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Abstract

Amelogenesis imperfecta (Al) is a collective term used to describe phenotypically diverse forms
of defective tooth enamel development. Al has been reported to exhibit a variety of inheritance
patterns, and several loci have been identified that are associated with Al. We have performed a
genome-wide scan in a large Brazilian family segregating an autosomal dominant form of Al and
mapped a novel locus to 8g24.3. A maximum multipoint LOD score of 7.5 was obtained at marker
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D8S2334 (146,101,309 bp). The disease locus lies in a 1.9 cM (2.1 Mb) region according to the
Rutgers Combined Linkage-Physical map, between a VNTR marker (at 143,988,705 bp) and the
telomere (146,274,826 bp). Ten candidate genes were identified based on gene ontology and
microarray-facilitated gene selection using the expression of murine orthologues in dental tissue,
and examined for the presence of a mutation. However, no causative mutation was identified.

Introduction

Enamel is formed by the mineralization of an extracellular matrix that contains proteins
secreted primarily by ameloblasts (Paine et al. 2001). Amelogenesis imperfecta (Al) is both
a clinically and genetically heterogeneous group of disorders affecting tooth enamel
formation. Al is primarily characterized by its mode of inheritance (i.e. autosomal dominant
or recessive) and secondarily by the enamel phenotype (i.e. hypoplastic or hypomineralised)
(Aldred et al. 2003). The prevalence of Al varies between populations. It is relatively
common in Sweden where 1 in 700 are affected. It is less common in the USA and Israel,
where 1in 14,000 and 1 in 8,000 are affected, respectively (Witkop 1976; Chosack et al.
1979; Sundell 1986; Backman and Holm 1986; Dong et al. 2000). Al patients display poor
aesthetics and dental sensitivity that often requires extensive dental treatment, and the
disease has a marked impact on the psychosocial health of affected people comparable with
the impact of systemic health conditions, especially at younger ages (CoYeld KD et al.
2005).

Five genes have been previously associated with various forms of Al: AMELX, KLK4,
MMP20, DLX3, and ENAM. Mouse models have identified two additional genes,
ameloblastin (AMBN; 4921) (Paine et al. 2003) and tuftelin (7UFTZ; 1g21) (Luo et al.
2004) that cause phenotypes with enamel defects, when the gene is knocked-out or over-
expressed, respectively. Ameloblastin-null mice develop severe enamel hypoplasia caused
by the dental epithelium differentiating into the enamel-secreting ameloblasts that are
incapable of attaching to the matrix. In a mouse model overexpressing tuftelin, gross
imperfections are observed in the enamel with an apparent loss of restricted enamel
crystallite growth along their g-axis and £-axis that results in a change in the crystallite
aspect-ratio.

X-linked Al has been associated with the amelogenin (AMELX) locus on Xp22.3
(Lagerstrom et al. 1991). Mutational analyses have identified 14 different AMELX
mutations in kindreds afflicted with this type of Al (reviewed in Stephanopoulos et al. 2005).
Amelogenin constitutes ~90% of the total organic enamel matrix protein (Wright et al.
1997), and it is reported to be important for the maintenance of enamel structure and
appositional crystal growth during the early to mid-secretory stage of enamel formation
(Bartlett et al. 2006).

Autosomal recessive Al has been associated with mutations in the genes encoding kallikrein
4 (KLK4) at 19q13.4 (Hart et al. 2004), matrix metalloproteinase 20 (MMPZ20) at 11922.3-
g23 (Ozdemir et al. 2005) and enamelin (ENAM) at 4921 (Hart et al. 2003). KLK4 and
MMP20 are enamel-specific proteases that have only recently been characterized. MMP20
has shown expression restricted to the ameloblasts and odontoblasts of developing teeth
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(Bartlett et al. 1996; Caterina et al. 1999) where it is reported to be involved in the
organization and mineralization of the enamel matrix in the mantle dentin and the efficient
reabsorption of enamel matrix proteins (Bartlett et al. 2006; Beniash et al. 2006). KLK4 has
been reported to be essential for the final crystallite growth of enamel, but not for the
orientation, prism formation, or thickness of this growth (Wright et al. 2006). Both MMP20
and KLK4 have been found to degrade enamel matrix proteins early in the maturation stages
(Espiritu-Santo and Line 2005). ENAM represents between 1 and 5% of total enamel matrix
protein (Wright et al. 1997), with proteolytic processing giving rise to multiple enamelin
cleavage products that localize to different parts of the developing enamel (Hu et al. 1997),
suggesting that the different isoforms have varying functions within enamel mineralization.

