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Abstract Background/purpose: Amelogenesis imperfecta (Al), an assemblage of genetic dis-
eases with dental enamel malformations, is generally grouped into hypoplastic, hypomatura-
tion, and hypocalcified types. This study aimed to identify the genetic etiology for a
consanguineous Iranian family with autosomal recessive hypocalcified Al.

Materials and methods: Dental defects were characterized, and whole exome analysis con-
ducted to search for disease-causing mutations. Minigene assay and RT-PCR were performed
to evaluate molecular consequences of the identified mutation and expression of the causative
gene in human dental tissues.

Results: The defective enamel of erupted teeth showed extensive post-eruptive failure and
discoloration. Partial enamel hypoplasia and indistinct dentino-enamel junction were evident
on unerupted teeth, resembling hypocalcified Al. A novel homozygous ODAPH (previously
designated C4orf26) mutation of single-nucleotide deletion (NG_032974.1:g.5103del,
NM_178497.5:c.67+1del) was identified to be disease-causing. The mutation would cause a
frameshift to different ODAPH transcript variant (TV) products: p.(Ala23Hisfs*29) for TV1
and p.(Gly23Aspfs*140) for TV2. Both dental pulps of developing and exfoliating primary teeth
expressed ODAPH TV2.

Conclusion: Loss-of-function ODAPH mutations can cause Al type IlIB (the hypocalcified, auto-
somal recessive type), rather than type IIA4 (the hypomaturation, pigmented autosomal reces-
sive type). This study supports a hypothesis that the product of ODAPH TV2 is the single
dominant ODAPH protein isoform critical for dental enamel formation and may also play an un-
appreciated role in development and homeostasis of dentin-pulp complex. Due to genetic het-
erogeneity and a nonideal genotype-phenotype correlation of Al, it is essential to perform
genetic testing for patients with inherited enamel defects to make a definitive diagnosis.
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Introduction

Amelogenesis imperfecta (Al) is a categorical diagnosis for
inherited disorders characterized by malformation of
dental enamel with or without non-dental abnormalities. '+
Currently, Witkop’s classification is the most commonly
used classification system for Al. Based upon clinical char-
acteristics of the enamel defects and mode of disease in-
heritance, Al is grouped into 4 main types: hypoplastic
(type 1), hypomaturation (type Il), hypocalcified (type lll),
and hypomaturation-hypoplastic with taurodontism (type
IV).2 While enamel with a reduced thickness is described as
hypoplastic Al, that with a hardness defect is termed
hypomaturation. Hypocalcified Al, on the other hand, de-
lineates malformed enamel consisting of poorly calcified
matrix and prone to discoloration and post-eruptive failure.
Extensive genetic research has identified at least 15 caus-
ative genes responsible for non-syndromic Al of various
types,® such as AMELX,* ENAM,> AMBN,® MMP20,” KLK4,®
FAM83H,” WDR72,'° ODAPH,"" SLC2444,"* ITGB6,">'"*
GPR68,"> ACP4,"° RELT,"” DLX3,"® and LAMB3."**° Genetic
heterogeneity and overlapping genotype-phenotype corre-
lations make it impractical to reach a definitive diagnosis
for Al clinically and render the necessity of genetic testing.

Odontogenesis-Associated  Phosphoprotein  (ODAPH,
OMIM %614829) was designated Chromosome 4 Open
Reading Frame 26 (C4orf26) when it was first discovered to
cause autosomal recessive Al.'" ODAPH localizes to chro-
mosome 4q21.1 between the dentin/bone and glutamine/
proline groups of secretory calcium-binding phosphoprotein
(SCPP) genes, although ODAPH itself is not an SCPP gene.?’
It contains 3 exons and is predicted to encode secreted
proteins with 3 distinct isoforms originated from 3 alter-
natively spliced ODAPH transcripts. Transcript variant 1
(TV1, NM_001206981.2) includes all exons and represents
the longest transcript, which encodes a protein precursor of
176 amino acids (isoform 1). Both transcript variants 2 and 3
(TV2, NM_178497.5; TV3, NM_001257072.2) skip exon 2,
which causes a frameshift and hits an earlier translation
termination codon in exon 3 compared to TV1. TV3 has the
same reading frame as that of TV2 and is distinguished from
TV2 by the removal of an internal exon 3 segment (135 bps)
through alternative splicing. They encode protein pre-
cursors of 130 (isoform 2) and 85 (isoform 3) amino acids
respectively. All 3 ODAPH isoforms are predicted to have a
23-amino-acid signal peptide, which is encoded almost
exclusively by exon 1.""?

