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Abstract
Tooth enamel is the most highly mineralized tissue 
in vertebrates. Enamel crystal formation and elon-
gation should be well controlled to achieve an 
exceptional hardness and a compact microstruc-
ture. Enamel matrix calcification occurs with sev-
eral matrix proteins, such as amelogenin, enamelin, 
and ameloblastin. Among them, amelogenin is the 
most abundant enamel matrix protein, and multi-
ple isoforms resulting from extensive but well-
conserved alternative splicing and postsecretional 
processing have been identified. In this report, we 
recruited a family with a unique enamel defect and 
identified a silent mutation in exon 4 of the 
AMELX gene. We show that the mutation caused 
the inclusion of exon 4, which is almost always 
skipped, in the mRNA transcript. We further show, 
by generating and characterizing a transgenic ani-
mal model, that the alteration of the ratio and 
quantity of the developmentally conserved alterna-
tive splicing repertoire of AMELX caused defects 
in enamel matrix mineralization.
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Introduction

Tooth enamel is the hardest tissue in the human body. The development 
of tooth enamel is a result of a series of ectomesenchymal interactions 

(Thesleff, 1995). Once the inner enamel epithelium cells differentiate to 
ameloblasts, ameloblasts secrete enamel matrix proteins into the developing 
enamel matrix, and the enamel matrix begins to calcify. To achieve an excep-
tional hardness and a fine structure, the calcified enamel undergoes a matura-
tion process.

Defects in tooth enamel can be caused by environmental as well as genetic 
factors. Amelogenesis imperfecta (AI) is a collective term referring to inher-
ited malformation of tooth enamel. There are 3 major categories of AI: hypo-
plastic, hypocalcified, and hypomatured. The enamel is thin in hypoplastic AI. 
Hypocalcified enamel is extremely soft such that it easily abrades after tooth 
eruption due to the occlusal force. Hypomatured enamel is discolored and soft 
but has a normal thickness (Witkop, 1988).

Mutational analysis has initially focused on genes encoding enamel matrix 
proteins, identifying mutations in amelogenin (AMELX; Kim et al., 2004), 
enamelin (ENAM; Kang et al., 2009), kallikrein 4 (KLK4; Hart et al., 2004) 
and enamelysin (MMP20; Kim et al., 2005b). Genetic analysis—such as link-
age analysis, autozygosity mapping, and exome sequencing—has recently 
identified mutations in the family with sequence similarity 83 member H 
(FAM83H; Kim et al., 2008), WD repeat-containing protein 72 (WDR72; 
El-Sayed et al., 2009; Lee et al., 2010), family with sequence similarity 20 
member A (FAM20A; O’Sullivan et al., 2011; Cho et al., 2012), chromosome 
4 open reading frame 26 (C4orf26; Parry et al., 2012), solute carrier family 
24 member 4 (SLC24A4; Parry et al., 2013), laminin beta 3 (LAMB3; Kim  
et al., 2013; Poulter et al., 2014b), and integrin beta 6 (ITGB6; Poulter et al., 
2014a; Wang et al., 2014).

Amelogenin constitutes up to 90% of the protein in the developing enamel 
matrix, and only a thin layer of enamel is formed in AmelX knockout mice 
(Gibson et al., 2001). Extensive alternative splicing of the amelogenin pri-
mary RNA transcript is a general feature of amelogenin biosynthesis. Exon 
skipping and utilization of alternative 3′ splicing acceptor sites in exons 
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explain the mechanism behind amelogenin mRNA diversity 
(Gibson, 1999). While the murine amelogenin gene is on the X 
chromosome, the human amelogenin genes are located on both 
the X (AMELX, OMIM *300391) and Y (AMELY, OMIM 
*410000) chromosomes. Both genes do not equally contribute 
to the pool of amelogenin, with AMELY-derived mRNA account-
ing for only 10% of the total amelogenin transcripts (Salido  
et al., 1992). The human AMELX gene has 7 exons, and transla-
tion begins in exon 2. Exon 4, encoding 14 amino acids, is 
almost always skipped during pre-mRNA splicing, so the full-
length mRNA containing exon 4 is not the major transcript. The 
most abundant mRNA is an exon 4 skipped full-length transcript 
(Salido et al., 1992).