Autosomal dominant Al (ADAI) has been associated with mutations in the enamelin gene
(Rajpar et al. 2001), and in the distal-less homeobox 3 (DLX3) gene at 17g21. (Price et al.
1999) The latter is a member of the DLX family of proteins that share similar DNA-binding
sites and are thought to act as homeodomain transcription factors in a variety of
developmental processes that include osteogenesis, which is considered critical for
craniofacial and tooth development (Dong et al. 2005). We report here the identification of a
novel locus for ADAI on the long arm of chromosome 8 at 8924.3 by conventional linkage
analysis. Candidate genes were identified based on gene ontology and microarray-facilitated
gene selection using the expression of murine orthologues in dental tissue, and examined for
the presence of a mutation.

Family information

A Brazilian family with a hypomineralised autosomal dominant form of amelogenesis
imperfecta (Fig. 1) was the subject of this study. The enamel was softer than normal with a
creamy yellow to white appearance. The enamel was easily abraded leaving an irregular
surface (Fig. 2). Both the deciduous and permanent dentition was affected. There were no
differences in the aspects of affected enamel between male and female subjects. This study
was carried out with the approval of the FOP/UNICAMP Ethics Committee (protocol
217/04) and informed consent was obtained from all subjects.

Extraction of genomic DNA and genotyping

Venous blood samples were obtained from 35 family members including 18 affected
individuals. Genomic DNA was extracted from whole blood using the Gentra Puregene
system (Minneapolis, MN) following their standard protocol. A genome-scan was carried
out on 27 DNA samples at the Center for Inherited Disease Research at Johns Hopkins
University. A total of 410 short tandem repeat polymorphism markers with an average
heterozygosity of 0.75 were genotyped. These markers are spaced approximately 10 cM
apart and are located on the 22 autosomes and the X and Y chromosomes. After the
completion of the genome-scan, DNA from Five additional family members and samples
from 26 family members that were included in the genome-scan were used for Fine-mapping
the ADAI locus.
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For Fine-mapping, polymerase chain reactions (PCR) for microsatellite markers were
performed in a total volume of 15 ul with 10 ng of genomic DNA, 0.84 mM of each primer,
266 pM of dNTPs, 1.5 mM of MgCl,, 1 U 7ag DNA polymerase and 1 x PCR buffer
(Invitrogen Life Technologies, Carlsbad, CA. USA). PCR was carried out for 35 cycles:
95°C 1 min, 60°C 1 min and 72°C for 1 min in a Biometra T-Gradient thermocycler
(Biometra, Goettingen, Germany). PCR products for six markers were resolved on 6%
denaturing acrylamide-polyacrylamide gel using terminal32P-labeling and genotypes were
assigned by visual inspection. The other Five markers were Xuorescently labeled with 6-
FAM and analyzed on an ABI-3100 genetic analyzer (Applied Biosystems, Foster City, CA,
USA).

Linkage analysis

The National Center for Biotechnology Information (NCBI) Build 35 sequence-based
physical map was used to determine the order of the genome-scan markers and Fine-
mapping markers (Table 1; International Human Genome Sequence Consortium). Several of
the Fine-mapping markers were not found on the NCBI sequence-based physical map and
were placed on the sequence-based physical map using e-PCR (Schuler 1997). Genetic map
distances according to the Rutgers combined linkage-physical map of the human genome
were used to carry out the multipoint linkage analysis for the Fine-map and genome-scan
markers (Kong et al. 2004). For those Fine-mapping markers for which no genetic map
position was available, interpolation was used to place these markers on the Rutgers
combined linkage-physical map. PEDCHECK (O’Connell and Weeks 1998) was used to
identify Mendelian inconsistencies. Two-point linkage analysis was carried out using the
MLINK program of the FASTLINK computer package for the genome-scan and Fine-
mapping marker loci (Cottingham et al. 1993). Multipoint linkage analysis was performed
using LINKMAP of the FASTLINK computer package (Cottingham et al. 1993) and
SIMWALK?2 (Sobel and Lange 1996). All markers in the region of interest on chromosome
8 were analyzed simultaneously using SIMWALKZ2. For the LINKMAP program, the
number of markers which could be analyzed together is limited. Therefore, a sliding window
containing 2-4 markers was used to carry out the analysis. Although it is possible to perform
multipoint analysis with all the marker loci using SIM-WALKZ2, a disadvantage is that it
only provides approximate LOD scores, while LINKMAP is limited in the number of
marker loci which can be analyzed but it does report exact LOD scores. For both two-point
and multipoint analyses, an autosomal dominant mode of inheritance with complete
penetrance and a disease allele frequency of 0.001 was used. For genome-scan markers, the
allele frequencies were estimated from the founders and reconstructed founders from this
pedigree (Fig. 1) and two additional Brazilian pedigrees that underwent a genome-scan at
the same time. For the Fine-mapping markers, equal allele frequencies were used.
Haplotypes were constructed using SIMWALK?2 (Sobel and Lange 1996)

