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|dentification of Mutations in SLC24A4, Encoding
a Potassium-Dependent Sodium/Calcium Exchanger,
as a Cause of Amelogenesis Imperfecta

David A. Parry,1.¢ James A. Poulter,1.6 Clare V. Logan,! Steven J. Brookes,2 Hussain Jafri, 1.3
Christopher H. Ferguson,* Babra M. Anwari,> Yasmin Rashid,? Haiqing Zhao,* Colin A. Johnson,!
Chris F. Inglehearn,® and Alan J. Mighell1.2*

A combination of autozygosity mapping and exome sequencing identified a null mutation in SLC24A4 in a family with hypomineralized
amelogenesis imperfect a (AI), a condition in which tooth enamel formation fails. SLC24A4 encodes a calcium transporter upregulated
in ameloblasts during the maturation stage of amelogenesis. Screening of further Al families identified a missense mutation in the ion-
binding site of SLC24A4 expected to severely diminish or abolish the ion transport function of the protein. Furthermore, examination of
previously generated Slc24a4 null mice identified a severe defect in tooth enamel that reflects impaired amelogenesis. These findings

support a key role for SLC24A4 in calcium transport during enamel formation.

The formation of dental enamel (amelogenesis) results in
the hardest, most mineralized tissue in the body. Amelo-
genesis is completed before tooth eruption and thereafter
it has no capacity for cellular repair. Mature enamel
consists almost exclusively of highly organized, calcium
hydroxyapatite (Ca;o[PO4]6[OH],) crystals, which form in
a discrete extracellular compartment within the devel-
oping tooth.! Ameloblasts, the enamel forming cells
within the enamel organ, secrete an organic matrix and
regulate the mineralization of enamel via several mecha-
nisms that include the secretion of matrix proteins, which
act as potential modulators of crystal growth, temporospa-
tial control of protease secretion to sequentially degrade
matrix proteins, removal of degraded protein from the
enamel matrix, and control of mineral ion transport to
accommodate secondary crystal growth during the matu-
ration stage of enamel development.?

Failure of amelogenesis presents clinically as amelogene-
sis imperfecta (Al [MIM %104530]), a genetically and
phenotypically heterogeneous group of inherited condi-
tions with a prevalence ranging from 1/700 to 1/
14,000.>* AI may be classified as either hypoplastic Al, in
which the enamel volume is diminished, or hypomineral-
ized Al, characterized by variable degrees of incomplete
mineralization of the enamel matrix, typically with
a near-normal enamel matrix volume prior to posteruptive
changes and premature failure. The negative psychological
impact of Al on affected individuals and their families can
be profound and the dental treatment required is chal-
lenging.®

Mutations in genes encoding enamel matrix proteins®’
and mutations in genes encoding proteases that digest
enamel matrix proteins®’ have been identified as causes

of Al. However, little is known about the function of genes
identified in recent genetic studies.'®'” Surprisingly,
considering the essential role for calcium transport across
the enamel organ in amelogenesis,'® to date no known
calcium transport proteins have been implicated in the
pathogenesis of Al

We identified a consanguineous family (Al-112) from
Pakistan segregating autosomal-recessive hypomineralized
Al in the absence of other health problems (Figure 1;
Figure 2A). The study was performed according to the prin-
ciples of the declaration of Helsinki with ethical approval
and family participation following informed consent.

Individuals IV:1, IV:5, and IV:6 were analyzed using
Affymetrix 6.0 SNP microarrays and common regions of
homozygosity identified using AutoSNPa.'” Five regions
of homozygosity spanning approximately 16 Mb were
identified (see Table S1 available online), none of which
overlapped with previously published Al loci. We therefore
performed exome sequencing on DNA from individual
IV:5 using a SureSelect All Exon V4 reagent (Agilent Tech-
nologies, Edinburgh UK). Three micrograms of genomic
DNA were processed according to the Agilent SureSelect
Library Prep protocol. Sequencing was performed using
a 150 bp paired-end protocol on an Illumina MiSeq
sequencer. The resulting sequence reads were aligned to
the human reference sequence (GRCh37) using Novoalign
software (Novocraft Technologies, Selangor, Malaysia).
This alignment was processed in the SAM/BAM format®’
using Picard and The Genome Analysis Toolkit
(GATK)?"?? java programs in order to correct alignments
around indel sites and mark potential PCR duplicates.
Following postprocessing and duplicate removal a mean
depth of 25.55 reads was achieved for targeted exons in
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our homozygous regions with 94.5% of these bases
covered by at least 5 reads.

