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Abstract

Mutations in the transcription factor PAX9 which plays a critical role in the switching of
odontogenic potential from the epithelium to the mesenchyme during tooth development cause
autosomal dominant non-syndromic hypodontia primarily affecting molars. Linkage analysis on a
family segregating autosomal dominant molar hypodontia with markers flanking and within 2AX9
yielded a maximum multipoint LOD score of 3.6. No sequence variants were detected in the
coding or 5”- and 3’-untranslated regions (UTRs) of P4X9. However, we identified a novel
g.-1258G>A sequence variant in all affected individuals of the family but not in the unaffected
family members or in 3088 control chromosomes. This mutation is within a putative 5’-regulatory
sequence upstream of 2PAX9highly conserved in primates, somewhat conserved in ungulates and
carnivores but not conserved in rodents. Bioinformatics analysis of the sequence determined that
there was no abolition or creation of a putative binding site for known transcription factors. Based
on our previous findings that haploinsufficiency for PAX9 leads to hypodontia, we postulate that
the g.-1258G>A variant reduces the expression of PAX9 which underlies the hypodontia
phenotype in this family.
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Hypodontia (OMIM 106600) is the common generalized term used to describe congenitally
missing teeth and is one of the most frequent developmental anomalies in humans (1). Teeth
most commonly found missing are the third molars (20%), second premolars (3.4%), and
maxillary lateral incisors (2.2%), with the absence of six or more teeth much less frequent
(0.08% to 1.1 %) (2). Genetic linkage studies on non-syndromic hypodontia have so far
identified three genes underlying this condition: MSXI (3), PAX9(4) and AXINZ (5)

The transcription factors Pax9 and Msx1, which are known to be essential for the switch in
odontogenic potential from the epithelium to the mesenchyme, are expressed in the dental
mesenchyme at the initiation stage of tooth development (6, 7). Pax9 interacts with Msx1 at
both the gene and protein levels, which enhances the ability of Pax9 to transactivate Msx/
and Bmp4 expression during tooth development (8). Furthermore, Pax9 is needed for the
expression of Msx/in the mesenchyme during tooth morphogenesis (8). Studies in mouse
models have shown that Pax9 is required at multiple stages during odontogenesis and
changes of Pax9gexpression levels have a direct consequence on dental patterning (9, 10).

To date, 11 unique mutations at the PAX9 locus have been described in families segregating
hypodontia of primarily molar teeth. They include frame-shift (4, 11, 12), insertion (12, 13),
missense (12) and nonsense mutations (14, 15) as well as deletion of the entire gene (16—
18). Here, we describe a novel mutation in a putative regulatory element of the gene which
was not present in over 3000 normal chromosomes, supporting the hypothesis that this
mutation causes hypodontia in this family.

Materials and methods

Subjects

Written informed consent was obtained from all members of family DEN29 who
participated in this study. This study was approved by the Institutional Review Board of the
University of Southern California (IRB protocol HS-045053). A detailed family history was
used to construct the pedigree of family DEN29 and confirmed through personal interviews
with family members. Affection status was assigned through personal examination and/or
review of dental records and radiographs obtained from the subjects’ dental practitioner.
Blood or buccal cell samples were obtained from 17 family members of whom 11 were
affected, 5 were unaffected, and 1 was of unknown status.

Linkage analysis

Genomic DNA was extracted from whole blood using the PureGene kit (Gentra System,
Minneapolis, MN). Genomic DNA from buccal cells was extracted using kits from either
Epicentre (Madison, WI) or Oragene (DNA Genotek, Toronto, Canada) following the
manufacturers’ recommended protocols. Linkage analysis of the 2AX9locus was performed
using a single nucleotide polymorphism (SNP) within exon 2 and three microsatellite
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markers D14S1462, D14S1463, and D14S1464 located 39, 49 and 72 kb upstream of the
PAX9gene, respectively (16). The SNP in exon 2 was genotyped by sequencing the
polymerase chain reaction (PCR) product obtained with primers hPAX9ex2aF and
hPAX9ex2aR (4) as described below. Microsatellite markers were PCR-amplified with a
FAM-labeled 5" primer, and genotyped using an ABI13100 genetic analyzer and GENOTYPER
version 3.7 (Applied Biosystems, Foster City, CA). Two-point linkage analysis was carried
out using the mLink program of the FasTLINK computer package (19). Conservative estimates
of gene frequency (1/10,000), phenocopy rate (1/1000) and penetrance (95%) were used in
the calculation of LOD scores.

