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A novel mutation in PAX9 causes familial form
of molar oligodontia
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PAX9 is a paired domain transcription factor that plays a critical role in odontogenesis. All mutations
of PAX9 identified to date have been associated with nonsyndromic form of tooth agenesis. The present
report describes an unusual novel mutation in PAX9 identified in a family with severe molar oligodontia.
This heterozygous deletion combined with 24bp insertion (including a 50 splice site) is localized in the
second exon beyond the highly conserved paired box sequence, and might result either in a premature
termination of translation at aa 210 or in an aberrant splicing, leading to a frameshift and premature
termination of translation at aa 314. Real-time PCR analysis revealed no mutated transcript in cultured
lymphocytes of one of the affected individuals indicating that the novel mutation might result in rapid
degradation of the mutated transcript leading to haploinsufficiency of PAX9. Our results support the view
that mutations in PAX9 constitute a causative factor in nonsyndromic oligodontia.
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Introduction
Agenesis of permanent teeth constitutes one of the most

common developmental abnormalities in humans (OMIM:

#106600, #604625). Tooth agenesis most commonly in-

volves third molars, and affects 10–25% of the population,

whereas the overall incidence of missing permanent teeth,

excluding third molars, varies from 2 to 10%.1 To describe

dental anomalies, several different terms are being used.

Hypodontia is defined as an absence of one to six permanent

teeth, excluding third molars, whereas the absence of more

than six teeth is referred to as oligodontia. Themost extreme

case is anodontia denoting absence of all teeth.2

It has been demonstrated that nonsyndromic form of

familial and sporadic tooth agenesis is associated with

mutations in MSX1 and PAX9.3 –16 Protein products of

these genes serve as transcription factors that play a critical

role during embryogenesis.17,18 Mice homozygous forMsx1

or Pax9 deletion exhibit secondary cleft palate, facial

abnormalities and complete anodontia, with concomitant

arrest of tooth development at the bud stage.19,20

It is noteworthy that in humans all mutations of the

genes responsible for selective tooth agenesis were found in

heterozygous state, suggesting that lack of teeth in the

affected individuals was likely due to a loss of function of a

single allele leading to haploinsufficiency.21,22 In addition,

these mutations caused only familial forms of oligodontia,

with the exception of c.151G4A transition in PAX9

identified in Polish population, the first de novo mutation

described in this gene.13

Most recent studies indicate that a novel candidate gene

for selective tooth agenesis is AXIN2 located on chromo-

some 17q23–q24. Protein product of this gene plays an

important role in the regulation of beta-catenin stability in

signal transduction via the Wnt signaling pathway,

involved in regulation of embryonic patterning, stem cell

renewal and cancer.23 Although mutations of AXIN2 have
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previously been associated with colorectal carcinomas and

liver tumors, recent studies indicate that they might also be

responsible for the lack of teeth.24,25

There is also evidence that in the Brazilian population,

polymorphisms of the gene encoding transforming growth

factor alpha (TGFa) are associated with isolated form of this

common developmental anomaly, especially when tooth

agenesis includes incisors.26

In the present report, a novel mutation of PAX9 was

described in a three-generation family with severe oligo-

dontia. This mutation might be a cause of rapid degrada-

tion of PAX9 mRNA.

Materials and methods
Family with oligodontia and control samples

A female proband was a patient of the Department of

Orthodontics, University of Medical Sciences in Poznan.

The diagnosis of oligodontia was based on clinical

examination, panoramic radiograph and an interview. All

her family members (four affected and five unaffected)

were also clinically examined, and the lack of permanent

teeth was verified with panoramic radiographs. In addi-

tion, 150 healthy individuals who did not exhibit any

abnormalities in either the number or the shape of teeth

were used as controls. The study protocol was approved by

the local Ethics Committee and written consents from the

patients were obtained.

PAX9 and MSX1 mutation screening and sequencing

Genomic DNA was isolated from peripheral blood lym-

phocytes by salt extraction. The coding region of PAX9 was

amplified with the use of six sets of primers (sequences

available on request). Some of the primers were previously

described.11 The coding region of MSX1 was amplified with

the use of primers described by Lidral et al.27 In order to

screen for mutations, the amplified fragments were

subjected to multi-temperature, single-stranded conforma-

tional polymorphism analysis (MSSCP), with the use of a

DNA Pointer Mutation Detection System (Kucharczyk T.E.,

Warsaw, Poland). In addition, the amplified fragment

PAX9ex2C was subjected to 10% polyacrylamide gel

electrophoresis (PAGE). Two DNA bands, observed during

PAGE analysis in the samples derived from the patients

with tooth agenesis, were excised from the gel and

reamplified. To establish the localization and the character

of the mutation, the amplified or reamplified fragments

were purified by the GelOut system (A&A Biotechnology,

Warsaw, Poland) and sequenced using ABI Prism BigDye

Terminator v3.1 Cycle Sequencing Kit and ABI 310 genetic

analyzer (Applied Biosystems, Foster City, CA, USA).

