of the affected 
deciduous tooth revealed poorly formed 
enamel rods with extensive irregular, 
disorganized rough superficial enamel 
layer. White arrow showed the irregularly 
shaped empty spaces

(a) (b)

(c) (d)

F I G U R E  3   Verification of the identified mutation by Sanger sequencing. (a) A normal control DNA sequence of ENAM gene. (b) A 
homozygous ENAM mutation (c.2078C>G; p.(Ser693*)) identified in the proband. (c) A heterozygous mutation identified in the proband's 
mother. (d) A heterozygous mutation also identified in the proband's father. Both mutated and wild-type nucleotide residues are indicated by 
black arrows. (e) Schematic presentation of the structure of the ENAM gene containing the annotated mutation identified in this study. The 
exon coding regions are shaded. The black arrow indicates the position of the mutation
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was consisted of 1,142 amino acids, therefore, this mutation led to 
more than 30% loss of the full length of protein. The detected muta-
tion has been submitted to GenBank (MT877227, http://www.ncbi.
nlm.nih.gov/ genbank).

3.5 | Potential deleterious effects of the 
ENAM mutation

Three different in silico programs were used to predict the dam-
aging effects of the detected nonsense mutation, such as CADD, 
M-CAP, and Mutation Taster. All the predicted results showed 
that the detected nonsense mutation (c.2078C>G, p.(Ser693*)) 
was deleterious and severely damaged the function of ENAM 
(Table 1).

In addition, the effect of the mutation on the 3D structure of 
ENAM protein was predicted by I-TASSER. The data, we presented 
here, were based on model 4 for the wild-type and the truncated 
proteins. There was an obvious difference between the 3D structure 
of mutated protein and that of wild type (Figure 4), leading to a loss 
of function of the predicted protein.

4  | DISCUSSION

In the study, a novel ENAM nonsense mutation (c.2078C>G, 
p.(Ser693*)) was identified in one Chinese family with hypoplastic 
AI in variable expressivity. The enamel of the proband with homozy-
gous mutation was generalized hypoplastic. The clinical phenotype 
of the individuals harboring the heterozygous mutation varied from 
a lack of penetrance to mild enamel defects. Additional bioinformat-
ics studies demonstrated that the detected mutation could change 
the 3D structure of the ENAM protein and impair the function of 
ENAM.

The human ENAM gene, encoding enamelin (ENAM), is localized 
on chromosome four and consists of nine exons and eight introns 
(Dong et  al.,  2000; Hu et  al.,  2000). As a tooth-specific protein, 
ENAM is expressed principally by ameloblasts in secretory stage 
(Hu & Yamakoshi,  2003). ENAM makes up 1 to 5% of the enamel 
matrix proteins (EMPs) and is the least in abundance of the three 
main enamel matrix proteins (Hu et  al.,  2000; Hu et  al.,  2001). In 
addition, ENAM plays a critical role for proper dental enamel for-
mation. In vitro studies found that ENAM regulates the nucleation, 
growth, and organization of hydroxyapatite crystals (Hu et al., 2000; 
Hu et  al., 2001). In Enam-null mice, the formation of enamel layer 
was interfered as a result of the lack of ENAM (Hu et  al.,  2008). 
Furthermore, disorganization and apoptosis of ameloblasts were 
also shown in Enam-null mice (Hu et al., 2011).

It was widely reported that defects in human ENAM gene could 
cause hypoplastic form AI, including autosomal-dominant and 
autosomal-recessive AI. The first reported mutation in ENAM re-
sulted in AI was autosomal-dominant form and the patient showed 
a generalized thin hypoplastic phenotype (Rajpar et  al.,  2001). 
Autosomal-recessive inheritances were also documented for 

TA B L E  1   Functional prediction of the ENAM variant

Prediction method Score
Deleterious 
threshold

Misclassification 
rate

CADD-Phred 37 >20 26%

M-CAP 7.775 >0.025 5%

Mutation taster 1 >0.5 –

F I G U R E  4   The 3D structure of ENAM predicted by I-TASSER in wild-type (a) and mutated ENAM (b). Helix (red), sheet (yellow), loop 
(green)

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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TA B L E  2   Mutations described in ENAM to cause hypoplastic AI

No cDNA Protein Type Phenotypes and inheritance References

1 c.92T>G p.(Leu31Arg) Missense Generalized thin hypoplastic, AD (Brookes et al., 2017)