Indel and single nucleotide variants within the candi-
date regions were called in the VCF format using the
Unified Genotyper function of GATK. A total of 1,163 vari-
ants passing standard GATK filters were identified in these
regions (Table S1). Using the dbSNP135 database at NCBI
we filtered variants present in dbSNP129 or with a minor
allele frequency equal to or greater than 1%. We also
removed variants present in ten non-Al in-house exome
data sets from individuals also originating from Pakistan.
This left 102 variants with only 3 variants predicted to
have an effect on gene function (i.e., nonsynonymous
variants, exonic insertions or deletions, or variants at
splice consensus sites). Of these three variants a missense
(NM_001261835.1:¢.1954G>A [p.Gly652Arg]) in BZRAP1
(MIM 610764) was called as heterozygous and there-
fore not considered a candidate for a disease-causing muta-
tion for this recessively inherited condition. We were
therefore left with two rare homozygous variants: one mis-
sense change (NM_016186.2:c.1260T>G [p.Phe420Leu])
in SERPINAIO (MIM 605271) and a nonsense change
(NM_153646.3:c.1015C>T [p.Arg339*]) in SLC24A4
(MIM 609840). While the missense variant in SERPINA10
was predicted as “possibly damaging” by Polyphen-2%3,
with a score of 0.770 under the HumVar model, truncating
mutations in SERPINA10 have been previously associated
with susceptibility to venous thrombosis with an inci-
dence of between 3.0% and 4.4% in cohorts of individuals
with venous thromboembolic disease.?*?> Moreover, one
member of such a cohort was reported to have a homozy-
gous nonsense variant in SERPINA10 with no additional
pathologies.”®> We therefore discounted this variant as
a potential pathogenic factor for Al in this family.

The remaining variant introduces a premature termina-
tion codon in coding exon 11 of 17 of SLC24A4 and would
therefore be expected to lead to nonsense-mediated decay
(NMD). Even in the absence of NMD, the mutant protein
would miss the final 284 residues of the 622 amino acid
wild-type protein, lack one of the sodium/calcium

Figure 1. Clinical Dental
Due to SLC24A Mutations
(A-C) Family AI-112 from Pakistan. The
heterozygous (carrier) (II.2 in Figure 2)
has teeth with a normal appearance (A)
that contrasts with the yellow-brown
discoloration and increased opacity of the
enamel observed in her niece with erupted
permanent teeth (B) (IV.5 in Figure 2). The
enamel volume is within normal limits in
all teeth with normal crown morphology
and cusp patterns evident in the teeth illus-
trated (C) (IV.6), although affected teeth
are susceptible to premature enamel loss.
(D) Family AI-131 from Pakistan. The ap-
pearances of the affected teeth are similar
to those for Al-112 as illustrated in indi-
vidual IV.4 in Figure 2 with posteruptive
changes leading to premature enamel loss.

Phenotypes

exchanger domains (PFAM Family Na_Ca_ex [PF01699])
critical to the ion transport function of the protein, and
almost certainly be nonfunctional. We confirmed segrega-
tion of this mutation in the AI-112 family and absence in
170 ethnically matched controls by Sanger sequencing.
Examination of exome alignments from 70 Gujarati
Indian samples from the 1000 Genomes Project®® also
confirmed absence of this variant. In addition, this variant
was confirmed to be absent in existing 1000 Genomes
Project variant call files.

We investigated a panel of 37 further individuals with Al
from diverse ethnic backgrounds by Sanger sequencing the
coding regions and intron-exon boundaries of SLC24A4
(primers shown in Table S2). Sequencing identified
a homozygous missense variant in a family from Pakistan
(AI-131, Figure 2A) converting a serine residue to cysteine
at position 499 of the protein (c.1495A>T [p.Ser499Cys],
Figure 3). Substitution of this residue, which shows a
high degree of evolutionarily conservation in SLC24A4 or-
thologs (Figure 4), was predicted as “probably damaging”
by Polyphen-2 with a score of 0.997 under the HumVar
model. We also confirmed absence of this mutation in
170 ethnically matched control samples and in 1000
genomes data sets as above.

