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Abstract
Mutations in a family with sequence similarity 83 
member H (FAM83H) cause autosomal-dominant 
hypocalcification amelogenesis imperfecta (ADH 
CAI). All FAM83H ADHCAI-causing mutations 
terminate translation or shift the reading frame 
within the specific exon 5 segment that encodes 
from Ser287 to Glu694. Mutations near Glu694 cause 
a milder, more localized phenotype. We identified 
disease-causing FAM83H mutations in two fami-
lies with ADHCAI: family 1 (g.3115C>T, c.1993 
C>T, p.Q665X) and family 2 (g.3151C>T, c.2029 
C>T, p.Q677X). We also tested the hypothesis that 
truncation mutations alter the intracellular localiza-
tion of FAM83H. Wild-type FAM83H and p.E694X 
mutant FAM83H fused to green fluorescent protein 
(GFP) localized in the cytoplasm of HEK293T cells, 
but the mutant FAM83H proteins (p.R325X, 
p.W460X, and p.Q677X) fused to GFP localized 
mainly in the nucleus with slight expression in the 
cytoplasm. We conclude that nuclear targeting of the 
truncated FAM83H protein contributes to the severe, 
generalized enamel phenotype.

KEY WORDS: amelogenesis imperfect, enamel, 
hypocalcification, protein localization.

Introduction

Inherited diseases manifested as isolated (non-syndromic) enamel malfor-
mations are grouped under the designation of amelogenesis imperfecta 

(AI) (Witkop and Sauk, 1977), which breaks down into sub-categories based 
upon enamel phenotype and mode of inheritance (Witkop, 1988). Inherited 
enamel malformations, although varied, tend to fall into three clinical pat-
terns. Hypoplastic enamel is thin but hard, hypomaturation enamel is nor-
mal in thickness but soft, and hypocalcification enamel is thin and soft, often 
abrading soon after tooth eruption (Hu et al., 2007).

Genes encoding enamel extracellular matrix proteins and proteases con-
tribute to the etiology of AI (Kim et al., 2006). X-linked AI is caused by 
mutations in amelogenin (AMELX; MIM *300391) (Lagerström et al., 1991), 
autosomal-dominant hypoplastic AI by enamelin (ENAM; MIM *606585) 
(Rajpar et al., 2001), autosomal-recessive hypomaturation AI by enamelysin 
(MMP20; MIM *604629) (Kim et al., 2005), and kallikrein 4 (KLK4; MIM 
*603767) (Hart et al., 2004). Some genes encoding intracellular proteins are 
also associated with AI. Autosomal-dominant hypocalcified AI (ADHCAI) is 
caused by mutations in a family with sequence similarity 83 member H 
(FAM83H; MIM *611927 and #130900) (Kim et al., 2008) and autosomal-
recessive hypomaturation AI by WD repeat-containing protein 72 (WDR72; 
MIM 613214) (El-Sayed et al., 2009a). Both of these proteins appear to func-
tion in the secretory pathway. About half of AI cases are of unknown etiology.

Among the genes that cause AI, FAM83H causes the highest percentage of 
cases and the most severe enamel malformations. FAM83H (chromosome 
8q24.3) encodes a protein having 1179 amino acids, most of which (933 
amino acids) are encoded by the last exon (exon 5). All of the AI-causing 
FAM83H mutations reported to date are in the last coding exon and cause 
premature translation termination: p.S287X, pY297X, p.L308fsX323, 
p.R325X, p.Q398X, p.E415X, p.Q444X, p.Q456X, p.Y458X p.W460X, 
p.Q470X, p.L625fsX703, pQ677X, and pE694X (Kim et al., 2008; Lee et al., 
2008; Ding et al., 2009; El-Sayed et al., 2009b; Hart et al., 2009; Wright
et al., 2009). The putative truncated proteins contain between 286 and 693 
FAM83H N-terminal amino acids. The majority of FAM83H mutations cause 
hypocalcified yellowish-brown enamel over the entire crown, while the most 
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downstream mutations (p.L625fsX703 and p.E694X) cause 
malformations that localize in the cervical half of the crown 
(Wright et al., 2009).