In this study, we characterized a family of autosomal
recessive Al and identified a novel ODAPH disease-causing
mutation. The results gain a better insight into the
enamel phenotypes of ODAPH-associated Al and argue for
ODAPH isoform 2 playing an essential role in dental enamel
formation. We also demonstrated differential expression of
ODAPH in various tissues of human teeth, suggesting it has
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potential functions during tooth development other than
enamel formation.

Materials and methods
Enrollment of human subjects

The study was reviewed and approved by the Institutional
Review Boards at the Islamic Azad University and the Na-
tional Taiwan University Hospital. In compliance with the
Declaration of Helsinki, subject enrollment, clinical exam-
inations, and collection of saliva samples were performed
with the understanding and written consent of each
participant. Clinical physical examinations and dental ra-
diographs were conducted to characterize disease pheno-
types and history taking to construct the family pedigree.

Mutational analyses

Non-stimulated saliva (2 mL) from each research subject
was collected to obtain the genomic DNA. For the proband
of the family, whole exome sequencing and bioinformatic
analyses were conducted as previously described in search
of disease-causing mutations.”” Following identification of
the ODAPH mutation, Sanger sequencing was further per-
formed for confirmation. The ODAPH Exon 1 and its flanking
sequences were amplified as a 439-bp product using 5'-
GTTGTCCAAAATCCCCCT-3’ (forward) and 5-TAACCACA-
CAGGCTGATG-3’ (reverse) primers. For sequence variant
calling and annotation, human reference sequence
NG_032974.1, NM_001206981.2, NM_178497.5, and
NM_001257072.2 were employed for numbering gDNA and
cDNA (TV1, TV2, and TV3) positions respectively. All
sequence variation designations were verified using LUMC
Mutalyzer 2.0.32.2

Minigene splicing assay

A 1621-bp genomic DNA fragment of human ODAPH was
amplified and subcloned into the pcDNA3.1(+) vector to
generate an ODAPH minigene construct. The fragment
spanned from the 5 upstream region of ODAPH to its
termination codon on Exon 3 (NG_032974.1:2.4984_13486)
but excluded part of Intron 2 (NG_032974.1:g.5852_12733).
The mutant construct of the ODAPH splice-site
mutation identified in our family (NG_032974.1:g.5103del;
NM_178497.5:c.67+1del) was then generated through site-
directed mutagenesis. HEK293T and COS-7 cells, cultured
in 6-well plates, were transfected with 2.5 ug of wild-type or
mutant minigene plasmids. After 24h, the cells were har-
vested, and total RNA extracted, converted to cDNA, and
amplified using ODAPH-specific primers (5-TGGTATGCT
GGTTGGTGGTA-3' and 5-CCCTCTCAGCTTTCCTCAGA-3).
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The amplified products were separated by agarose gel
electrophoresis and analyzed by Sanger sequencing.

Tissue preparation and reverse transcription
polymerase chain reaction

Five different tissues from human teeth were analyzed for
gene expression. Dental pulps were harvested from an
exfoliated primary mandibular second molar and an extrac-
ted natal tooth. Dental follicles, periodontal ligaments, and
apical papillae of developing teeth were obtained from an
extracted supernumerary tooth (mesiodens). Total RNA was
extracted from each tissue. Gene expression was analyzed
by PCR amplification using cDNA, reverse transcribed from
0.1 pg of total RNA, with specific primers for ODAPH, DSPP
(dentin sialophosphoprotein, NM_014208.3), KLK4 (kallikrein
related peptidase 4, NM_004917.5), AMTN (amelotin,
NM_212557.4), and GAPDH (glyceraldehyde-3-phosphate
dehydrogenase, NM_002046.7) (Table S1).

