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Abstract
Proteolytic enzymes serve important functions 
during dental enamel formation, and mutations in 
the kallikrein 4 (KLK4) and enamelysin (MMP20) 
genes cause autosomal-recessive amelogenesis 
imperfecta (ARAI). So far, only 1 KLK4 and 3 
MMP20 mutations have been reported in ARAI 
kindreds. To determine whether ARAI in a family 
with a hypomaturation-type enamel defect is 
caused by mutations in the genes encoding enamel 
proteolytic enzymes, we performed mutational 
analysis on candidate genes. Mutational and hap-
lotype analyses revealed an ARAI-causing point 
mutation (c.910G>A, p.A304T) in exon 6 of 
MMP20 that results in a single amino acid substi-
tution in the hemopexin domain. Western blot 
analysis showed decreased expression of the 
mutant protein, but zymogram analysis demon-
strated that this mutant was a functional protein. 
The proband and an affected brother were homo-
zygous for the mutation, and both unaffected par-
ents were carriers. The enamel of newly erupted 
teeth had normal thickness, but was chalky white 
and became darker with age.
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INTRODUCTION

Amelogenesis imperfecta (AI) is a heterogeneous group of inherited enamel 
malformations that can be caused by defects in many genes. The common 

classification system categorizes the spectrum of enamel phenotypes into hypo-
plastic, hypocalcified, hypomaturation, and hypomaturation-hypoplastic with tau-
rodontism. AI can have autosomal-dominant, autosomal-recessive, or X-linked 
patterns of inheritance (Witkop and Sauk, 1976). Based upon clinical phenotypes 
and modes of inheritance, 14 AI subtypes are recognized (Witkop, 1988). In the 
United States, the combined incidence of all types of AI is about 1:14,000 (Witkop 
and Sauk, 1976). Genes encoding enamel matrix proteins have been implicated 
in the etiology of AI. Defects in amelogenin (AMELX) cause X-linked AI (Kim 
et al., 2004; Kida et al., 2007), defects in enamelin (ENAM) cause autosomal 
AI (Kim et al., 2005a; Ozdemir et al., 2005b), and mutations in KLK4 (Hart 
et al., 2004) and MMP20 (Kim et al., 2005b; Ozdemir et al., 2005a; Papagerakis 
et al., 2008) cause autosomal-recessive AI. It has been recently identified that 
the mutations in the FAM83H gene are associated with hypocalcified AI with 
autosomal-dominant inheritance (Kim et al., 2008; Lee et al., 2008; Hart 
et al., 2009). However, it is believed that many additional candidate genes have 
yet to be identified.

The function of enamelysin in developing teeth has been identified by expres-
sion pattern and phenotype analysis of null mice as well as by activity-based 
assays. Mmp20 null mice exhibit an enamel layer that is thinner than normal and 
chips away from the underlying dentin (Caterina et al., 2002). The amount of 
enamel mineral is reduced by half, and its hardness is decreased by about one-
third (Bartlett et al., 2004). The dentitions of humans with homozygous mutant 
MMP20 alleles have been described. The MMP20 IVS6-2A>T mutation is 
thought to interfere with the excision of intron 6 during RNA splicing. Retention 
of intron 6 or skipping of exon 7 could introduce a translation termination codon 
before the final exon, so that the final mRNA products are probably degraded by 
the nonsense-mediated decay (NMD) system, and the dental phenotype reflects a 
null condition (absence of MMP20 expression). The resulting phenotype is a 
pigmented hypomaturation type of AI with autosomal-recessive inheritance (Kim 
et al., 2005b). The teeth are normal in size, with decreased contrast between den-
tin and enamel on radiographs, have an agar-brown discoloration, a mottled and 
rough surface, and a tendency to chip.