2 c.107delA p.(Asn36Ilefs*22) Deletion Local hypoplastic, AD (Simmer et al., 2013)

3 c.123+1G>A p.(Val19_Pro41del) Splicing AD (Prasad et al., 2016)

4 c.123+2T>G p.(Val19_Pro41del) Splicing Local hypoplastic, AD (Koruyucu et al., 2018)

5 c.139delA p.(Met47Cysfs*11) Deletion Local hypoplastic, AD (Wang et al., 2015)

6 c.157A>T p.(Lys53*) Nonsense Local hypoplastic, AD (Kim et al., 2006; Mårdh 
et al., 2002)

7 c.211−2A>C p.(Met71_Gln157del) Splicing Local hypoplastic, AD (Kim et al., 2005)

8 c.358C>T p.(Gln120*) Nonsense Local hypoplastic, AD (Seymen et al., 2014)

9 c.395dupA p.(Pro133Alafs*13) Duplicate Local hypoplastic, AD (H. Zhang et al., 2019)

10 c.407_408insTCA
AAAAAGCCGAC
CACAA

p.(Lys136Asnfs*16) Insertion Local hypoplastic, AD (Wang et al., 2015)

11 c.454G>T p.(Glu152*) Nonsense Local hypoplastic, AD (Seymen et al., 2014)

12 c.534+1G>A p. Ala158_Gln178del Splicing Generalized thin hypoplastic, AD (Rajpar et al., 2001)

13 c.535−2A>G p.(Arg179_Gly196del) Splicing Generalized thin hypoplastic (Wright et al., 2011)

14 c.536G>T p.(Arg179Met) Missense Local hypoplastic, AD (Gutierrez et al., 2007)

15 c.588+1delG p.(Asn197Ilefs*81) Deletion Generalized thin hypoplastic or 
Localized, circumscribed pitting, AR/
AD

(Dashash et al., 2011; 
P. S. Hart, Hart, 
et al., 2003; Kida 
et al., 2002; Kim 
et al., 2005; Pavlic 
et al.,2011; Wright 
et al., 2011; H. Zhang 
et al., 2019)

16 c.647C>T p.(Ser216Leu) Missense Heterozygous carriers: Localized pitting, 
AD

Compound heterozygotes: Generalized 
thin hypoplastic

(c. 647C>T & c.1259_1260insAG), AR

(Chan et al., 2010)

17 c.737C>A p.(Ser246*) Nonsense Local hypoplastic, AD (Ozdemir et al., 2005)

18 c.1021_1022insGT
CAGTACCAGTAC
TGTGTCA

p.(Val340_Met341ins 
SerGlnTyrGlnTyrCysVal)

Insertion Heterozygous carriers: Localized, 
circumscribed pitting, AD

Compound heterozygotes: Generalized 
thin hypoplastic, (c.1020_
I021insAGTCAGTACCAGTACTGTGTC 
& c.1259_1260insAG), AR

(Ozdemir et al., 2005)

19 c.1259_1260insAG p.(Pro422Valfs*27) Insertion Generalized thin hypoplastic or 
Localized, circumscribed pitting, AR/
AD

(Chan et al., 2010; T. C. 
Hart, Hart, et al., 2003; 
Kang et al., 2009; 
Lindemeyer et al.,2010; 
Ozdemir et al., 2005; 
Pavlic et al., 2007; 
Wright et al., 2011)

20 c.1842C>G p.(Tyr614*) Nonsense Generalized thin hypoplastic, AR
Heterozygous carriers: varied from 

a lack of penetrance to a local 
hypoplastic enamel defect, AR/AD

(Koruyucu et al., 2018)

21 c.2078C>G p.(Ser693*) Nonsense Generalized thin hypoplastic, AR This report

22 c.2763delT p.(Asp921Glufs*32) Deletion Compound heterozygotes: 
c.1259_1260insAG & c.2763delT, AR

(H. Zhang et al., 2019)

23 c.2991delT p.(Leu998Trpfs*65) Deletion Local hypoplastic, AD (Kang et al., 2009)
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ENAM mutations (Chan et  al.,  2010; Hart, Hart, et  al.,  2003; 
Ozdemir et  al.,  2005), in which heterozygotes usually presented 
with a milder, local form, while homozygotes showed a severe form 
(Ozdemir et al., 2005). At present, more than 20 different ENAM 
mutations were reported in AI with multiple mutation types, in-
cluding missense, nonsense, splicing, duplicate, and insertion or 
deletion-caused frame-shift mutation (Table 2). The severe type of 
AI in homozygotes was often caused by frame-shift or nonsense 
mutations (Wang et al., 2015) thus producing a truncated protein 
(Miller & Pearce, 2014). It was also reported that same ENAM mu-
tation might lead to phenotypic variations among different fami-
lies (Hart, Michalec, et al., 2003).