The functional importance of amelogenin and its isoforms 
during enamel formation has been extensively studied; however, 
the effect of including exon 4 in amelogenesis remains unknown. 
In this study, we identified a family with a unique AI clinical 
phenotype and found a single-nucleotide transition in exon 4 of 
the AMELX gene, which altered the developmentally conserved 
splicing repertoire causing the inclusion of exon 4. We gener-
ated transgenic mice overexpressing full-length amelogenin that 
included exon 4 and characterized it to identify the effect of 
including exon 4 in amelogenesis.

Materials & Methods

Ethics Statement

The human study protocol and patient consent were reviewed 
and approved by the Institution Review Board at Seoul National 
University Dental Hospital. Blood samples were collected with 
the understanding and written consent of each participant 
according to the Declaration of Helsinki. All procedures involv-
ing transgenic animals were reviewed and approved by the 
Seoul National University Institutional Animal Care and Use 
Committee.

Mutational and Linkage Analyses

Mutational analyses including exons and nearby intron 
sequences were done for the AMELX gene, using DNA samples 
of the affected mother (V:6), based on the candidate gene 
approach (Fig. 1A). The primer pairs and polymerase chain 
reaction (PCR) conditions were described previously (Kim  
et al., 2004). After sequencing of the AMELX gene, other candi-
date genes were sequenced as described elsewhere (Kim et al., 
2005a; Kim et al., 2006; Appendix Table 1). Primers for the 
AMTN and ODAM genes were designed with Primer3 (http://
frodo.wi.mit.edu/primer3/). Linkage analysis was performed 
with STR (short tandem repeat) markers for known genes 
(Appendix Table 2). After the linkage analysis (Appendix Table 
3), all introns and the promoter region (1.5 kb) of AMELX were 
sequenced (Appendix Table 4).

Splicing Assay

A fragment (736 bp) of the AMELX gene including exons 4 and 
5 was amplified with the Pfu enzyme (Elpis biotech, Taejeon, 

Korea) and cloned into the pSPL3 vector after double digestion 
with EcoRI and BamHI restriction endonucleases (Appendix 
Table 5). Cloned vectors were transfected into COS-7 cells, and 
total RNA was isolated after 36 hr. Reverse transcriptase PCR 
was performed with vector primers (SD6: 5′-TCTGAGTCAC 
CTGGACAACC-3′, SA2: 5′-ATCTCAGTGGTATTTGTG 
AGC-3′). Amplification bands were excised from an agarose gel 
and characterized by sequencing. The entire AMELX gene 
including all 7 exons was also cloned into the pSPL3 vector 
(Appendix Table 5). The anterior part of the AMELX gene 
(exons 1-5) was amplified and cloned with EcoRI and NotI 
restriction endonucleases. The posterior part (exons 4-7) was 
cloned into the vector via KpnI and NotI. Transfection and total 
RNA isolation were performed as described above. Reverse 
transcriptase PCR was performed with exon-specific primers 
(sense: 5′-CAAGCATCCCTGAGTTTCAA-3′, antisense: 5′-C 
CCCTCTCATCTTCTGATCTTTT-3′). Amplification bands 
were excised from a polyacrylamide gel and cloned through the 
Topcloner PCR cloning kit (Enzynomics, Seoul, Korea). Multiple 
clones from each band were sequenced and characterized.

Generation of Transgenic Mice

The mouse Amelx vector (Chun et al., 2010) was used for tissue-
specific expression of the mouse full-length amelogenin includ-
ing exon 4 (M194). The cDNA was amplified and cloned into 
the vector after digestion with AscI and SgfI restriction endo-
nucleases (Appendix Table 6). The small additional sequence 
(11 bp) from the ligation in exon 2 was removed by PCR muta-
genesis (11bp_rem). The 6.4-kb transgene was excised from the 
vector by restriction digestion with NotI-SrfI and used to gener-
ate transgenic C57BL/6N mice (Macrogen, Seoul, Korea).

Results

Recruitment of AI Family

The proband was a 9.5-year-old girl in a nonconsanguineous 
family (Fig. 1A), presenting generalized pitted hypoplastic AI 
with spotted brown pigmentation (Fig. 1B-1E). Clinical exami-
nation of the affected mother and brother revealed that the phe-
notype was largely hypomaturation with some pitted hypoplastic 
regions (Fig. 1F; Appendix Fig. 1). The enamel was less miner-
alized based on reduced contrast between the enamel and dentin 
(Fig. 1G and 1H). Patients had some thermal sensitivity, but the 
severity was reported to be mild. Pedigree analysis suggested an 
X-linked inheritance pattern (Fig. 1A).