The observations that all AI-causing mutations in FAM83H 
are in the last coding exon and truncate the protein, and that 
downstream mutations result in a localized phenotype provide 
clues to the underlying pathology. Premature translation termi-
nation codons in the last coding exon typically escape nonsense-
mediated decay (Shyu et al., 2008), although a downstream 
region, such as the 3′ UTR, can sometimes trigger nonsense-
mediated decay in response to a premature stop codon in the 
terminal exon (Tan et al., 2008). Nonsense-mediated degrada-
tion of the mutant mRNA would result in haploinsufficiency, or 
half the amount of normal FAM83H protein produced. The 
dominant pattern of inheritance, however, and the absence of 
FAM83H mutations that would predictably cause haploinsuffi-
ciency strongly suggest that the mutant mRNAs are stable and 
translate truncated FAM83H proteins that cause dominant-neg-
ative effects. These pathological effects lessen when the size of 
the truncated FAM83H protein is relatively large, that is, when 
it reaches the length of the longest truncation (p.E694X), which 
causes a milder, more localized form of ADHCAI.

Here we report 2 ADHCAI-causing mutations (p.Q665X and 
p.Q677X) that are near the 3′ limit of the observed FAM83H 
mutations and near the border that shifts from a generalized to a 
localized enamel phenotype, and we test the hypothesis that 
FAM83H truncation mutations affect the intracellular localiza-
tion of the FAM83H protein.

Materials & Methods

Identification of Kindreds and Enrollment 
of Human Study Population

Two Korean families with hypocalcified-type AI were recruited. 
Clinical and radiologic examinations were performed, and blood 
samples were collected with the understanding and written con-
sent of each participant according to the Declaration of Helsinki. 
This study was independently reviewed and approved by the 
Institutional Review Board at the Pusan National University 
Dental Hospital and the Seoul National University Dental 
Hospital.

Primer Design, Polymerase Chain-reaction (PCR),  
and DNA Sequencing

Genomic DNA was extracted from peripheral whole blood by 
means of the QuickGene DNA whole blood kit S with 
QuickGene-Mini80 equipment (Fujifilm, Tokyo, Japan) accord-
ing to the manufacturer’s instructions. Based upon a candidate 
gene approach, exons and exon-intron boundaries of FAM83H 
were amplified as previously described (Kim et al., 2008). PCR 
amplifications were performed with the HiPi DNA polymerase 
premix (ElpisBio, Taejeon, Korea), and the products were puri-
fied with a PCR Purification Kit (ElpisBio). DNA sequencing 
was performed at the DNA sequencing center (Macrogen, 
Seoul, Korea).

Cloning of Expression Vector and Mutagenesis

Total RNA was isolated from primary cell culture of human 
enamel organ epithelium with the Trizol reagent (Invitrogen, 
Carlsbad, CA, USA). First-strand cDNA was made with 
oligo(dT)18 primer with a Transcriptor First Strand cDNA syn-
thesis kit (Roche, Mannheim, Germany) according to the 
instructions of the manufacturer. FAM83H coding sequence was 
amplified (sense primer, 5′-ggagatctATGGCCCGTCGCTCT-
CAGAGCT; antisense primer, 5′-ggaatTCACTTCTTGCTTTT-
GAACGTG). The amplified product was cloned into the 
pEGFP-C1 vector (Clontech, Mountainview, CA, USA) after 
digestion with BglII and EcoRI restriction endonucleases. The 
engineering strategy placed the FAM83H translation initiation 
codon in-frame with an N-terminal green fluorescent protein 
(GFP) domain. PCR mutagenesis was performed to introduce 
nonsense mutations: (p.Q677X) sense, 5′-CTGAACCCCCTG 
GTCTAGCGCAGCTCCAGG, antisense, 5′-CCTGGAGCTG 
CGCTAGACCAGGGGGTTCAG; (p.E694X) sense, 5′-AGCA 
CGTCACAGGCCTAGGGCGCGGCCGGG, antisense, 5′-CC 
CGGCCGCGCCCTAGGCCTGTGACGTGCT; (p.R325X)   
sense, 5′-TCTCCTTCCCTAAATGAGCGCACCTCCTG, anti-
sense, 5′-CAGGAGGTGCGCTCATTTAGGGAAGGAGA; and 
(p.W460X) sense, 5′-CAGCAGTACCAGTAGGACCCGCAG 
CTCAC, antisense, 5′-GTGAGCTGCGGGTCCTACTGGTAC 
TGCTG). Correct clones were selected and confirmed by direct 
sequencing.