The enamel phenotypes caused by ENAM mutations in hu-
mans show a clear dose-effect and variable expressivity. In pres-
ent study, the proband had a homozygous ENAM mutation, causing 
severe generalized enamel malformations with almost no enamel 
covering dentin. Meanwhile, the proband's father who was hetero-
zygous for one mutant allele, displayed localized enamel defects—
circumscribed enamel pits, arranged in horizontal lines in the cervical 
third of the crown, which have been reported by others (Hart, Hart, 
et  al.,  2003; Kang et  al.,  2009). This very mild phenotype, which 
would not be traditionally diagnosed as AI, presents a challenge to 
the current AI nomenclature. Surprisingly, any abnormality was not 
found in enamel of the proband's mother except for some localized 
opaque and white spots in the cervical third of the maxillary first 
molar, although the heterozygous ENAM mutation was also pres-
ent. Variable expressivity from localized hypoplasia to generalized 
severe enamel loss has been reported with c.588+1delG muta-
tional hotspot in ENAM, p. (Asn197Ilefs*81), among different fami-
lies and family members (Hart, Hart, et al., 2003; Kida et al., 2002; 
Kim et  al.,  2005; Pavlic et  al.,  2007). They all found that when a 
single ENAM allele was defective, the enamel malformations var-
ied in severity and could be nonpenetrant, which was consistent 
with present study. Furthermore, the novel ENAM nonsense muta-
tion (c.2078C>G, p.(Ser693*)) we identified introduced a premature 
stop codon which was in the last exon of ENAM gene. It is pre-
dicted that the mutant mRNA transcript would escape Nonsense-
mediated Decay and be translated into a truncated ENAM protein 
(Miller & Pearce, 2014).

SEM was used to observe the ultrastructure alterations in AI. We 
found that the enamel layer of the affected primary teeth showed 
poorly formed enamel rods with extensive irregular, disorganized 
rough superficial enamel layer. The ultrastructure alteration of the 
permanent teeth was unable to be carried out due to the difficulty 
of collection of specimen. While similar phenotype of the primary 
teeth and permanent teeth of the proband were shown from the 
intraoral photographs with enamel markedly reduced in thickness, 
although the enamel in primary teeth looks thicker than permanent 
teeth. Therefore, similar ultrastructure alterations of the permanent 
teeth were speculated. The findings of present study were in agree-
ment with previous reports on ENAM mutations (g.8344delG and 
g.13185–13186insAG), in which affected enamel is markedly reduced 

in thickness, lacks a normal prismatic structure and has a laminated 
appearance (Hart, Michalec, et al., 2003; Pavlic et al., 2007). While 
it is difficult to find the relationship between the ultrastructure al-
ternations of affected enamel and the specific mutations, but these 
results could provide a new viewpoint for exploring the various 
harmful influences of ENAM mutations on different stages of enamel 
formation.

Mouse model study on ENAM also indicated that the quantity 
of ENAM played an essential role on normal enamel formation (Hu 
et  al.,  2014). However, for the extremely mild clinical phenotype 
or the lack of penetrance in certain individuals, there is still lack of 
study on direct mechanism. Inherited enamel malformations are 
highly heterogeneous. Further genetic and functional investiga-
tions are needed to understand the biological mechanism of enamel 
formation.

In summary, a novel ENAM nonsense mutation (c.2078C>G, 
p.(Ser693*)) was identified in one Chinese family with generalized 
hypoplastic AI. This nonsense mutation in ENAM gene resulted in a 
truncated protein and changed the 3D structure of ENAM. Our find-
ing indicates that this mutation leads to the hypoplastic AI in present 
patient, which broaden the spectrum of known ENAM mutations in 
hypoplastic AI patients and provides evidence that ENAM mutations 
frequently exhibit wide variable expressivity and sometimes lack of 
penetrance. Insights into the association between the severe phe-
notypes and their mutations in hypoplastic AI patients also enhance 
our understandings of the cellular and molecular mechanisms in-
volved in tooth enamel development.
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