DNA sequencing

Primers covering the exons of EPPK1, LOC392275, GRINA, SLC39A4, GPAAL,
COMMDS5, VPS28, FOXH1, ZNF34and ZNF517 genes were designed using Primer3
version 0.2 (Massachusetts Institute of Technology, Boston, MA). PCR amplification using
these primers (available upon request) was optimized for standard dye-terminator
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sequencing using the Big-Dye Terminator 3.1 fluorescent sequencing technology on an
ABI3100 genetic analyzer (Applied Biosystems, Foster City, CA). DNA sequencing results
were analyzed using Sequencing Analysis version 3.7 (Applied Biosystems, Foster City,
CA).

Microarray analysis of gene expression in mouse dental tissue

Results

Molar teeth were manually extracted from 60 mouse pups between 1 and 10 days post-natal
(USC IACUC Protocol # 7225). The teeth were ground in the presence of liquid nitrogen
using a pestle and mortar and the RNA extracted using the RNeasy RNA purification kit
(Qiagen, Valencia, CA, USA) following the manufacturer’s recommended protocol. The
RNA was hybridized to the Affymetrix Mouse Genome Expression 430 2.0 microarrays
following the manufacturer’s recommended protocols. Microarrays hybridized with mouse
dental RNA were analyzed in quadruplicate and compared to a control set of 16 tissues
(NCBI GEO database (Edgar et al. 2002); Accession number GSE1986) using the
Bioconductor open-source analysis program run within the R-script environment
(Gentleman et al. 2004) and the /imma package (Smyth 2004) to identify genes within our
region that exhibited differential expression between the dental and control tissues. Briefly,
raw microarray data was normalized using the log-additive robust-multichip-average (RMA)
algorithm (Irizarry et al. 2003). The data from the four dental microarray replicates was
compared to that of the 16 control tissues by fitting a linear model to the expression data for
each probe. The resulting coefficients for each probe were then subjected to a pair-wise
comparison between the “dental” versus “control” data and differential expression identified
by calculating moderated ¢statistics and log-odds of differential expression by empirical
Bayes shrinkage of the gene-wise sample variances towards a common value (Smyth 2004).

Affected individuals were identified in all generations of family AMI1 and both deciduous
and permanent dentitions were affected. There were no differences in the aspects of affected
enamel between male and female subjects and in teeth from deciduous and permanent
dentitions. Observation of altered enamel was possible in only five individuals (V:2, V:3, V:
8, V:11, V:12), and in one third molar extracted by surgical indication (1V:5). In the other
affected individuals, all teeth had been restored with full crowns or extracted. In most cases,
affected incisors and canines presented sharp and irregular edges, that occurred due to total
abrasion of enamel layer. Posterior teeth were short due to loss of enamel on the occlusal
surfaces and abrasion of underlying dentin. Observation of affected enamel characteristics
was possible in the third molar of individual 1V:5 and in the teeth of individuals V:2, V:11,
V:12, that had recently erupted. In these teeth, enamel was predominantly of normal
thickness with some abrasion and chipping of incisal and occlusal surfaces. Enamel was
softer than normal and presented a yellowish color with loss of normal translucence. On
dental radiographs, the enamel was more radiopaque than dentin, indicating severe
hypomineralization.