Analysis of Intracellular Localization

Plasmid DNA of the pEGFP-C1 vector that expresses GFP and 
pEGFP-C1 expressing wild-type FAM8hH and FAM83H 
mutants fused to GFP was purified with the AccuPrep Nano-
Plus Plasmid Midi Extraction Kit (Bioneer, Taejeon, Korea). 
HEK293T cells were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) with 10% FBS (GIBCO-BRL, Carlsbad, CA, 
USA) and antibiotic-antimycotic liquid (GIBCO-BRL). For 
transfection, cells were grown on 6-well plates and transfected 
with Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA). 
After 24 hrs, transfected cells were trypsinized and seeded on 
poly-L-lysine-coated coverglass in 6-well plates. The next day, 
the cells were fixed with 4% paraformaldehyde, and nuclear 
DNA was stained in 20 µM bisBenzimide H 33342 trihydro-
chloride (Sigma, St. Louis, MO, USA) for 10 min. The samples 
were washed in PBS and mounted with Fluorescent Mounting 
Medium (DAKO, Glostrup, Denmark). Confocal laser scanning 
was performed with an OLYMPUS- FV300 fluorescence micro-
scope.

Results

Mutation Results

Mutational analysis revealed nonsense mutations in exon 5 of 
the FAM83H gene. A novel nonsense mutation (g.3115C>T, 
c.1993C>T, p.Q665X) was identified in family 1 (Figs. 1A-1C). 
The nonsense mutation (g.3151C>T, c.2029C>T, p.Q677X) in 
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family 2 was previously reported in a 
Caucasian family (Figs. 2A-2C) (Lee 
et al., 2008). Both mutations showed a 
dominant pattern of inheritance. These 
mutations are within the segment of 
exon 5 that was previously shown to 
cause ADHCAI and are near the transi-
tion zone where the phenotype dimin-
ishes to the less severe, localized form 
(Fig. 3).

Clinical Findings

The proband 1 of family 1 was a 
6.7-year-old boy who presented with 
rough, yellowish-brown enamel, although 
normal-looking enamel could be identi-
fied in several teeth (Fig. 1D). Radio-
graphically, the enamel layer was 
generally thin and reduced in density 
(could not readily be distinguished from 
dentin) (Fig. 1E). The proband of family 
2 was an 8-year-old girl with yellowish-
brown enamel. Notably, her maxillary 
incisors had lost most of their enamel 
and were stained dark brown, presum-
ably due to extrinsic staining (Fig. 2D). 
As in proband 1, the radiographic den-
sity of the enamel was reduced and simi-
lar in density to the underlying dentin 
(Fig. 2E). The permanent first molars of 
both probands showed signs of taur-
odontism on radiographs. The diagnosis 
for both probands was the generalized 
(severe) form of ADHCAI.