Results

A novel ODAPH disease-causing mutation

We identified a consanguineous Iranian family with hypo-
calcified amelogenesis imperfecta presenting in the youn-
gest generation (Fig. 1). The proband (IV:2) was a 27-year-
old male born to a first-cousin marriage. Clinically, he had
multiple absent teeth and a severe anterior open-bite. The
missing teeth were previously extracted due to unrest-
orable defects. The remaining teeth exhibited severe
attrition and heavy brown-black discoloration. Exposure of
dentin was evident in many teeth, causing hypersensitivity
to thermal stimulation and difficulty maintaining oral hy-
giene. The panoramic radiograph revealed that teeth #6, 7,
8, 9, 10, 11, 22, and 27 had failed to erupt (Fig. 1a). There
was no distinct dentino-enamel junction (DEJ) of these
unerupted teeth radiographically, indicating a hypominer-
alization enamel defect. Noticeably, the enamel layer of
the impacted teeth, such as tooth #27, was not of a full
thickness, suggesting a concomitant hypoplastic defect. In
contrast, the dentin appeared normal, although multiple
carious lesions were present. While his parents and older
brother (IV:1) were not affected, his younger brother (1V:3)
and sister (IV:4) had similar dental phenotypes, suggesting
an autosomal recessive manner of disease inheritance

(Fig. 1b).
Whole-exome analyses of proband’s DNA identified 92
homozygous mutations predicted to be “probably

damaging” by PolyPhen-2?* after filtering out sequence
variants with a MAF (minor allele frequency) of 1% or more
in dbSNP (153), NHLBI-ESP, or gnomAD databases (Table S2).
A single nucleotide deletion (NG_032974.1:g.5103del) in
ODAPH was the only deleterious mutation identified in a
known Al candidate gene (Fig. 1c). In the human ODAPH
gene, translation initiates in exon 1. The last nucleotide of
exon 1 and the first nucleotide of intron 1 are both Gs. In
this patient, one of these two Gs was deleted. The Human
Genome Variation Society’s (HGVS) established standards
for nomenclature requires that this deletion be described
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as the loss of the second G (in the intron):
NM_178497.5:c.67+1del, rather than NM_178497.5:c.67del.

Aberrant RNA splicing caused by the mutation

To investigate how this single nucleotide deletion at the
exon 1/intron 1 junction (NM_178497.5:c.67+1del) affects
normal splicing of ODAPH, we conducted a minigene assay
using HEK293T and COS-7 cells (Fig. 2a). Under transfection
of the wild-type construct, a 364-bp product of ODAPH TV2
was amplified from both cells, while a 408-bp amplicon
from ODAPH TV1 was only detected in COS-7. However,
when transfected with the mutant minigene, both cells
exhibited 3 major amplification products of different sizes.
The 2 smaller products of 363 and 407 bps were identical to
those from the wild-type minigene but one-nucleotide
shorter due to the G deletion. The largest product was a
798-bp amplicon resulting from inclusion of intron 1 (391
bps) to mutant ODAPH TV1 (407 bps). These 3 mutant
transcripts were all expected to be nonfunctional. The
mutant TV1 and TV2 with a —1 frameshift would produce a
truncated ODAPH isoform 1, p.(Ala23Hisfs*29), and an
abnormal isoform 2, p.(Gly23Aspfs*140). On the other
hand, the mutant TV1 with intron 1 retention would pre-
sumably undergo nonsense mediated decay due to an early
premature termination codon or generated an aberrant
ODAPH protein, p.(Gly23Valfs*14). In other words, whether
the intron is removed by RNA splicing (causing a —1
frameshift) or retained (translating through the intron),
only the first 22 amino acids of the signal peptide would be
synthesized correctly, and none of the secreted protein
itself. Therefore, the enamel in this proband formed in the
absence of ODAPH protein, with little possibility that the
phenotype could have been made more severe by expres-
sion of a mutated protein (see discussion).

ODAPH expression in dental pulps

To evaluate expression of ODAPH and related genes
involved in biomineralization in human teeth, we per-
formed RT-PCR for 5 tissues: dental pulps from shedding
(SPu) and developing (NPu) primary teeth, dental follicles
(Flc), periodontal ligaments (PDL), and apical papillae (AP)
(Fig. 2b). While PDL and AP cells did not show measurable
ODAPH expression, a 364-bp amplicon was highly detected
in dental pulp cells, both SPu and NPu, and slightly from
dental follicle cells, indicating an expression of ODAPH TV2.
Neither TV1 (408 bps) nor TV3 (229 bps) was observed in any
analyzed tissues. DSPP expression was strongly detected in
NPu, but not SPu, cells, indicating active dentin formation
in developing primary teeth. AP cells and PDL also showed
moderate and weak DSPP expressions respectively. On the
other hand, only tissues from dental follicles exhibited
detectable expression of KLK4, a marker for maturation
stage ameloblasts. In contrast, AMTN, another maturation
stage gene, was observed in all tissues except for AP cells.