Identification of a Silent Mutation in the AMELX Gene

Candidate gene sequencing of exons and exon-intron boundar-
ies of the AMELX gene revealed a synonymous variation in exon 
4 (NM_182680.1; c.120T>C, p.Ala40Ala; Fig. 2A). The 6 
affected persons had this sequence variation, and none of the 7 
unaffected persons had it. This nucleotide change was well con-
served in all species except for the opossum (Sire et al., 2012). 
Further sequencing of the other AI-related genes did not identify 
any disease-causing mutations. Linkage analysis was performed 
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with participating family members (6 affected and 7 unaffected) 
and confirmed that AMELX was the only gene linked to the AI 
in this family (Figure 1A, Appendix Table 3). The introns and 
the promoter region of the AMELX gene were also sequenced, 
but no other pathologic variation was identified. The only 
sequence variation identified in the introns and the promoter 
region was an intronic variation with minor allele frequency of 
0.300 (rs946252; c.54+65T>C in the intron 2), and this variation 

was ruled out as a disease-causing varia-
tion based on its allele frequency.

Effect of the Silent Mutation  
on Pre-mRNA Splicing

Minigene splicing assay including exons 
4 and 5 revealed that exon 4 was almost 
skipped in the wild type, whereas exon 4 
was more frequently included than 
skipped in the mutant construct (Fig. 
2B). Splicing assay of the whole AMELX 
gene identified alternative splicing prod-
ucts (Fig. 2C). An internal splicing site 
in exon 6 was identified as well, and the 
internal splicing product included only 
the 3′ 75 bp instead of the entire exon 6 
(426 bp). The wild-type allele resulted in 
6 alternative splicing products, and the 
mutant allele resulted in 2 additional 
splicing products.

Phenotypic Analysis of Exfoliated 
Deciduous Mandibular Second 
Molars

The exfoliated deciduous mandibular 
second molars from the proband showed 
localized pitted enamel surfaces (Fig. 
3A, 3B). Micro–computed tomography 
(microCT) image analysis showed 
reduced radiodensity of the affected 
enamel compared with the wild type, 
indicating that the affected enamel was 
less mineralized (Fig. 3C, 3D). Scanning 
electron microscopic (SEM) examina-
tion of the external surface of the affected 
tooth confirmed hypoplastic pits (Fig. 
3E-3G), and SEM examination of the 
cross-sectional surface showed atypical 
enamel structures with some normal-
looking enamel structures (Fig. 3H). 
Normal-looking enamel was located 
near the dentinoenamel junction. Higher 
magnifications of the normal-looking 
enamel region revealed well-organized 
enamel prisms (Fig. 3I1-3I3). Atypical 
enamel structures were observed in all 
the other areas. Higher magnifications of 

an atypical area revealed an irregular shape of the enamel prisms 
(Fig. 3J1-3J3). Another atypical area showed crater-shaped 
voids and an amorphous shape of the enamel prisms (Fig. 3K1-
3K3). The enamel structure of the wild-type tooth was well 
organized and uniform throughout the entire enamel thickness 
(Fig. 3L). Higher magnifications revealed closely packed well-
organized enamel prisms (Fig. 3L1-3L3).

Figure 1.  Pedigree, clinical photographs, and dental radiographs of the affected individuals. 
(A) Pedigree of the family. Arrow indicates the proband, and the symbol O indicates family 
members who participated in the study. (B-E) Frontal, maxillary, and mandibular clinical 
photographs of the proband. Teeth have a generalized pitted hypoplastic enamel with spotted 
brown pigmentation. (F) A buccal clinical photograph of the mother of the proband (V6). 
Hypoplastic as well as hypomineralized enamel is evident. (G) Intraoral radiograph of the 
brother of the proband (VI3) revealed a reduced contrast between the enamel and dentin due 
to the diminished mineral density of the affected enamel. (H) Panoramic radiograph of the 
proband showed a reduced enamel thickness and density.
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Macroscopic and Microscopic 
Analyses of Transgenic Mice

Two lines of transgenic mice overex-
pressing M194 were analyzed. The ante-
rior teeth of the transgenic mice looked 
whiter compared with the brown teeth of 
the wild-type animal (Fig. 4A-4H). The 
molar teeth were severely worn such that 
the pulp tissue could be seen through the 
thin coverage. A histologic section of the 
mandibular anterior tooth showed that 
the enamel layer was less mineralized 
and thinner than that of the wild-type 
enamel layer (Fig. 4I1-4J6). The affected 
enamel layer contained irregular miner-
alized regions, and the enamel surface 
was not as smooth as the wild-type 
enamel. The ameloblasts were not well 
organized, especially in the maturation 
stages (Fig. 4J5, 4J6). Antiamelogenin 
antibody staining showed a reduction in 
amelogenin expression and secretion 
after the late-secretory stage in the trans-
genic mice (Fig. 4K1-4L6).