DNA sequencing

Previously designed primers flanking the coding regions of exons 1-4 of the 2AX9gene
were used to sequence all exons (4) in two affected family members, 1V:6 and V:3. Primers
to amplify and sequence the 5.5 kb region upstream of the translational start site of the
PAX9 gene were designed using prIMER3 Version 2.0 (primer sequences available upon
request). PCR-amplified products were subjected to dye-terminator sequencing using
BigDye Terminator 3.1 fluorescent sequencing technology on an ABI13100 genetic analyzer
(Applied Biosystems). DNA sequencing results were analyzed using SEQUENCING ANALYSIS
Software version 3.7 (Applied Biosystems).

Genotyping of g.-1258G>A sequence variant

Initial genotyping of the PAX99.-1258G>A sequence variant within family DEN29 was
performed using a restriction assay for the Rsal site that is destroyed by this sequence
variant. Primers pax9NCS1cF (AGACTTAGTCCCAAGACAGTGGAC) and pax9NCS1cR
(AGATTCCGATTCTAAAGAGTGGTG) were used to amplify the 580 bp region
surrounding the variant. The amplified product was digested with 1U of Rsal for 1 h at 37°
C and analyzed on a 2% agarose gel. The A-allele yields fragments of 328 and 252 bp, while
the G allele yields fragments of 328, 140 and 112 bp. To analyze the PAX9g.-1258G>A
sequence variant within a control race-matched population of unrelated individuals, a
TagMan genotyping assay was designed (Applied Biosystems). The sequences of primers
and probes were as follows: Forward primer —
GTTCTGCCTACTTCTGAATTTTCACTTTTA,; reverse primer —
TTCTCCACAACCCTAACTGCAAAT; probe - AAAAGCATACGIA/G]TACACTT. The
assay was performed using the manufacturer’s recommended protocol on an ABI Prism
7900HT sequence detection system (Applied Biosystems) with ABgene ABsolute™ QPCR
ROX (500nM) mix (Rochester, NY).

Bioinformatics analysis of sequence

The putative promoter region (chr14:36,198,723- 36,201,050, UCSC assembly hg18),
including the g.-1258G>A variant, was analyzed using matinspecTor (http://
www.genomatix.de) (20) with default parameters to identify potential transcription factor
binding sites that are abolished or acquired in the presence of the variant A-allele.
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Results

Clinical findings
We ascertained a four-generation European-American family designated DEN29, in which
non-syndromic hypodontia segregated in an autosomal dominant manner (Fig. 1a). Affected
individuals were missing molars in all four quadrants, as well as some premolars and lateral
incisors (Fig. 1b). On average, 12 permanent teeth were missing in affected individuals.
There were no apparent abnormalities of nails, skin, hair, or sweat glands.

Linkage analysis

In order to determine if the locus underlying non-syndromic hypodontia in family DEN29
was linked to the 2AX9gene locus, we sampled 11 affected individuals, five unaffected, and
one individual of unknown status and conducted linkage analysis. Linkage analysis was
performed with three microsatellite markers (D14S1462, D14S1463, and D14S51464)
upstream of PAX9(16) and a SNP within exon 2. There were no recombination events
between these markers and the disease locus. Consequently, all 11 affected individuals
shared the same haplotype. A maximum two-point LOD score of 3.6 under a dominant
model was obtained with all markers, showing significant evidence for linkage of
hypodontia to the 24.X9genomic region. These results strongly implicated a mutation in
PAX9as a possible cause of the hypodontia in family DEN29