DNA from 27 individuals of family AMI1 was subjected to a genome-scan with 410
microsatellite markers spaced ~10 cM apart. From the genome-scan data, a maximum two-
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point LOD score of 4.6 (6 = 0.00) and multipoint LOD score of 5.1 was obtained at marker
D8S373. In order to Fine-map the Al locus, 11 additional markers were genotyped (nine
microsatellite and two VNTR markers); nine of these markers were centromeric to D8S373
and two were telomeric. These markers were genotyped in 31 family members. For the
genotype data on the additional marker loci and family members, a maximum two-point
LOD score of 6.3 was obtained with marker D8S2334 (Table 1) and a maximum multipoint
LOD score of 7.5 was obtained with both the LINKMAP and SIMWALK?2 programs at
marker D8S2334.

Haplotypes were then constructed to determine the critical recombination events (Fig. 1). A
recombinant event can be observed in 111:8 (Fig. 1), between markers VNTR6 and D8S373,
mapping the ADAI locus to a 1.9 cM (2.1 Mb) region between the marker VNTRG6 and the
telomere. The same interval is also detailed by the three-unit support interval. There are 96
genes in this region reported in the NCBI Entrez Database. Bioinformatics analysis of the
hypothetical genes within these 96 identified four that were incorrectly annotated, reducing
the number of genes in this region to 92.

Evaluation of genes within candidate interval

Of the 92 genes within the critical interval defined, ten were selected as candidates (EPPK,
LOC392275, GRINA, SLC39A4, GRPAAL, COMMDS, VVPS28, FOXH1, ZNF34 and
ZNF517). Epiplakin (EPPK) was selected as it may function as a cytolinker involved in
maintaining the integrity of intermediate filament networks in epithelial cells (Jang et al.
2005), and it is present within mucosal epithelial cells (Fujiwara et al. 2001). Similar to
sphingomyelin phosphodiesterase 3 (LOC392275) was a good candidate as deletion of its
related gene, sphingomyelin phosphodiesterase 3 (Smpd3), resulted in osteogenesis and
dentinogenesis imperfecta in the mouse (Aubin et al. 2005). GR/NA was chosen as a
candidate as it is a subunit of the human NMDA receptor family (Lewis et al. 1996), which
function as ligand-gated ion channels for sodium and calcium (Platenik et al. 2000).
SLC39A4 was selected as a candidate as it was a member of the ZIP family of zinc
transporters that primarily transport zinc into cells from outside, but can also transport metal
ions other than zinc (Dufner-Beattie et al. 2003). GPAA was chosen as it is involved in
post-translational glycosylphosphatidylinositol (GPI) anchor attachment that serves as a
general mechanism for linking proteins to the cell surface membrane (Ohishi et al. 2000),
which could have a role within the extra-cellular amelogenesis process. COMMDS5 was
selected as it is a novel calcium-regulated gene coding for a nuclear protein that is
potentially involved in the regulation of cell proliferation (Solban et al. 2000) through its
participation in a complex that inhibits nuclear factor xB signaling (Burstein et al. 2005).
VPS28 was chosen as it is one of the three target-recognition subunits of the ESCRT-I
complex involved in endosomal sorting of ubiquitinated proteins prior to vesicle formation
and transport to the cell surface (Raiborg et al. 2003). FOXH1 encodes a human homolog of
Xenopus fork-head activin signal transducer-1 that functions as a transcription factor within
the TGF-B signaling pathway by binding to Smad2 and activating an activin response
element (ARE) (Zhou et al. 1998). Finally, the two zinc Fingers, ZNF34 and ZNF517, were
selected as there is presently nothing known about their expression or function, but their
likely role as transcription factors made them good candidates. However, the interrogation of
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all exons present within these genes by direct sequencing, with the exception of the highly
repetitious 3" sequence of epiplakin that we were unable to interrogate by this method,
failed to identify a causal mutation. Polymorphisms were detected in the exons of some
genes, but they failed to segregate with the disease.

Microarray analysis of murine orthologues

To identify additional candidate genes, the expression of the murine orthologues of the genes
present in our region, where available, was assessed within the developing mouse tooth
during the stages at which amelogenesis takes place, using the Affymetrix mouse genome
expression 430 2.0 microarray (MGE430 2.0). The expression pattern of these candidate
genes within the developing tooth was compared to that within 16 other mouse tissues to
identify those that show differential expression between newborn dental tissue and other
tissues. We were specific ally interested in those that exhibited increased expression in
dental tissue over other tissues as this could be indicative of a role in amelogenesis.