SEM and MicroCT Analysis of the 
Transgenic Mice

The hypomineralized enamel of the 
transgenic mice was so weak that the 
enamel surface was irregular and thin 
after extraction (Appendix Fig. 2A). The 
affected enamel layer showed an irregu-
lar enamel structure with an amorphous 
calcification pattern with numerous 
pores (Appendix Fig. 2B-2D). The 
extracted teeth showed irregular and less 
mineralized enamel with an eroded sur-
face after teeth eruption, compared to 
sound mineralized enamel with the luster 
of the wild-type anterior tooth (Appendix 
Fig. 2E-2G). SEM image of the wild-
type mouse showed well-organized 
enamel prisms (Appendix Fig. 2H). 
MicroCT image analysis revealed that 
the affected enamel had a reduced 
enamel density, resembling no enamel 
coverage (Appendix Fig. 2I-2L).

Discussion

Synonymous changes in the nucleotide sequence were, until 
recently, considered neutral or silent. It has been shown, how-
ever, that silent mutations can cause diseases by affecting pre-
mRNA splicing, mRNA stability, and protein synthesis rates 
through codon usage bias (Sauna and Kimchi-Sarfaty, 2011). In 
this report, we confirmed that a silent mutation (c.120T>C, 

p.Ala40Ala) increased the exon definition, resulting in the 
inclusion of exon 4, which is almost always skipped in the wild-
type AMELX splicing mRNA transcripts.

Sequence analysis based on Human Splicing Finder (http://
www.umd.be/HSF/) showed changes in motif scores in exonic 
splicing enhancer as well as exonic splicing silencer (ESS) 
(Desmet et al., 2009). The binding score of the SC35 (SRSF2; 
serine/arginine-rich splicing factor 2), one of the exonic splicing 

Figure 2.  Mutational analysis and splicing assay. (A) Sanger sequencing chromatograms of 
the unaffected father (V5), the proband (VI4), and the brother of the proband (VI3). Red arrows 
indicate mutated nucleotide position, and the mutated nucleotide is indicated by the underline. 
(B) Minigene splicing assay of the revealed mutation resulted in the inclusion of exon 4 in the 
mRNA transcript. (C) Whole gene splicing assay. Normal gene diagram is shown on the top. 
The numbers above the boxes (exons) indicate the exon numbers, and the numbers under the 
boxes indicate the nucleotide length of the exon. Green areas indicate coding exons. Resulting 
mRNA transcripts from each band of the PAGE gel are shown as splicing diagrams. W 
denotes wild type and M denotes mutated clone. Left lane is a DNA marker.
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Figure 3.  Phenotypic analysis of exfoliated deciduous mandibular second molars of the proband. (A, B) Clinical photographs of an exfoliated 
deciduous mandibular second molar: lingual (A) and buccal view (B). (C, D) Micro–computed tomography images of an exfoliated deciduous 
mandibular second molar of the proband (C) and a healthy individual (D). Reduced enamel density is evident in the affected tooth compared with 
a wild-type one. (E-G) Scanning electron microscopic (SEM) images of the surface of the affected tooth. (H) Cross-sectional SEM image of the 
affected tooth. (I-K) Three areas with higher magnification are indicated as black boxes. (I1-I3) Normal-looking area in the affected tooth. Normal 
crystal structure is observed in a series of higher magnifications. (J1-J3) Higher magnifications of an atypical area reveal the irregular shape of 
the enamel prisms. (K1-K3) Another atypical area shows numerous voids and the amorphous shape of the enamel prisms. (L) Cross-sectional SEM 
image of a wild-type tooth. Enamel structure is well organized and uniform throughout the entire enamel thickness. (L1-L3) Higher magnifications 
reveal closely packed well-organized enamel prisms. Length of bar is indicated above the bar.
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Figure 4.  Phenotypic and immunohistologic analysis of the transgenic mice. (A-D) Photos of wild-type mouse: anterior image (A), maxillary anterior 
teeth (B), mandibular anterior teeth (C), and maxillary posterior teeth (D). (E-H) Photos of a transgenic mouse: anterior image (E), maxillary anterior 
teeth (F), mandibular anterior teeth (G), and maxillary posterior teeth (H). Teeth of the transgenic mouse are whiter than the wild type, and the 
occlusal surfaces are eroded down to the gingival level. (I1-I6) Series of images of the mandibular anterior tooth of the wild-type mouse stained 
with hematoxylin and eosin. (J1-J6) Series of images of the mandibular anterior tooth of the transgenic mouse stained with hematoxylin and eosin. 
(K1-K6) Series of images of the mandibular anterior tooth of the wild-type mouse stained with antiamelogenin antibody. (L1-L6) Series of images 
of the mandibular anterior tooth of the transgenic mouse stained with antiamelogenin antibody. Scale bar indicates 100 µm.
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enhancer proteins, increased to 79.84 with the mutation 
(GGCTATCA) from 78.43 seen in the wild type (GGCCATCA). 
Additionally, the motif 3 of the ESS (GCTATCAA) changed to 
undetectable with conventional threshold values of 60, from 
scores of 63.50 seen in the wild type. Therefore, the analysis 
revealed that the increased exon definition caused by the muta-
tion occurred by both the reinforcement of the binding of SC35 
and the weakening of an ESS binding.