Identification of PAX9 g.-1258G>A sequence variant

In order to identify a possible mutation within the 2AX9gene, the coding sequence and the
5’-and 3'-UTR were amplified using primers flanking the exons and sequenced. We
compared the sequence of three affected family members to the reference sequence of PAX9
in the National Center for Biotechnology Information (NCBI) Gen-Bank database (Build
36.1). However, all identified sequence variants in these regions were either present in
dbSNP or present in unaffected family members (data not shown), suggesting that they were
not the underlying genetic cause of hypodontia in this family. We next compared the 5’-
flanking sequence of the human PA.X9 gene orthologous sequence in the rhesus, marmoset,
dog, horse, mouse and rat genomes using visTa tools version 2.0 (21) (Fig. 3a). A5.5 kb
region immediately upstream of the initiation codon contained several multiple-species
conserved sequences (MCS) and thus, the entire region was selected for sequence analysis in
two affected individuals, 1V:6 and V:3. A G to A sequence variant was identified 1258 bp
upstream of the translational start codon of the PAX9gene (g.-1258G>A) (Fig. 2a). Affected
and unaffected family members of DEN29 were screened for the presence of the
g.-1258G>A sequence variant using a restriction assay targeting an Rsal site that is
destroyed in the presence of the variant A-allele. This variant was present only in the
affected family members (Fig. 2b).

To further ascertain whether the g.-1258G>A variant was truly associated with the disease in
DENZ29 family and not present in other control individuals of the same ethnicity as DEN29,
1544 unrelated Caucasian individuals were screened using a TagMan genotyping assay.
None of the 3088 control chromosomes carried the g.-1258G>A variant (95% confidence
interval 0-0.0012), strongly suggesting that this was the causal mutation in family DEN29.
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Functional characterization of the g.-1258G>A mutation

We previously reported that haploinsufficiency for PAX9 due to the deletion of PAX9 gene
causes hypodontia of molar teeth (16), similar to that seen in members of family DEN29.
Given this finding, we reasoned that the mutation in family DEN29 could lead to reduced
PAX9 expression and that this might be caused by abolition or creation of a transcription
factor binding site or disruption of a key nucleotide within a regulatory element such as an
enhancer. We were unable to reliably compare 2AX9mRNA levels between affected and
unaffected individuals in lymphocytes or lymphoblasts, which were the only sources of
RNA available from participants, as the gene is expressed at extremely low levels in these
cells. We also conducted bioinformatics analysis of the region encompassing the
g.-1258G>A variant using matinspECTOR (20) to determine if the mutation abolished or
created a transcription factor binding site. This analysis did not reveal disruption of any
transcription factor binding sites. The presence of an A instead of a G did suggest the
presence of a binding site for DMRT3 (Doublesex and mab-3 related transcription factor 3)
(22); however, close examination of the sequence and comparison to the consensus sequence
reported by Murphy et al. and validated by them through /in vitro binding studies (22)
revealed that the region bearing the variant was missing a strongly selected T at position —8
of the consensus and hence, not a good match for DMRT3.

Discussion

In the present study, linkage analysis of a family segregating non-syndromic molar
hypodontia in an autosomal dominant manner identified a mutation at the 24.X9locus as the
underlying cause of the hypodontia. Direct sequencing of the coding regions of PAX9failed
to identify any putative causative sequence variants in affected individuals. However,
sequencing of the region encompassing 5.5 kb upstream of the 2AX9translational start site
identified a C>T variant 1258 bp upstream (g.-1258G>A) that is located in an MCS (Fig.
3b). The variant A-allele was present only in affected family members and not in any of the
unaffected family members or in 1544 unrelated control individuals of the same ethnicity.