Analysis of Intracellular 
Localization

The pEGFP-C1 vector expressing GFP 
showed a diffuse fluorescent signal 
throughout the transfected HEK293T 
cells (Fig. 4A). The wild-type FAM83H 
fused to GFP (Fig. 4B) localized to the 
cytoplasm of transfected HEK293T 
cells. But the mutant FAM83H proteins 
(p.R325X, p.W460X, and p.Q677X) 
fused to GFP localized mainly in the 
nucleus, with slight expression in the 
cytoplasm (Figs. 4C-4E). The p.E694X 
mutant FAM83H fused to GFP (Fig. 4D) 
localized to the cytoplasm like the wild-
type protein (Fig. 4F).

Discussion

FAM83H is a gene that was originally discovered during com-
puter analyses of the human genomic sequence and entered the 

literature in 2008 with the discovery that it is a major contributor 
to the etiology of AI (Kim et al., 2008). This report brings to 20 
the number of families with one of 16 novel FAM83H mutations 
that cause ADHCAI. Among the 16, 14 introduced nonsense 

Figure 1.  Pedigree, mutational analysis, clinical photo, and panoramic radiograph. (A) 
Pedigree of family 1. (B) DNA sequencing chromatogram of normal control. (C) DNA 
sequencing chromatogram of the proband of family 1. Mutated nucleotide (g.3115C>T, 
c.1993C>T, p.Q665X) is indicated by red arrow. (D) Frontal photograph of the proband of 
the family 1 taken at age 6.7 yrs. Normal-looking enamel surfaces are indicated by black 
arrows. (E) Dental panoramic radiograph of the proband of the family 1 taken at age 6.7 yrs.

Figure 2.  Pedigree, mutational analysis, clinical image, and panoramic radiograph. (A) 
Pedigree of family 2. (B) DNA sequencing chromatogram of normal control. (C) DNA 
sequencing chromatogram of the proband of family 2. Mutated nucleotide (g.3151C>T, 
c.2029C>T, p.Q677X) is indicated by red arrow. (D) Frontal photograph of the proband of 
the family 2 taken at age 8 yrs. (E) Dental panoramic radiograph of the proband of the family 
2 taken at age 8 yrs.
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codons and 2 introduced frameshifts. All terminated the protein 
prematurely between amino acids Ser287 and Glu694. No 
AI-causing mutations have been identified in the N-terminal 
region, encoding Met1 to Pro286, which corresponds closely to 
the part of FAM83H (Arg4 to Leu284) that is included in the con-
served domain database (CDD) for the phospholipase D (PLD) 
superfamily (Marchler-Bauer et al., 2007). This is also the only 
part of FAM83H that shares amino acid sequence homology 
with the other 7 members (FAM83A to FAM83G) of the group 
(Ding et al., 2009). No AI-causing mutations have been found 
in the downstream part of exon 5 that encodes from Gly695 to 
Lys1179, which is only homologous with other FAM83H proteins 
from vertebrates going back to fish (GenBank #CAF99376.1 
and #NM_001045090.1). This report adds two more ADHCAI 
families with defined FAM83H mutations and describes their 
clinical phenotypes.

Why have FAM83H mutations before p.S287X or after 
p.E694X not been found to cause ADHCAI? It is possible that 
mutations affecting a broader segment of FAM83H will be dis-
covered with the characterization of more families. However, 20 
families have been characterized, and independent mutations at 
3 sites (p.Q398X, p.Q456X, p.Q677X) have already been 
reported, suggesting that the range of mutations that cause 
ADHCAI has been mapped out (at least roughly). Alternatively, 
the repeat mutations could represent mutational ‘hotspots’, and 
a broader range of disease-causing FAM83H mutations will be 
discovered with more work. The characterization of FAM83H 
defects in 20 independent families with ADHCAI has not identi-
fied any AI-causing mutations in the 5′ and 3′ regions of 
FAM83H. Previously, we argued that the premature translation 
termination codons in the last coding exon of FAM83H probably 
allows these transcripts to escape nonsense-mediated decay, so 
that truncated FAM83H protein is translated and the ADHCAI 
phenotype is not due to a simple 50% reduction in the amount 
of FAM83H, but is more likely to be caused by the dominant-
negative effects of expressing truncated FAM83H that might 
interact with wild-type FAM83H (expressed from the wild-type 
allele) or with another protein, forming a non-functional dimer 

or multimer (Ding et al., 2009). Upstream mutations that cause 
premature truncation of FAM83H are assumed to cause degrada-
tion of the mRNA and a 50% reduction in the amount of wild-
type protein, which does not cause the ADHCAI phenotype.