In a previous study of another ARAI family, an MMP20 missense mutation 
(p.H226Q) did not interfere with MMP20 expression, but completely abol-
ished MMP-20 proteolytic activity (Ozdemir et al., 2005a). The enamel phe-
notype was diagnosed as an autosomal-recessive hypomaturation type of AI. 
In affected individuals, the teeth showed normal enamel thickness, but were 
yellowish to brownish, with decreased radiographic contrast between dentin 
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and enamel. The enamel was often softer than normal, and 
showed extensive attrition and caries of posterior teeth. A non-
sense mutation (p.W34X) in exon 1 of the MMP20 gene in an 
ARAI family is thought to cause degradation of mRNA by the 
NMD system (Papagerakis et al., 2008). The clinical phenotype 
of this mutation is remarkably similar to that reported in previ-
ous cases.

The purpose of our current study was to investigate the 
genetic etiology of a family with a hypomaturation-type enamel 
defect, to broaden our understanding of amelogenesis.

MATERIALS & METHODS

Identification of a Kindred and  
Enrollment of Study Participants

The study protocol and participant consents were independently 
reviewed and approved by the Institution Review Board at the 
Seoul National University Dental Hospital. Informed consent 
was obtained according to the Declaration of Helsinki.

Polymerase Chain-reaction (PCR) and Sequencing

Genomic DNA was isolated from peripheral whole blood with 
the use of the QuickGene DNA whole-blood kit S with 
QuickGene-Mini80 equipment (Fujifilm, Tokyo, Japan). The 
purity and concentration of the DNA were quantitated by spec-
trophotometry, as measured by the OD260/OD280 ratio. Mutational 
analyses, including exons and nearby intron sequences, were 
completed for KLK4 (Hart et al., 2004), MMP20 (Kim et al., 
2005b), and AMELX (Kim et al., 2004). PCR amplifications 
were performed with the HL DNA polymerase (Bioneer, 
Daejeon, Korea). PCR amplification products were purified by 
the QIAquick PCR Purification Kit according to the manufac-
turer's protocol (Qiagen Inc., Valencia, CA, USA). DNA 
sequencing was performed at the DNA sequencing center 
(Macrogen, Seoul, Korea).

Haplotype Analysis

Two microsatellite markers, D11S898 (Forward, GTTTCTTAG-
CACCATTTGCTGAGACTG; Reverse, TGTATTTGTATCG- 
ATTAACCAACTT) and D11S2000 (Forward, AGTAGAGA-
ACAAAACACTGTGGC; Reverse, GTTTCTTTGAAGATC- 
TGTGAAATGTGC), were used for haplotype analysis. PCR 
products for each family member, with fluorescent-labeled 
primers, were genotyped at the National Instrumentation Center 
for Environmental Management (NICEM), Seoul National 
University, Korea. Haplotypes were then generated based upon 
allele transmission.

Western Blotting and Zymogram Analysis

Human MMP20 cDNA, generated by an RT-PCR reaction with pfu 
enzyme (Elpis Bio, Taejeon, Korea) and PCR primers (sense, 
CCTAAGCTTctactgtgaggggatgaagg; antisense, CCT-
CTAGATTTCTATTTAGCAACCAATCC; amplicon size: 1489 
bp), was cloned into the pTOP blunt V2 vector (Enzynomics, 
Daejeon, Korea) and subsequently subcloned into the pcDNA3.1 

mammalian expression vector after double-digestion with HindIII 
and XbaI restriction endonucleases. We performed PCR mutagen-
esis to replace G with A (c.910G>A) using primers (sense, 
cagctcatcctttgacActgtgacaatgctg; antisense, 
cagcattgtcacagTgtcaaaggatgagctg). Sequences 
of normal and mutant pcDNA3.1 vectors were confirmed by direct 
plasmid sequencing. Normal and mutant MMP20 pcDNA3.1  
vectors were transiently transfected into HEK293 cells with  
lipofectamine plus reagent (Invitrogen, Carlsbad, CA, USA). 
Culture media (Dulbecco’s Modified Eagle Media) without serum 
were harvested and concentrated by means of an Amicon ultra-4 
centrifugal filter unit (Millipore, Bedford, MA, USA).