Two Pax9transcripts have been reported in the mouse with a major transcript whose start
site corresponds to that initially reported and a minor transcript that includes 333 bp of
additional sequence at the 5” end comprising an exon they have termed exon 0 (23). There
are four ESTSs that support the existence of exon 0 in humans as well (accession numbers:
DB233208, DB196800, DB218464, DA667732). The g.-1258G>A variant we have
identified is located between exons 0 and 1 and is upstream of the promoter that presumably
drives transcription of the major transcript. Comparison of the sequence of the 5”-flanking
region of PAX9in various mammalian species using visTa tools (21) determined that the
region immediately upstream of the initiation codon bears stretches of sequence that is
conserved across several vertebrates (Fig. 3a). A comparison of a 60 bp segment bearing the
g.-1258G>A variant in family DEN29 shown in Fig. 3b reveals that this sequence is highly
conserved only in primate, somewhat lesser conserved in ungulate, canine and feline
genomes and least conserved in the mouse and rat genomes. While this observation is
intriguing, its significance with respect to the differences between primate dentition and that
in other species cannot be discerned based on our current knowledge of tooth development.
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The presence of the g.-1258G>A variant in an MCS element in the putative 2AX9 promoter
region suggested that it may function as a transcriptional regulatory element. We were
unable to directly determine if the mutation resulted in lower levels of 2AX9transcript due
to the fact that the only source of cells from subjects bearing the mutation were lymphocytes
and lymphoblasts and the very low levels of 2AX9mRNA in these cells made any
comparisons unreliable. Although bioinformatics analysis using marinspEcToR did not
identify any consensus binding sequence for a transcription factor at the site of the mutation,
it did suggest that the mutation created a consensus sequence for the binding site of DMRT3
which is a member of the proteins related to Drosophila doublesex and Caenorhabditis
elegans mab-3 transcription factors. However, close examination of the consensus binding
sequence identified by Murphy et al. (22) and verified by /in vitro binding experiments
indicated that this is not likely to be a true binding site. /n7 situ hybridization studies have
shown that DMRTS3 has a restricted embryonic expression profile that is conserved in
chicken and mouse embryos (24) and that DMRT3 is expressed primarily in the forebrain,
neural tube and nasal placode of both species. We attempted to determine whether the
variant resides within a putative enhancer element by cloning a 1265 bp fragment (-184 to
—1449) bearing either the G (wild-type) or A (mutant) at —1258 into the vector pGL4.11
(Promega Corp., Madison, WI), and transfecting it into several cell lines [MCF-7 (25);
MDPC-23 (26); HepG2 (27)] but we were unable to detect reporter gene expression from
these vectors although reporter expression was observed with a positive control. Further
experimentation /n vivo is required to determine the functional consequences of the
g.-1258G>A mutation on gene expression.

The vast majority of disease-causing mutations in mendelian diseases are within the coding
sequence and manifest as missense, frame-shift, or nonsense mutations. This observation is
also true for PAX9 mutations leading to hypodontia. Our study of family DEN29 now
suggests that a mutation in a conserved upstream regulatory region of 24.X9, which
presumably leads to reduced mRNA and consequently protein levels, can also lead to
hypodontia. This notion is supported by segregation analysis as well as a survey of 3088
control chromosomes, which taken together, provide strong support for the causative role of
the g.-1258G>A mutation in family DEN29. However, given that PAX9is a developmentally
expressed gene, we were limited in our ability to test the functional consequences of the
variant in the context of the developing tooth or other organs where PAX9is normally
expressed during development. While it is theoretically possible that the g.-1258G>A variant
is in linkage disequilibrium with the actual disease-causing variant which we did not identify
through our sequencing efforts, the absence of this variant in >3000 chromosomes supports
its causative role in hypodontia.
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Fig. 1.