Restriction analysis

Genomic DNA of all family members was amplified with

specific primers MSXUTRF 50-ACAAGAGGCAGAGCTGGA

GAA-30 and MSXUTRR 50-GAAACTGGAGCAGTGTGAG

GGT-30 for MSX1 and PAXex3F 50-GGGAGTAAAACTTCAC

CAGGC-30 and PAXex3R 50-CCACCTGGCCTGACCCTC-30

for PAX9. The amplified fragments were then subjected to

restriction digestion with DraII (PuG/GNCCPy) and MspI

(C/CGG), respectively (Fermentas, Vilnius, Lithuania)

according to the manufacturer’s instructions. Digestion

products were analyzed by agarose gel electrophoresis.

Analysis of PAX9 cDNA

Peripheral blood lymphocytes of the proband were isolated

by centrifugation in a ficol gradient (1077 g/cm3), cultured

in RPMI 1640 medium supplemented with L-glutamine

and fetal bovine serum, and stimulated with PHA (10 mg/
ml) and IL-2 (100U/ml). Total RNA was extracted with

Trizol (Gibco BRL, Germany) according to the manufac-

turer’s instructions. RNA was digested for 30min at 371C

with RQ1 RNase-free DNase (Promega, USA), re-extracted

with Trizol and reverse transcribed (RT-PCR) with the use of

Enhanced Avian HS RT-PCR Kit (Sigma, USA). RNA isolated

from JURKAT cells, a cell line derived from human T-cell

leukemia was used as a control. The cDNA amplification

was performed with the use of following primers: PAXcD-

NAF 50-GCTGCCCTACAACCACATCT-30, PAXcDNAR

50GTACTTGGCTTCCT GCTCCA-30 and bactF 50 GCACCA

CACCTTCTACAATGAGC-30, bactR 50- GGATAGCACAGCC

TGGATAGCAAC-30. The conditions for the PCR were 951C

for 5min, 941C for 30 s, 601C for 35 s, 721C for 35 s,

with a final extension of 5min after 35 cycles. The

amplification products were analyzed by electrophoresis

in 10% PAA, purified and sequenced using ABI Prism

BigDye Terminator v3.1 Cycle Sequencing Kit and ABI 310

genetic analyzer (Applied Biosystems, Foster City, CA,

USA). The cDNA region spanning the second and the third

exon of PAX9 was also analyzed by real-time PCR with the

use of the LightCycler System and LightCycler FastStart DNA

Master SYBR Green Kit (Roche Diagnostics GmbH, Man-

nheim, Germany) according to the manufacturer’s instruc-

tions. The amplification was performed with the use of

following primers: PAXcDNA1F: 50-ACTCCGTCACCGA-

CATCCT-30 and PAXcDNA1R: 50-CTTC TCCAACCCGTT-

CACC-30. The annealing temperature was 601C. The PCR

products were identified by generating a melting curve,

which was then redrawn as the negative derivative of

fluorescence with respect to temperature in order to

generate a melting peak.

Results
Genetic and clinical examination

We analyzed nine members of a three generation family

with oligodontia segregated as an autosomal dominant

trait (Figure 1a). Clinical and radiographic examinations

revealed that proband (III:1) and four other members of her

family (I:1, II:1, II:4 and III:2) lacked 18 permanent teeth.
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The patterns of missing teeth were identical. All of these

individuals lacked molars, second premolars and lower first

incisors (Figure 1b–d). All reported individuals had normal

primary dentition and did not reveal abnormalities of

nails, skin, hair or sweat glands.