Concentrated media were run on a 10% SDS-polyacry1amide 
gel and subjected to Western blot and zymogram analysis as 
described previously (Ozdemir et al., 2005a). Primary antibody 
(Y051377, anti-human MMP-20) was purchased from Applied 
Biological Materials, Inc. (Richmond, ON, Canada).

RESULTS

Mutation Analyses

Mutational analyses were performed for candidate genes (MMP20, 
KLK4, and AMELX) for hypomaturation-type AI. No mutations 
were found in the KLK4 and AMELX genes. The identified muta-
tion was g.18,742G>A in exon 6 (Figs. 1B-1D). This alteration 
changes the DNA codon for alanine (GCT) at amino acid position 
304 to threonine (ACT), thus inducing the amino acid substitution 
p.A304T. This A304 is highly conserved among MMP20 sequences 
from human (NP_004762), chimpanzee (XP_001153208), dog 
(XP_854639), mouse (NP_038931), rat (XP_235796), pig 
(NP_999070), cattle (NP_776816), and zebrafish (XP_001343767) 
(Fig. 1E). The proband (IV:4) and his affected brother (IV:3) were 
both homozygous for this mutation. Both parents (III:6 and III:7) 
and one unaffected sister (IV:1) were carriers of the mutation. The 
other unaffected sister (IV:2) had the wild-type (normal) sequence 
in both alleles. Sequence analysis of 100 healthy normal control 
individuals did not reveal this sequence alteration, indicating that 
this mutation is not a common variation.

Haplotype Analysis

It is confirmed that affected individuals have the same segment iden-
tical by descent. Haplotype analysis showed that the proband (IV:4) 
and his affected brother (IV:3) had inherited the same parental haplo-
types and were homozygous for all sequence variations (Fig. 1A).

Western Blotting and Zymogram Analysis

Western blotting analysis showed the decreased expression of 
mutant MMP20 compared with the wild-type protein. However, 
zymogram analysis revealed that the mutant MMP20 was func-
tionally active (Fig. 4).

Clinical Findings

The newly erupted teeth of the 10-year-old proband showed 
chalky white hypomaturation enamel with minimal discolor-
ation (Fig. 2). The enamel thickness of the newly erupted and 
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unerupted teeth was within normal limits. The posterior teeth 
showed significant attrition that was secondary to the tendencies 
for the enamel to chip, to wear rapidly, and to develop dental 
caries. Radiographically, the teeth showed almost no contrast 
between dentin and enamel. The anterior teeth of the 12-year-
old brother of the proband had darker pigmentation, which was 
reportedly acquired following tooth eruption (Fig. 3). 
Heterozygote carriers exhibited no apparent enamel defects.

DISCUSSION

The clinical phenotype of hypomaturation AI in this study displays 
similarities to those reported previously (Hart et al., 2004; Kim 
et al., 2005b; Ozdemir et al., 2005a; Papagerakis et al., 2008). 
Enamel of normal thickness, but showing a reduced level of miner-
alization, was common in all reports of KLK4 and MMP20 

mutations. The coloration of the 
anterior teeth was different 
between our two affected partici-
pants. The newly erupted teeth of 
the proband had dull, chalky 
white hypomaturation enamel 
with minimum discoloration in 
the cervical area of the lower 
anterior teeth. Anterior teeth of 
the affected brother had dark 
brown-pigmented areas; how-
ever, erupting premolars had fea-
tures of hypomaturation enamel 
without pigmentation. From this 
finding, at least in this family, we 
attribute discoloration of the 
affected enamel to extrinsic 
rather than intrinsic staining.