In situ hybridization of developing teeth demonstrated that 
Fam83h is expressed by cells in the ameloblast (enamel-forming 
epithelia) lineage (Lee et al., 2009). However, over 100 human 
FAM83H expressed sequence tags are currently listed in 
GenBank, and the EST profile shows that, while this protein 
may not be ubiquitous, it is certainly expressed in many tissues. 
These observations suggest that FAM83H functions in many 
cells throughout the body, but the ameloblast lineage is more 
sensitive than other cell types to FAM83H truncation mutations.

Based upon the apparent dominant-negative mechanism in the 
pathogenesis of ADHCAI, we hypothesize that the N-terminal 
phospholipase D homology domain of truncated FAM83H inter-
acts with FAM83H protein expressed from the unmutated allele 
and interferes with its function. Wild-type human and mouse 
Fam83h have been shown not to localize in the nucleus (Ding 
et al., 2009). Our results showed that FAM83H truncations in the 
region of the protein associated with the most severe, generalized 
ADHCAI phenotype unmask a nuclear localization signal that 
greatly reduces the amount of FAM83H protein in the cytoplasm, 
while increasing its concentration in the nucleus. If the heterodimer 
of truncated and wild-type FAM83H is transported into the 
nucleus, it could lower the concentration of wild-type cytosolic 
FAM83H below what is required for normal function. Other sce-
narios can also be envisioned. FAM83H protein ectopically located 
in the nucleus could potentially interact with DNA. Previously, a 
prediction algorithm (9aa TAD) identified 162DLLSEVLEA as a 
motif in FAM83H that is common to the transactivation domains 
of many transcription factors (Kim et al., 2008). Truncated 
FAM83H might also interact with nuclear proteins and interfere 
with their function, causing dominant-negative effects.

Mutations in the far 3′ end of FAM83H do not appear to cause 
enamel defects. Analysis of our data suggests that, as the trunca-
tion mutations move past the 3′ end of the region associated with 
the more severe, generalized ADHCAI phenotype, the truncated 
FAM83H protein is not transported into the nucleus, but may 
still cause a less-severe, more localized form of ADHCAI. 
Perhaps the central domain of FAM83H, extending roughly 
from Ser287 to Glu694, serves a critical function in ameloblasts, 
and truncations beyond this central domain do less damage to its 
function. Further studies are needed to help us understand the 
complex mechanism of enamel formation and the critical role 
played by FAM83H in it.
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Figure 3.  Gene diagram showing the 5 exons (boxes) and 4 introns 
(bars) of FAM83H. The coding regions in exons are shaded. The
p.S287X is the most 5′ nonsense mutation, and the p.E694X is the 
most 3′ nonsense mutation. The p.Q665X and p.Q677X mutations are 
identified in this study. Amino acid sequences (WT, wild-type; E694X, 
Q677X) are aligned, and 17 amino acids (Q677-A693) are marked in 
bold.
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Figure 4.  Analysis of intracellular localization. HEK293T cells transfected with pEGFP-C1 
vectors expressing wild-type and mutant FAM83H (green). (A) Widespread expression
of empty pEGFP-C1 vector. (B) Wild-type FAM83H localized in the cytoplasm. (C) 
p.Q677X FAM83H localized mainly in the nucleus, with slight expression in the cytoplasm. 
(D) p.W460X FAM83H localized mainly in the nucleus, with slight expression in the cytoplasm. 
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