Discussion

Currently, OMIM (Online Mendelian Inheritance in Man)
database designates ODAPH-associated enamel defects as



Journal of Dental Sciences 19 (2024) 524—531

II:4 1II:3 | II:2

II:1 II:2

D0 o @

IV:l IV:2 IV:3 IV4

bl

g.5 103delG

'U \/\MUH "

GGTTGGTGGTAACTGTGGCAGAAGTAAGGGTTTTGCTTTT
WLV VTV VATE/[----

GGTTGGTGGTAACTGTGGCAGAAGGTAAGGGTT'TTGCTTT
W L VvV VvV T V A E
NG _032974.1: g.5103delG; NM_001206981.2: c.67+1delG; p.(=)
NG_032974.1: g.5102delG; NM_001206981.2: ¢.67delG; p.(Ala23Hisfs*29)
MARRHCFSYWLLVCWLVVTVAEHCPLSISSSILICTWTRRGIYASWRFTK*

Intron 1

I Wild-type

Intron1----

Figure 1

The Al family with a novel ODAPH mutation. (a) The proband’s (IV:2) panorex shows multiple impacted teeth, which

exhibit partial enamel hypoplasia and no contrast between enamel and dentin. Clinical photos of proband’s affected brother (IV:3)
reveal severe post-eruptive enamel failure and brown-black discoloration of all permanent teeth. (b) The family pedigree dem-
onstrates 3 affected individuals from a consanguineous marriage and suggests a recessive pattern of inheritance. (c) The DNA
sequencing chromatogram shows a G deletion from the reference sequence that would cause a —1 frameshift in both ODAPH allele.
The resulting mutant protein is predicted based on ODAPH transcript variant 1 (NM_001206981.2). Al, amelogenesis imperfecta.

Al type 1l1A4, a subtype of hypomaturation Al. According to
Witkop’s classification, Al type IlIA (the hypomaturation,
pigmented autosomal recessive type) has enamel that
shows a clear to cloudy, mottled, agar-brown color but of
normal thickness."? The enamel is softer than normal and
fractures from dentin. In addition to ODAPH, hypomatura-
tion Als caused by KLK4, MMP20, WDR72, SLC24A4, and
GPR68 mutations have been categorized under this subtype
as types II1A1, [1A2, 1A3, I1A5, and 11A6 respectively.”8 101215
However, unlike the enamel phenotype caused by
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mutations in these other genes, the affected enamel in our
proband exhibits a reduced thickness to some extent on
unerupted teeth. Many erupted teeth show extensive
enamel chipping and attrition leaving exposed dentin,
which highly resembles the defects of hypocalcified Al.""?
Reviewing available clinical data from the previous 2 re-
ports of ODAPH mutations,'’"*> we also found the enamel
phenotypes of documented families are similar to hypo-
calcified rather than hypomaturation Al. Therefore, we
argue that ODAPH-associated enamel defects should be
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Altered mRNA splicing caused by the ODAPH mutation and ODAPH expression in human dental tissues. (a) The
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minigene assay shows 3 main mutant transcripts resulting from the c.67+1del mutation: G-deleted TV1, G-deleted TV2, and G-
deleted TV1 with Intron 1 retention. The hypothetical proteins generated from each mutant transcript respectively are presented
at the lower right corner of the figure. (b) RT-PCRs demonstrate that ODAPH TV2, but not TV1 or TV3, is strongly expressed by pulp
tissues of primary teeth and slightly in dental follicles of erupting teeth. No expression is detected from PDL or apical papilla
tissues. mRNA, messenger RNA; TV, transcript variant; RT-PCR, reverse transcription polymerase chain reaction; SPu, dental pulp of
a shedding primary tooth; NPu, dental pulp of a natal tooth; Flc, dental follicle; PDL, periodontal ligament; AP, apical papilla.

categorized as Al type IlIB (the hypocalcified, autosomal
recessive type) instead of Al type lIA4.