This is the fourth report of an 
MMP20 mutation that causes 
autosomal-recessive AI. All 4 
known mutations are point 
mutations, and each was found 
in both MMP20 alleles (a likely 
consequence of consanguinity) 
in affected individuals. The 
IVS6-2A>T mutation blocks 
expression at the mRNA level, 
precluding the synthesis and 
secretion of the MMP20 protein 
(Kim et al., 2005b). The 
p.H226Q substitution destroys 
the MMP20 active site. The pro-
tein was secreted, but was not 
catalytically active (Ozdemir  
et al., 2005a). The p.W34X non-
sense mutation results in no 
functional MMP20 during tooth 
formation (Papagerakis et al., 
2008). In contrast, the p.A304T 
substitution reported here is in 
the hemopexin domain. In this 

case, the MMP20 protein would potentially be expressed at normal 
levels, with an intact catalytic domain but a defective hemopexin 
domain. Another possibility is that the p.A304T substitution pre-
cluded proper folding of the hemopexin domain, leading to destruc-
tion of the entire protein by the endoplasmic-reticulum-associated 
degradation system (Romisch, 2005). To detect a mutational effect 
on MMP20 expression, we performed transient transfection and 
analyzed the amount and function of the mutant MMP20 by 
Western blotting and zymogram analyses. Data showed signifi-
cantly decreased expression of mutant MMP20; however, we dem-
onstrated that the mutant MMP20 was catalytically active.

Human enamelysin is a matrix metalloproteinase having 483 
amino acids, including the signal peptide, propeptide, catalytic, 
linker, and hemopexin domains. The only post-translational 
modification is a disulfide bridge connecting the first and last 
amino acids of the hemopexin domain (Yamada et al., 2003). In 

Figure 1. Pedigrees, mutational analyses of the AI kindred, and alignment of amino acid sequences. 
(A) Pedigree and haplotype of the kindred with the (g.18,742G>A) MMP20 mutation. (B) DNA 
sequencing chromatogram of the normal individual IV:2. (C) DNA sequencing chromatogram of the 
carrier individual IV:1. (D) DNA sequencing chromatogram of the proband IV:4. (E) MMP20 amino 
acid sequence alignment of various species. Note the high conservation of the affected alanine  
(A) among the species.
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Figure 2. Clinical photographs and radiographs of proband (IV:4) at 
age 10 yrs. (A) Frontal view. Overjet and overbite are within nor-
mal limits. Anterior teeth have dull, chalky hypomatured enamel. 
(B) Maxillary occlusal view. Enamel breakdown can be seen in the 
permanent first molars and deciduous teeth. (C) Mandibular occlusal 
view. Anterior teeth have slight staining on the labial cervical portion.  
(D) Full-mouth intra-oral radiographs. Enamel has reduced radiopacity, 
but normal thickness can be seen in the unerupted teeth.

Figure 3. Clinical photographs and radiographs of the affected brother 
of the proband (IV:3) at age 12 yrs. (A) Frontal view. Overjet and 
overbite are minimal, showing the edge-to-edge bite. Anterior teeth 
have dark brown pigmented areas. (B) Maxillary occlusal view. 
Enamel breakdown can be seen in the permanent first molars and 
deciduous teeth. Newly erupting premolars do not have pigmenta-
tion. (C) Mandibular occlusal view. Anterior teeth have dark staining. 
(D) Full-mouth intra-oral radiographs. Enamel has reduced radiopacity, 
but normal thickness can be seen in the newly erupted premolars.

the pig, active MMP20 migrates as a doublet at 46 and 41 kDa 
on casein zymograms (Fukae et al., 1998). Both bands are com-
prised of the catalytic, linker, and hemopexin domains, but two 
bands are observed because “nicking’ (cleavage that does not 
release a peptide because of the disulfide bridge connection) of 
the hemopexin domain causes a change in its mobility on SDS-
PAGE. This cleavage site is the peptide bond connecting T335 
and I336 (Yamada et al., 2003). The structural divisions of human 
MMP20 are: signal peptide M1 to A22; propeptide A23 to N107; 
catalytic domain Y108 to G271; linker P272 to L295; and hemopexin 
domain C296 to C483 (Yamada et al., 2003).

