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Molecular characterization of a novel PAX9 missense
mutation causing posterior tooth agenesis
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Autosomal dominant mutations in the gene encoding the paired box containing transcription factor PAX9
are associated with nonsyndromic human tooth agenesis that primarily affect posterior dentition. The
molecular mechanisms contributing to its pathogenesis are poorly understood. In this study, we describe a
novel mutation in PAX9 in a family with molar oligodontia. This heterozygous mutation results in the
substitution of a highly conserved isoleucine residue by phenylalanine within the carboxyl-terminal
subdomain of the paired domain. Immunolocalization and cell fractionation studies to ascertain the
subcellular localization of the Ile87Phe protein showed that both wild-type and mutant proteins are
synthesized in mammalian cells and that the mutation does not alter the nuclear localization of the mutant
protein. Gel-shift assays using two cognate paired-domain recognition sequences, e5 and CD19-2(A-ins),
revealed that while wild-type Pax9 binds to both sequences, the mutant protein was unable to bind these
sites. In addition, the latter did not alter the DNA-binding activities of wild-type Pax9. Furthermore, we
evaluated the ability of the Ile87Phe mutant protein to form a complex with a partner protein, Msx1, and
found that the mutation under study has no effect on this interaction. Based on our observed defects in
DNA binding by the mutant protein, we propose a loss-of-function mechanism that contributes to
haploinsufficiency of PAX9 in this family with posterior tooth agenesis.
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Introduction
Studies of the developing mouse tooth germ have yielded

significant insights into the genetics and molecular

mechanisms of mammalian tooth development.1,2 Promi-

nent among these has been the identification of two trans-

cription factors, Pax9 and Msx1, which play fundamental

roles in epithelial–mesenchymal interactions during

odontogenesis. Both are developmental regulatory mole-

cules that are required during normal tooth develop-

ment.1 – 3 Furthermore, human genetics studies have

uncovered distinct patterns of nonsyndromic posterior

tooth agenesis (oligodontia (MIM 604625)) associated with

defects in the two genes. Despite these advances, there

remain gaps in our current understanding of the molecular

pathogenesis of this disorder.

Nonsyndromic familial tooth agenesis is a common

developmental anomaly of dentition characterized by one

or more congenitally missing teeth. The unavoidable

dental consequences include malocclusion because of

improper position of the teeth, deficient growth of the

alveolar processes associated with the missing teeth,4 and
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excess space within the dental arches. Since the initial

discovery of an insertion mutation within the paired

domain of PAX9,5 a spectrum of autosomal dominant

mutations ranging from missense to premature stops have

been associated with the disorder.6 The mutations are

spread throughout the entire PAX9 gene with clustering in

the paired DNA-binding domain. Predictably, many would

alter the resultant protein products to an extent that would

render them nonfunctional.5,7 – 11 Others are suggestive of

haploinsufficiency that can be attributed to deletion of an

allele of PAX9.12 Recently, a loss-of-function mechanism

has been proposed for a substitution mutation within the

amino-terminal (N-terminal) subdomain of the paired

domain that results in a reduction of DNA-binding

affinity.13 Despite these advances, the precise mechanisms

by which other PAX9 mutations, specifically those within

the paired domain, affect the phenotype are not clearly

defined.

Here we report a novel mutation identified in a family

with nonsyndromic autosomal dominant tooth agenesis

and investigate its biochemical and functional conse-

quences through an analysis of the mutant protein derived

from a mouse homologue. Our functional analysis revealed

an abrogation of binding by the mutant protein to two

cognate-paired domain recognition sequences. The ab-

sence of other defects at the protein level suggests that the

disruption of the DNA-binding mechanism underlies the

pathogenesis observed in this family with tooth agenesis.

Materials and methods
Clinical evaluation and pedigree analysis

The family was first brought to our attention by a medical

geneticist at Albert Einstein Medical Center in Pennsylva-

nia. The index case was a 15-year-old female (III:1) with

one affected sibling (III:2, 19 years) and an affected father

(II:1, 54 years) and paternal grandfather (I:1, 83 years). The

affected father had no siblings or cousins and therefore was

the only affected individual in his generation. Detailed

family and medical histories were taken based on a custom

questionnaire and panoramic radiographs and/or intraoral

photos were provided by the family dentist. Clinical

evaluation included a documentation of the teeth present,

as well as a notation of obvious morphological anomalies

such as peg-shaped teeth. This study was approved by the

University of Texas Health Science Center at Houston

Committee for the Protection of Human Subjects. Consent

to participate in this study (including a release for dental

records) was obtained from every adult participant, or a

parental guardian in the case of minors.

Sequencing and mutational analysis

Peripheral blood samples or buccal swabs were obtained for

five members of the family, which include three genera-

tions (four affected and one unaffected). DNA extractions

were performed for all family members using Puregene

DNA isolation kit (Gentra Systems, Minneapolis, MN,

USA), followed by amplification using polymerase chain

reaction (PCR) with primer sets for exons 1–4 of PAX9 and

amplification conditions as previously described,9 and

purification with ExoSap-IT reagent (USB, Cleveland, OH,

USA). Direct sequencing of the coding regions, including

intron–exon boundaries was performed using ABI Big

Dyes terminator reagents (Applied Biosystems, Foster

City, CA, USA) and an ABI PRISM 3730 DNA sequencer.

Sequences were compared using NCBI Blast2 software

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) with

EMBL entries AJ238381, AJ238382 and AJ238383. Addi-

tionally, 100 unrelated control individuals were sequenced.