To date, 7 different ODAPH mutations have been re-
ported to be disease-causing, including 3 insertion-deletion
(indel) and 4 point mutations (Table 1).""?5 As transcript
variant 1 (TV1) of human ODAPH encodes a different
translation reading frame from that of transcript variants 2
and 3, the disease-causing mutations have distinct impacts
on products of these transcripts (Fig. 3). The most 5’

Table 1  Seven known ODAPH Al-causing mutations.

mutation is an 8-nucleotide deletion in exon 1, and the
second one a 6-nucleotide deletion replaced by 16 others (a
net gain of 10 nucleotides). Both mutations cause a —2
frameshift and introduce a premature termination codon in
exon 3 (the second exon of TV2). While the mutant tran-
scripts would presumably escape nonsense mediated decay,
the resulting proteins have neither the normal C-terminus
nor the intact signal peptide of wild-type ODAPHs and
would probably not be secreted, indicating a complete loss

#  Gene (NG_032974.1)

TV1 (NM_001206981.2) TV2 (NM_178497.5)

Protein Refs

1 g.5074_5081del TV1: c.39_46del
g.5074_5081del TV2: c.39_46del

2 g.5086_5091delinsATGCTGGTTACTGGTA TV1: c.51_56delinsATGCTGGTTACTGGTA
2.5086_5091delinsATGCTGGTTACTGGTA TV2: c.51_56delinsATGCTGGTTACTGGTA

&)

p.(Cys14Glyfs*18) 2
p.(Cys14Glyfs*21)
p.(Val18Cysfs*20) !
p.(Val18Cysfs*23)

3 g.5103del TV1: c.67+1del p.(Ala23Hisfs*29) this
g.5103del TV2: c.67+1del p-(Gly23Aspfs*140) study

4  g.13065A > T TV1: c.112-2A > T p.(?) 1
g.13065A > T TV2: c.68-2A > T p.(?)

5 g.13128C > A TV1: c.173C > A p.(Ala58Asp) "
g.13128C > A TV2: c.129C > A p.(Cys43*)

6 g.13228C>T TV1:c.273C > T p.(=) "
g.13228C > T TV2: c.229C > T p.(Arg77%)

7 g.13317G > A TV1: c.362G > A p.(Gly121Asp) 1
g.13317G > A TV2: c.318G > A p.(Trp106*)

Genomic mutation designations start from the beginning of the ODAPH gene reference (NG_032974.1), which has the ATG translation
initiation codon in exon 1 starting at nucleotide 5036. The cDNA designations correspond to the TV1 (NM_001206981.2) and TV2
(NM_178497.5) references, with the A of the ATG translation initiation codon assigned as nucleotide 1. (See notes at Supplementary

Material) Al, amelogenesis imperfecta; TV, transcript variant.
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Figure 3 ODAPH transcript variants, coding regions, and Al-causing mutations. ODAPH gene structure at the top shows 3
coding exons and the locations of the 7 known Al-causing mutations. Numbers at the bottom of the gene diagram correspond to the
ODAPH gene reference sequence NG_032974.1. Alignment of the coding sequences of TV1, TV2, and TV3. Translation initiation and
termination codons and Al mutation sites are in bold and underlined. Note that exon 2 shifts the reading frame of TV1 relative to
TV2 and TV3. Upward arrows mark the signal peptide cleavage site. Note that only TV1 includes exon 2, which shifts the reading
frame of exon 3 relative to TV2 and TV3. TV3 is distinguished from TV2 by the removal of an internal exon 3 segment through
alternative splicing (13206—13340). (See notes at Supplementary Material) Al, amelogenesis imperfecta; TV, transcript variant.