The amelogenin coding gene is, in general, composed of 7 
exons in mammals, but there are 2 additional exons in the rat 
and mouse. Among them, cDNA transcripts including exon 4 are 
found only as minor and rare transcripts in humans (AMELX), 
mice, rats, guinea pigs, and cows. It has been proposed that exon 
4 (42 bp) is duplicated from exon 5 (having the same size) and 
subjected to accumulating mutations during mammalian evolu-
tion (Sire et al., 2012). Inclusion of the duplicated exon 4 seems 
not to improve protein function or is deleterious to enamel 
matrix formation, a major functional role of amelogenin. 
However, it has been suggested that some transcripts including 
exon 4 function as signaling molecules (Veis, 1989). There are 
16 alternative splicing transcripts in murine Amelx, but the ratio 
and abundance of the different isoforms vary considerably dur-
ing the course of development (Iacob and Veis, 2006). Therefore, 
transcripts including exon 4 may have an important functional 
role in a specific time and location.

Targeted disruption of the murine Amelx gene resulted in 
disorganized hypoplastic enamel resembling human X-linked 
hypoplastic AI (Gibson et al., 2001). A more interesting finding 
was that there was a thin layer of mineralized enamel, even 
though it was only 10% the thickness of normal enamel and also 
lacked a prism pattern (in contrast to the prismatic structure of 
enamel crystallites in normal enamel). These results indicate 
that the amelogenins are not required for the initial enamel min-
eralization but rather essential for the proper formation and 
elongation of the enamel crystal. A simplified knock-in mouse 
model expressing only 1 major amelogenin (without exon 4: 
M180) recently exhibited enamel with normal function and 
architecture, but the enamel hardness was increased while the 
toughness was decreased (Snead et al., 2011). Therefore, it 
seems that M180 is enough to achieve normal enamel thickness 
and ordered elongation of the enamel crystal, and minor tran-
scripts may be necessary for the fine-tuning of the mechanical 
properties of enamel.

In this study, M194 transgenic mice resulted in a porous and 
aprismatic enamel with reduced thickness and mineralization. 
This is in contrast to the fact that transgenic mice overexpress-
ing M180 had a relatively normal enamel phenotype (Gibson  
et al., 2007). It is obvious from the results that the forced expres-
sion of M194 is deleterious to enamel matrix mineralization. 
The abnormal enamel structure, which is porous and aprismatic, 
is also observed in the SEM image of the proband deciduous 
molar. Any deciduous tooth from the affected male was not 
available, but it seemed that the enamel phenotype was more 
severe in the male compared to the affected female based on the 
clinical and radiologic investigations.

In summary, our data show that a single transitional nucleo-
tide change causing synonymous change in the middle of the 
AMELX exon 4, which is almost always skipped during pre-
mRNA splicing, causes an increased exon definition by the 

strengthening of SC35 binding and the weakening of ESS motif 
binding. A transgenic model was generated and characterized to 
show tooth enamel defects mimicking the AI phenotype. We 
have uncovered that an unusual alteration of the ratio and quan-
tity of the developmentally conserved alternative splicing reper-
toire of AMELX induces defects in enamel matrix mineralization.
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