Mutation analysis

MSSCP analysis of the amplified fragment PAX9ex2C in

proband with oligodontia showed an abnormal mobility of

single- as well as double-stranded DNA fragments

(Figure 2a). Sequence analysis of the separated alleles

revealed a novel heterozygous mutation 619_621delAT-

CinsTACCGACCAAGGTAGGGCATCCCT located 13bp up-

stream of the 30 end of exon 2, beyond the highly

conserved paired box sequence (Figure 2b). PAGE analysis

of the amplified fragment revealed that the mutation was

present not only in the proband but also in all affected

family members. In the healthy members of the analyzed

family, as well as in 150 unrelated control individuals, this

mutation was not detected (Figure 2c). The mutation

might result either in premature termination of translation

at aa 210 or might be a cause of an aberrant splicing,

leading to a frameshift and premature termination of

translation at aa 314 (Figure 3a and b). The probability was

Figure 1 Clinical presentations. (a) Pedigree analysis. Squares, males; circles, females; darkened, affected; (/), deceased; arrow indicates proband.
(b) Panoramic radiograph of the proband’s dentition (III:1) at the age of 12 years. Arrows indicate missing permanent teeth. Asterisk indicates a
preserved primary tooth 63. Eruption of tooth 14 was slightly delayed. (c) Clinical photographs of the proband. 1, upper jaw; 2, lower jaw. (d)
Phenotypes of the affected family members. The FDI numbering system was used to designate missing tooth. (x), congenitally missing tooth.
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0.97 and 0.95, respectively (http://www.fruitfly.org/seq_

tools/splice.html).

No other mutations in the coding regions of the

analyzed genes were found. However, we identified four

known polymorphisms of MSX1: 452-15delT, *6C4T and

of PAX9: 717C4T, 718G4C. Analysis of these sequence

variants with the use of RFLP and sequencing analyses

revealed that they were not associated with oligodontia in

the investigated family, since they were present both in the

affected as well as in unaffected individuals (results not

shown).

Analysis of PAX9 cDNA

Sequence analysis of the cDNA region corresponding to

exons 2 and 3 of PAX9, in the proband as well as in the

control revealed normal nucleotide sequence (Figure 4a).

These results were confirmed by the analysis of melting

temperature of the PCR products with the use of LightCycler

system (Figure 4b). Analysis of the first negative derivatives

of the melting curves showed that the same specific target

sequence existed in both proband and control cDNA. In

the affected individual heterozygous for the novel deletion

combined with insertion, the mutated cDNA sequence was

not detected.

Discussion
Our results strongly suggest that the phenotype of all

affected individuals of a three generation family with

severe oligodontia was caused by the novel mutation of

PAX9, 619_621delATCinsTACCGACCAAGGTAGGG-

CATCCCT. Since this mutation is not only a deletion

combined with an insertion but also a duplication of the

sequence containing the 50 splicing site, its effect on the

protein product strongly depends on splicing process of

PAX9 premRNA.

Therefore, this mutation might either be a reason for

premature termination of translation at aa 210, or it might

result in an aberrant splicing, leading to a frameshift and

premature termination of translation at aa 314. The

analysis of splice sites prediction revealed that the prob-

ability of selection of the correct 50 splice site and the site

created by the mutation was almost equal and amounted

to 0.97 and 0.95, respectively.

Regardless of the possible effect of the novel mutation on

the splicing process, the structure of functionally impor-

tant C-terminal region of the encoded transcription factor

was considerably perturbed. Incorrect amino-acid sequence

of the C-end of PAX9 protein was also described in another

large family with oligodontia.4 In this case, the insertion of

Figure 2 Detection of mutation in exon 2 of PAX9. (a) Multi-temperature, single-stranded conformational polymorphism analysis. C, control; III:1,
proband. Arrows show an abnormal MSSCP pattern. (b) Chromatogram showing a novel mutation 619_621delATCinsTACCG ACCAAGGTAGGG-
CATCCCT. All affected family members were heterozygous for this mutation. (c) Segregation of the mutation. Amplified fragment PAX9ex2C was
subjected to polyacrylamide gel electrophoresis in 10% gel. Normal allele, 350 bp; mutated allele 371bp; C, C1, C2, C3, controls; M, molecular size
marker.
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additional G within the paired box sequence at nucleotide

219 resulted in a frameshift and premature termination of

translation 243 codons downstream of the insertion.

Functional analysis of the mutant protein revealed drama-

tically reduced ability to activate transcription.22 This

inactivating mutation impairs the interaction and activa-

tion of the transcription factor recognition sequences on

the promotores/enhancers of target genes. In addition,

immunolocalization data showed an altered cellular loca-

lization of the mutated protein, which appeared to form

aggregates in the cytoplasm and was mislocalized to the

perinuclear region.22 Similar effect of an insertion muta-

tion on PAX9 binding capacity was described by Zhao

et al.28 They identified a novel mutation located in paired

box sequence (109insG) resulting in the loss of function of

the encoded transcription factor. On the basis of these

results, we speculate that our novel mutation might reduce

transactivation activity of PAX9 protein, and might be

responsible for oligodontia.

In order to analyze the effect of PAX9 deletion combined

with insertion on splicing process, the cDNA obtained

from cultured lymphocytes of the affected individual

harboring this mutation was sequenced as well as analyzed

by real-time PCR. Both analyses revealed only the

normal cDNA sequence, whereas the mutated sequence

was not detected. These results confirmed previous reports

that in the living cells exists a very important quality

control mechanism, reducing the amount of nonfunc-

tional mRNAs that might produce truncated proteins.