of function of all ODAPH isoforms or a potential cell pa-
thology caused by intracellular accumulation of aberrant
proteins. The third mutation is a single nucleotide deletion
identified in this study. Although HGVS nomenclature re-
quires that this deletion be described as the loss of the
second G (at intron 1), there is still a GT that would likely
support normal splicing, but result in the loss of a G at the
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end of exon 1, resulting in a —1 frameshift starting in the
next exon (Fig. 1c). This hypothesis is supported by our
minigene assay, although a mutant transcript with intron-1
retention was also observed. Similarly, a common Al-
causing ENAM mutation (NM_031889.2:c.588+1del), which
removes one G out of repeat sequence of seven Gs, at the
Exon 9-Intron 9 junction has been suspected to cause a —1
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frameshift rather than altered mRNA splicing.?%%® For
ODAPH TV1, this frameshift would cause the production of a
mutant isoform 1 with a normal signal peptide but an
aberrant secreted protein. Interestingly, for TV2, the odd
combination of a natural and a pathological shift in reading
frames makes the mutant isoform 2 equal to normal isoform
1 but lacking the exon 2 encoded 15 amino acid (ALST-
FYLQQHINLHM) segment (Fig. 3). Therefore, while no
functional ODAPH isoform 2 exists, a nearly intact isoform 1
is presumably produced in patients with this specific mu-
tation. This finding suggests that ODAPH isoform 1 is prob-
ably not sufficient to compensate for loss of isoform 2
function and most likely plays little, if any, role in enamel
formation. The fourth mutation is at the splice acceptor
site of intron 2 and likely forces the skipping of exon 3 (the
last coding exon) in TV1 and TV2. Presumably, these tran-
scripts would be degraded by nonsense mediated decay.
The last 3 mutations are all single nucleotide variants in
exon 3 that introduce a premature termination codon
(nonsense mutation) for TV2. However, due to a different
reading frame, they would cause 2 missense mutations
(p-Ala58Asp, p.Gly121Asp) and a synonymous variant
(p.His91 = ) respectively on TV1 products. Noticeably, the
last 2 nonsense mutations for TV2 are located at the region
of exon 3 deleted in TV3 by alternative splicing, indicating
no impact on TV3 from the mutations (Fig. 3). The presence
of intact TV3 in Al patients with these 2 specific mutations
however suggests an insignificant role for ODAPH isoform 3
on enamel development. In summary, analyses of molecular
consequences of 7 known ODAPH disease-causing mutations
on different transcripts strongly suggest that isoform 2
might be the single dominant ODAPH transcript product
critical for dental enamel formation. Moreover, there is
only one Odaph transcript identified in mouse, which en-
codes only 2 exons and is analogous to human TV2.""?" The
lack of other transcripts indicates the only isoform of
mouse ODAPH protein is sufficient for normal amelogenesis,
which further supports our hypothesis.

Although two mouse models of defective Odaph were
recently reported to recapitulate failed enamel maturation
in human Al,?""?® the cellular and molecular functions of
ODAPH remain largely unknown. It was demonstrated that
Odaph is expressed by the ameloblasts at the onset of post-
secretory transition in mouse mandibular incisors. ODAPH
protein was detected at the basal lamina between enamel
and maturation stage ameloblasts in mouse incisors and
molars, suggesting a role in cell-matrix adhesion. No
expression was detected in other dental tissues. However,
in this study, we showed that dental pulp cells of human
primary teeth express ODAPH TV2. Weak expression was
also detected in dental follicles of developing teeth, pre-
sumably from cells of the reduced enamel epithelium,
which also exhibited KLK4 expression. Interestingly,
expression of AMTN, a gene encoding a basal lamina protein
during maturation stage of amelogenesis, is also observed
in dental pulp tissues. These findings indicate species dif-
ferences in ODAPH expression and suggest a role for ODAPH
in the dentin-pulp complex, presumably in dentin forma-
tion. This hypothesis is supported by phylogenetic studies.
It has been demonstrated that ODAPH is specifically inac-
tivated in mammalian species that have lost the ability
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(during evolution) to make teeth but not in those with
enamel-less teeth, indicating that ODAPH is functionally
tooth-specific rather than enamel-specific.?’ However, no
dentin phenotypes have been documented in families with
ODAPH mutations.'"?° In this study, we found no clinically
detectable dentin defect in our patients. Further in-
vestigations are warranted to study the molecular patho-
genesis of ODAPH-associated Al and to unravel the
functions of ODAPH in enamel formation and potentially
during dentin development.

In summary, our study demonstrates that loss-of-
function ODAPH mutations can cause autosomal recessive
hypocalcified amelogenesis imperfecta and argues that
isoform 2 of ODAPH proteins is probably the only isoform
critical for dental enamel formation. Furthermore, we
show that ODAPH is expressed by dental pulp tissues and
might play important roles in development and homeostasis
of dentin-pulp complex.
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