SLC24A4 encodes a member of the potassium-depen-
dent sodium/calcium exchanger family?” (SLC24A) con-
taining five members. SLC24A6, while originally thought
to be part of this family, was reclassified as belonging to
a unique branch of the calcium/cation antiporter super-
family on the basis of phylogenetic®® and substrate speci-
ficity studies.?® The potassium-dependent sodium/calcium
exchangers share significant homology with the three
members of the potassium-independent sodium/calcium
exchanger family (SLC8A). These proteins share a common
topology with eleven predicted transmembrane helices
including two conserved clusters of five transmembrane
helices connected by a divergent cytoplasmic loop (Fig-
ure 3B). These transmembrane regions comprise the
sodium/calcium exchanger domains and each contains
a highly conserved region of 30-40 amino acids referred
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to as the alpha-1 and alpha-2 repeats respectively. The
alpha-1 and alpha-2 repeats associate to form the ion-
binding pockets of these transporters.*® Ser499 lies in the
alpha-2 repeat region of SLC24A4 and is highly conserved
in SLC24A4 orthologs (Figure S1). To further investigate
the evolutionary conservation of this residue, we retrieved
the protein sequences for members of the potassium-
dependent sodium/calcium exchanger and potassium-
independent sodium/calcium exchanger families from
Homologene and performed a multiple sequence align-
ment with ClustalX.?! This analysis showed the Ser499
residue to be conserved in all the sodium/calcium
exchangers identified (Figure S2). Furthermore, scanning
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Figure 2.
Mutations
(A) Pedigrees of families AI-112 and AI-131.
(B) Representative electropherograms of
SLC24A4 mutations discovered in family
Al-112 and AI-131.

Family Pedigrees and SLC24A4
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mutagenesis experiments performed
on SLC8A1*?2 (MIM 182305) and
SLC24A2333% (MIM 609838) have
shown that substitution of this same
residue results in a dramatic decrease
in transporter activity compared to
wild-type. Indeed, the experiments
performed on SLC24A2 showed that
substitution with cysteine, the same
substitution observed in Al-131,
reduced the transport activity to less
than 20% of wild-type** or com-
pletely abolished transport activity®*
depending on the cell type used in
overexpression experiments. We therefore conclude that
the Ser499Cys substitution observed in family AI-131 is
likely to lead to severely impaired transport function of
the encoded protein.

The identification of two mutations expected to lead to
either loss or severe impairment of SLC24A4 function by
exome sequencing of one family and Sanger sequencing
of a further 37 Al individuals of diverse ethnic origins
suggests that variants in SLC24A4 are an infrequent cause
of Al. However, because both variants were identified in
families of Pakistani origin from a total of 15 Pakistani
families screened, it is possible that variants in SLC24A4
are a more frequent cause of Al in this population.

ACATGCTCTTCCAGA

A [ Figure 3. Structure of SLC24A4 and the
L A Encoded Protein
NM_153648.3 b s o simi e (A) The three human RefSeq SLC24A4
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(B) Predicted topology of full-length
B Extracellular SLC24A4 (corresponding to transcript
Xy . 8 NM_153646.3) as generated by the
E g 8 TMHMM?®® program and drawn using
Gy apnet repeal ¢ TOPO2. Altered residues corresponding to
0®  ©ogo O residues affected by SLC24A4 mutations
LD G D 6% in family AI-112 and AI-131 are shown in
%@ : red. The conserved alpha repeats which
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porter are shown in blue and green. The
extracellular membrane is shown in gray.
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SLC24A4 has been shown to control response termina-
tion kinetics and adaptation of the olfactory response in
mice through the study of Slc24a4 knockout mice,** but
teeth of these animals had not been previously examined.
Samples from two 6-month-old Slc24a4 '~ mice were
available to study alongside two samples from wild-type
mice born within 11 days of the knockout animals exam-
ined. Examination of mouse incisors by scanning electron
microscopy identified gross enamel defects in the
Slc24a4~'~ samples compared to wild-type samples indica-
tive of failed enamel mineralization (Figure 4). Neither of
the families identified with mutations in SLC24A4 have
been tested for deficits in olfactory response.

A recent transcriptome study of developing rat enamel
has demonstrated that Slc24a4 mRNA is expressed in the
enamel organ during amelogenesis where it is strongly up-
regulated during the maturation stage.>® SLC24A4 localizes
to the apical ends of ameloblasts®” where it is well situated
to mediate calcium transport between the ameloblasts and
the mineralizing enamel in order to facilitate crystal
growth. The observation of SLC24A4 mutations in individ-
uals with Al together with the identification of severe
enamel defects in Slc24a4~/~ mice provide further evidence
that SLC24A4 is a key component of calcium transport
during enamel formation. Further characterization of
Slc24a4~’~ mice will provide further insight into mecha-
nisms of calcium transport during amelogenesis.

Supplemental Data

Supplemental Data includes two figures and two tables and can be
found with this article online at http://www.cell.com/AJHG.
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