Of the 92 confirmed genes present within our region, 56 were known genes that had a
known orthologue in the mouse (Table 2) that was present on the MGE430 2.0 array. Seven
hypothetical genes identified a putative mouse orthologue present on the MGE430 2.0 array,
but these were treated with care as their in silico annotation had not been confirmed
experimentally. Twenty-nine genes in the candidate region were not present on the MGE430
2.0 array, but of these only four were known genes that had a known murine orthologue, and
the remaining 25 were all hypothetical.

Only three of the 56 known genes gave a highly significant A-value (Table 2). However, two
of these exhibited down-regulation (CYHR1 & TI/GD5) in the dental sample, making them
poor candidates. The third, GRAA1, showed up-regulation, but it had already been
sequenced as part of the initial candidate gene mutation screen and no Al-associated
mutations had been found within its coding sequence.

Of the nine known genes out of the remaining 53 that had a ~P-value less than 0.05 (Table 2),
all but two exhibited down-regulation within the dental tissue, making them poor candidates.
The remaining two exhibited slight up-regulation within the dental tissue, but far lower than
that of the Al-associated genes (Table 2). LY6H is a glycosylphosphatidylinositol-anchored
cell surface glycoprotein that has been reported to be highly expressed in particular
subdivisions of the human brain and also in MOLT-3 and —4 acute lymphoblastic leukemia
cells, suggesting that it may play a role in both the central nervous system and the immune
system (Horie et al. 1998). CPSF1 is one of four members of the Cleavage and
Polyadenylation Specificity Factor (CPSF) complex that functions in the 3[H11032] end
processing of MRNA precursors (Dantonel et al. 1997). Neither of these was therefore a
good candidate for ADAI in this family. All of the putative orthologues of the seven
hypothetical genes in our region that were present on the MGE430 2.0 micro-array exhibited
down-regulation in the dental sample, also making them poor candidates (data not shown).

Of the four known genes that did not have an orthologue on the microarray, two are poor
candidates, 7mp21-1and MAFA. TmpZ21-11is a pseudogene copy of the 7mp21 gene,
which is involved in the biosynthetic transport pathway from the endoplasmic reticulum to
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the Golgi complex, but it has been reported not to be expressed (Horer et al. 1999) and
bioinformatics analysis of its sequence shows it to be disrupted by stop codons (data not
shown) making it incapable of producing a functional protein. MAFA is a glucose-regulated
and pancreatic beta-cell-specific transcriptional activator for the insulin gene (Kataoka et al.
2002). The remaining two genes were zinc Fingers, ZNF34 and ZNF517, which had already
been examined for mutations. There are also the 18 hypothetical genes for which murine
orthologues were not identified, but further investigation is required to confirm their
annotation and expression before they can be considered as possible candidates.

Discussion

Amelogenesis imperfecta (Al) is a group of genetically and phenotypically diverse forms of
defective tooth enamel development. Progress has been made regarding the definition of the
genetic basis of Al, but the exact mechanism for the biomineralization process remains
largely unknown.

In this study, a novel ADAI locus was mapped to a 2.1 Mb interval on chromosome 8q24.3
region using an extended family. There are 60 known genes in this interval, and 32
hypothetical genes and expressed sequenced tags. Several strong candidate genes in this
region included £PPKL, LOC392275, GRINA, SLC39A4, GPAAL, COMMDS, VVPSZ8,
FOXH1, ZNF34and ZNF517. The gene LOC392275 seemed like a strong candidate since a
deletion of the related Smpd3 gene in the mouse resulted in osteogenesis and dentinogenesis
imperfecta. The exons of each of these genes was sequenced, but no mutation in their coding
region was apparent. We did not however, examine the regulatory regions of these genes for
a mutation.