(a? Pedigree of family DEN29 with haplotypes for a SNP within (rs28933972) and
microsatellite markers (D14SA1462, D14S1463, D14S1464) near the PAX9 locus. The
shaded haplotype is that segregating with the hypodontia phenotype. (b) Panoramic
radiographs of individuals V:2 (A) and V:3 (B) showing absence of most maxillary and
mandibular permanent teeth; (C) synopsis of the permanent dentition in each of four
quadrants in representative affected individuals. Blackened-in stars represent absent teeth.
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Fig. 2.

DNA sequence chromatograms from a control (a) and an affected individual (b) from
pedigree DEN29 showing the g.-1258G>A sequence variant on the non-coding strand. (c)
Segregation of the g.-1258G>A variant in DEN29. The g.-1258G>A variant in DEN29
destroyed a cleavage site for Rsal. Amplification of a 580-bp PCR product bearing the
variant was followed by digestion with Rsal. The A-allele yielded fragments of 328 and 252
bp, while the G allele yielded fragments of 328, 140 and 112 bp.
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Bushbaby AATAACT-TTGGCCAC—--ARRAGGCATA-CTGTGC--AC - T-TTAGAATGAACA-AA
TreeShrew AATAATT-TTTGCCGCC—-CAGAAGCATA-CAGTAC--AC-TTTAGGTTAGG-—————~ C-TTAGRACGAACG-GA
Mouse AATGCAT-TTCTCTGTC--CCAAACTCTT-CTATCC-—-————- GTTTCGGA-—-—————— TTTGGGTGAATG-AA
Rat AATAAAT-TTCTCTGTC--CCAAATTGTT-CTATCC-—-————~- TCGTCGGA-—————— C-TTCGGGTGAATG-AA
Guinea Pig AATAAAT-TTGGCCACC--CAAAAGCATA-CTGTCC-~AC-TATAGATTAGA-—————~ C-TTATAGTGAATG-AA
Squirrel AATAAGC-TTGGCCTCC-~-AARAAGCATA-GTGTAC=~====== ACTTTAGA-—======~ CAAGAGTGAAGG-AA
Rabbit AATAACT-TTGGCCACC--GAAAAGC----GTGACC-—=—===~ ACTTCAGA-=====~ C-CGAGAGCGAAGG-AA
Cow AATAACT-TTGACCGCT--AAAAAGACTA~CTGTAC--AC-TTTACATTAGA-—===-~ C-TTAGCGT----G-AA
Horse AATAACT-TTGGCCACC--AAAAAGAATA-CTGTAC--TC-TTTAGATTAGA-~—==~~ C-TTAGAGTGAACG-AA
Cat ATCAGCT-TTGGCCGCC--AATAAGAGTA-CTGTAC--TC-TTTAGATTAGA-——~—-~ C-TTAGAGTGATCG-AA
Dog ATTAATT-TTGGCCGCC--AAAAAGAGTA-ATGTAC-~AC-TTTAGATTAGA-~———-~ C-TTGGAGTGATCG-AA
Elephant AATAACT-TTGAGATCC--AAAAAGCGTA-CTGTAC--AC-TTTA--——- GA-———=== T-TTAAAGCGAACG-AA
Fig. 3.

(a) Sequence alignments of the 6.5 kb genomic interval (chr14:36,195,524 — 36,202,049 on
the NCBI build 34 human assembly) containing exons 0, 1 and 2 of the PAX9 gene with
orthologous counterparts from representative members of rhesus, dog, horse, mouse, and rat
lineages. These are shown as SLAGAN-derived vista representations. The level of
conservation (vertical axis) is displayed against the coordinates of the human sequence
(horizontal axis). Conserved regions above the level of 70%/100 bp are highlighted under
the curve, with dark gray indicating a conserved non-coding region, charcoal gray, a
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conserved exon, and light gray, an untranslated region. The vertical lines within the vista
plot represent a 60 bp segment bearing the g.-1258G>A variant. (b) Multiple-species
comparison of a 60 bp segment bearing the g.-1258G>A variant identified by the arrow
above the alignment. The multiple alignments were obtained from the UCSC browser where
they were generated using two methods, phastCons and phyloP from the pHAsT package.
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