This nonsense-mediated decay (NMD) mechanism of

eliminating mRNAs containing mutations that introduce

premature termination codons is a common finding in

many diseases.29,30 The effect of the novel mutation of

PAX9 on its mRNA content fulfils requirement of the NMD

619_621delATCinsTACCGACCAAGGTAGGGCATCCCT

novel 5' splice site correct 5' splice site

exon 2                                      5' splice site intron 2

Normal sequence

5' A T C C G C T C C A T C A C C G A C C A A G g t a g g g g c t c a g a g g c t g g g

Mutated sequence

5' A T C C G C T C C T A C C G A C C A A G G T A G G G C A T C C C T A C C G A C C A A G g t a g g g g c t c a g a g g c t g g g 

a

b

Mutated sequence - correct splicing  

Codon No. 204    205     206 207     208     209     210 211

5' ATC  CGC  TCC  TAC  CGA  CCA  AGG  TAG  GGC  ATC  CCT ACC  GAC  CAA 3' 

Ile Arg Ser   Tyr Arg Pro   Arg STOP

Mutated sequence _ aberrant splicing

Codon No. 204    205    206 207     208   209    210   211   212   213  214    215    216   217              311  312    313  314  315

5' ATC CGC TCC TAC CGA CCA AGT GAG CGA CAG CTC CCC CTA CCA..........TCC CCA CAA CTG TGA CAT TCC GGC 3' 

Ile Arg Ser   Tyr Arg Pro  Ser   Glu Arg Gln Leu Pro  Leu Pro...........Ser  Pro  Gln Leu STOP

COOH

341

NH2

1

PD O

COOH

210

NH2

1

PD O

Normal sequence   

Codon No. 204     205    206 207     208     209     210 338      339    340     341 342   

5' ATC  CGC  TCC  ATC ACC  GAC CAA........ ... GCT  TCC  GCG  CTC  TGA 3' 

Ile Arg Ser   Ile Thr Asp   Gln..........Ala   Ser    Ala   Leu STOP

COOH

314

NH2

1

PD O

Figure 3 Putative effect of mutation on the structure of the protein product. (a) Comparison of the nucleotide sequences of the normal and
mutant gene. The mutation that is not only a deletion combined with insertion but also duplication creates a novel 50 splice site. Capital letters, exon
sequence; small letters, intron sequence; green letters deleted sequence; red letters inserted sequence; splice sites are underlined. (b) Comparison of
nucleotide and amino-acid sequences of normal and mutant mRNAs and proteins. Schematic diagrams of wild-type and mutated protein structures
are included. PD, paired domain; O, octapeptide.
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mechanism, suggesting that the absence of mutated cDNA

sequence might result from rapid mRNA degradation.

However, functional assay is required to confirm this

hypothesis.

In conclusion, the novel heterozygous mutation, like all

other mutations responsible for tooth agenesis, might exert

its phenotypic effect through inactivation of one copy of

the protein. However, in the case of the analyzed mutation,

haploinsufficiency might be caused either by reduction of

transactivation capacity of PAX9 protein mediated by C-

terminal amino acids, or by rapid degradation of mutated

PAX9 mRNA via the nonsense-mediated mRNA decay

mechanism.

The phenotypes of all affected family members con-

firmed the view that PAX9 mutations are dominantly

associated with molar agenesis.7,31 The effect of haploin-

sufficiency of PAX9 on the development of incisors and

premolars is probably caused by deficiency of MSX1, whose

mutations mainly affect the development of these teeth.7 It

was demonstrated that at the bud stage, the expression of

Msx1 in knockout mice homozygous for Pax9 deletion is

substantially downregulated.20 In addition, PAX9mutation

might affect normal interactions between PAX9 and MSX1

that play a very important role in the early events

underlying odontogenesis as suggested by Ogawa et al.32

Despite many years of investigations concerning the

molecular processes governing odontogenesis, our knowl-

edge on molecular basis of the most common develop-

mental abnormalities of human dentition remains obscure.

Although PAX9 is one of the main candidate genes, whose

mutations might be responsible for selective tooth agen-

esis, they were found only in a small number of cases. It is

interesting to note that the most recent study has indicated

that polymorphisms localized in the promotor region of

PAX9 might also be associated with hypodontia.33 This

observation throw a new light on etiology of selective

tooth agenesis, suggesting that not only mutations but also

polymorphic variants of main candidate genes might be a

risk factor for this anomaly.
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