Enamelysin cleaves off its own hemopexin domain during  
in vitro digestion, confounding attempts to characterize how the 
hemopexin domain might influence cleavage site selection. The 
previous report used recombinant porcine MMP20, consisting pri-
marily of the catalytic domain, to digest recombinant porcine 
amelogenin (rP172); it generated amelogenin cleavage products 
that exactly matched those previously identified by mass spectrom-
etry analyses of porcine enamel extracts (Ryu et al., 1999). The 
major amelogenin cleavage products observed in developing pig 
enamel are the 20-kDa amelogenin (M1 to S148), the tyrosine-rich 
amelogenin peptide (TRAP; M1 to W45), extended TRAP (M1 to H62 
or A63), and the 13- (L46 to S148) and 11- (L64 to S148) kDa amelo-
genins. The MMP20 catalytic domain generated these products, but 
also cleaved amelogenin after P105, P107, and P136. These cleavages 

are unlikely to occur frequently in vivo, since they would prevent 
accumulation of the 13- and 11-kDa amelogenins. Recent research 
has shown that the enamelysin catalytic domain cleaves recombi-
nant ameloblastin at the same sites that occur in vivo, but additional 
cleavage sites are catalyzed that have either not yet been identified 
from in vivo extracts or are catalyzed only by the MMP20 catalytic 
domain lacking the hemopexin domain (Iwata et al., 2007). Current 
research therefore supports that enamelysin, even without its hemo-
pexin domain, cleaves enamel proteins at the same sites as those 
that occur in vivo, but it is still plausible that the hemopexin domain 
may restrict cleavage site selection, and that such restriction may be 
critical for proper processing of the enamel matrix. The hemopexin 
domains of other matrix metalloproteinases help define substrate 
specificity (Gomis-Ruth, 2004).

A deeper analysis of the primary, secondary, and tertiary 
sequences of hemopexin domains from all MMPs and other hemo-
pexin proteins revealed a unique hemopexin domain structure, 
which is composed of 4 blades, each composed of 4 β-strands. The 
affected alanine in this study is highly conserved among most of 
the MMP sequences, being located in the R2 position of the β1 
strand, at the rim of blade I of the hemopexin domain. Moreover, 
the presence of this small hydrophobic residue is a repeated feature 
in the same position at the beginning of every blade of the domain 
and, in each of them, is the second residue out of 5 that configure 
the funnel-shaped tunnel formed in the hemopexin domain 
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(Gomis-Ruth, 2004). This tunnel is responsible for cation binding, 
mainly Ca2+, and is very important for the structural integrity of the 
domain, as well as for ligand binding, as described for fibronectin, 
heparin, and the MMP2 hemopexin domain (Libson et al., 1995; 
Wallon and Overall, 1997).

Hemopexin domains in other MMPs have been attributed to 
several important functions. The hemopexin domain of Gelatinase 
A (MMP2) participates in the activation of the MMP-2 zymogen by 
binding tissue inhibitor of metalloproteinases 2 (TIMP2). The 
TIMP2/MMP2 complex docks with membrane-type MMP on the 
cell membrane, which excises the MMP2 propeptide (Overall et al., 
1999). The hemopexin domain of Gelatinase B (MMP9) binds low-
density lipoprotein-receptor-related protein 1 (LRP1), a cargo 
receptor that mediates removal of the protease from the matrix by 
endocytosis (Van den Steen et al., 2006). Hemopexin domains 
appear to serve different functions for different MMPs. Some bind 
to tissue inhibitors of metalloproteinases in an association that 
facilitates conversion of the zymogen to the active enzyme, deter-
mine substrate specificity, or assist in binding trafficking molecules 
that control the bioavailability of the enzyme.
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