Of the five genes implicated in Al to date, amelogenin and enamelin are highly and specific
ally expressed in the tooth. Amelogenin is expressed in pre-ameloblasts, ameloblasts and in
the epithelial root sheath remnants (Fong and Hammarstrom 2000; Hu et al. 1997; Snead et
al. 1988). A low level of amelogenin expression has been recently reported in odontoblasts
(Papagerakis et al. 2003). The various isoforms of amelogenin that are involved in the
formation of the enamel matrix prior to enamel mineralization represent about 90% of the
enamel matrix (Wright et al. 1997). ENAM is expressed predominantly by the enamel organ
and at a low level in odontoblasts (Hu et al. 2001; Nagano et al. 2003). It is the largest
among the least prevalent proteins in the enamel matrix representing about 1-5% of the total
protein. MMP20is expressed in ameloblasts, pre-ameloblasts, and odontoblasts (Hu et al.
2002), but not in many other tissues surveyed by northern analysis (Llano et al. 1997).
MMP20 encodes a calcium-dependent proteinase that is a member of the matrix
metallopeptidase family. It is expressed throughout the secretory stage and during part of the
maturation stage. KLK4 s a calcium-independent serine protease that has a wider pattern of
expression than the genes described heretofore. KLK4cDNA has been isolated from the
brain, prostate, adrenal gland, uterus, spleen, and enamel matrix, and expression has been
demonstrated in both ameloblasts and odontoblasts (Hu et al. 2002). Its expression in
ameloblasts begins in the transition stage and continues through enamel maturation. DLX3
is a homeodo-main transcription factor and functional as well as expression studies show
that this transcription factor may be instrumental during growth in the control of matrix
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deposition and biomineralization in the entire skeleton (Ghoul-Mazgar et al. 2005). Of the
genes implicated in Al, DLX3is the only gene also implicated in another inherited disorder
involving dentition, tricho-dento-osseous syndrome (TDO) (Price et al. 1998). TDO is
characterized by kinky or curly hair, dolichocephaly, enamel hypoplasia, increased dental
caries, radial dense bones, and occasionally brittle nails.

Based on the expression pattern of Al genes identified to date, we reasoned that candidate
genes for Al observed in the family we report here could be identified using microarray
analysis of the expression of their murine orthologues within the time period of the
developing mouse tooth where amelogenesis occurs. One limitation of this assay was the
fact that 29 of the genes in the interval did not identify murine orthologues and thus were not
represented on the micro-array, but of these 25 were hypothetical genes that have yet to be
experimentally confirmed. Fifty-six of the known genes and seven of the hypothetical genes
in our interval identified murine orthologues, with the latter treated as putative, that were
present on the Affymetrix Mouse genome expression 430 2.0 micro-array. None of these
genes appeared to have expression levels comparable to AMELX, ENAM, MMPZ20, KLK4
or DL X3in the RNA isolated from the dental tissue (Table 2). Thus, it appears that the
mutation in the family we report here is likely in a gene present at lower levels than any of
these genes based on these results. Interrogation of their differential expression between the
dental and 16 control mouse tissues identified a single candidate for sequence analysis,
GPAA, but its sequence had already been interrogated after the initial selection of
candidate genes and no causal mutation was identified. We cannot rule out that the causal
gene is one of the hypothetical genes that are present within our region but could not be
interrogated on the microarray, or that a mutation in the regulatory region of any of these
genes could alter their expression leading to a dose-dependent cause for the observed
phenotype.

In addition to the novel Al locus we have mapped, there are apparently additional loci
associated with autosomal-dominant Al that do not map to any of the Five known Al loci or
to the ameloblastin and tuftelin loci implicated by studies in the mouse (Kim et al. 2006).
One or more of these could be map to the same region of chromosome 8 and may aid in
further refinement of the candidate interval thus, facilitating mutation analysis of candidate
genes.
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Fig. 1.

Pe%igree of family AMI1 segregating autosomal dominant hypomineralized amelogenesis
imperfecta. Affected males and females are indicated by filled squares and circles,
respectively. The proband is marked by the arrow. The genotypes of the microsatellite
markers that were used to define the candidate interval are shown below each individual
used in the linkage analysis screen. The black bar represents the marker haplotype that
tracks with the affected status, and the grey barindicates the marker haplotype that tracks
with the unaffected status. White bars indicate marker haplotypes acquired from individuals
who married into family AMI1
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Fig. 2.
Oral photographs of a individual V:11, b individual V:8, and ¢ individual V:2 from family

AMIL. d A dental Xray of the molars and premolars of individual V:2
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