Construction of GST-fused expression plasmids pGEX-
Pax9 and pGEX-A259T Briefly, a 2.4-kb murine Pax9

cDNA clone comprising the full-length coding sequence

and portions of both the 50- and 30-untranslated regions

that was originally provided by Dr Annette Neubüser

(Research Institute of Molecular Pathology, Wien, Austria)

was used to construct the pGEX-Pax9 expression vector as

previously described.7 To construct pGEX-A259TPax9, in

vitro site-directed mutagenesis was performed using the

QuikChange mutagenesis kit (Stratagene, CA, USA).

Construction of mammalian expression plasmids

The mammalian expression vector pCMV-Pax9 with c-Myc

epitope tag is previously described.7,14 The pCMV-

A259TPax9 expression vector was constructed in the same

manner, using the full-coding sequence of A259TPax9

cDNA (obtained from BamHI–SalI restriction digest of

pGEX-A259T Pax9). Sequencing was performed to verify

the c-Myc epitope was in frame with the N-terminus of

mutant Pax9. The expression plasmid containing the CMV

promoter linked to full-coding sequence of Msx1 was

constructed in pCMV-Tag2b (Stratagene, CA, USA).

Purification of GST-Pax9 and GST-Ile87Phe Pax9 fusion
proteins GST-fusion proteins were generated and purified

as previously described.7

Electrophoretic mobility shift assay Oligonucleotides

corresponding to e5 and CD19-2(A-ins) were synthesized

(Sigma/Genosys, TX, USA) and gel retardation assays were

performed as previously described.7 The oligonucleotide

probes are two previously established high-affinity paired

domain-binding sites. The e5 sequence was originally deri-

ved from the Drosophila even skipped promoter for the

Eve transcription factor.15 Several Pax proteins, including

Pax9, are known to bind to this sequence.16 CD19-2(A-ins)

was chosen as it is a classical paired domain recognition

sequence.14 Initially, radiolabeled e5 or CD19-2(A-ins)

was incubated with 100 ng of affinity-purified GST-Pax9

and GST-Ile87Phe proteins. To detect dominant-negative
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activity of the mutant protein, a fixed amount of GST-Pax9

(200 ng) was added to increasing amounts (200, 400,

600 ng) of GST-Ile87Phe Pax9. Electrophoretic mobility

shift assay (EMSA) was performed using the CD19-2(A-ins)

probe. In all cases, EMSA was performed as previously

described7 and in triplicate.

Subcellular localization of wild-type Pax9 and mutant
Ile87Phe Pax9 in mammalian cells

To demonstrate the in vivo expression of wild-type and

mutant Pax9, COS7 cells were obtained from American

Type Culture Collection (ATTC) and grown as described

previously.7 They were transfected with c-Myc-Pax9 or

c-Myc-A259TPax9 using FuGENE 6 (Roche Molecular

Biochemicals, IN, USA) according to the manufacturer’s

instructions. Subcellular localization of wild-type and

mutant Pax9 proteins was shown by immunolocalization

studies at 48 h after transfection. Transfected cells were

fixed and permeabilized with �101C methanol for 5 min.

Cells were incubated for 1 h with c-Myc antibody at 1:100

dilution, and washed and incubated with a fluorescein iso-

thiocyanate-conjugated goat anti-mouse antibody (Santa

Cruz Biotechnology, CA, USA) to visualize c-Myc. Cells

were examined with an Olympus BH-2 microscope.

To confirm our immunocytochemistry results, nuclear

and cytoplasmic fractions were obtained from cells trans-

fected for 48 h using the Nuclear Extract Kit (Active Motif,

CA, USA) according to manufacturer’s instructions. Wes-

tern blotting was then performed using a previously

established protocol.7

Co-immunoprecipitation

COS7 cells were grown as described previously7 and

cotransfected with c-Myc-Pax9 or cMyc-A259TPax9 and

FLAG-Msx1 using FuGENE 6 (Roche Molecular Biochem-

icals, IN, USA) according to the manufacturer’s instruc-

tions. After 48 h, cells were resuspended in lysis buffer

(50 mM Tris, pH 8.0, 400 mM NaCl, 1% Triton X-100) with

protease inhibitor cocktail tablets (Roche) and incubated

for 30 min on ice. Cell lysates were added to 20 ml of anti-

FLAG M2 affinity gel (Sigma) and rotated at 41C overnight.

The affinity gels were washed with lysis buffer four times

and TBS once and eluted with Laemmli buffer, and

analyzed by Western blotting with 1:200 dilution anti-c-

Myc (9E10) monoclonal antibody (Santa Cruz Biotechno-

logy) or 1:1000 dilution mouse anti-FLAG M2 monoclonal

antibody (Sigma) using ECL kit (Pharmacia Amersham

Biotech).

Results
Identification of an adenine to thymine transversion
in a family with posterior tooth agenesis

We report a phenotype that includes agenesis of perma-

nent posterior teeth in one family that shows an autosomal

dominant inheritance pattern. A detailed clinical exam-

ination revealed a pattern of tooth agenesis similar to those

previously published where molars were predominantly

absent (Figure 1). The affected father and paternal grand-

father, who both reported multiple missing molars, are

omitted from the table as dental records were not available.

All family members were otherwise medically healthy, and

revealed no apparent abnormalities of other organ systems.

Sequence analysis of the affected siblings, father and

grandfather revealed a heterozygous A to T transversion

mutation at nucleotide 259 in exon 2, which encodes the

highly conserved paired domain of PAX9, and an absence

of this change in the unaffected mother. Sequencing of 100

control individuals revealed an absence of the A259T

alteration.

Affected isoleucine residue is evolutionarily conserved
across Pax9 orthologs and related paralogs

This novel PAX9 mutation is predicted to substitute

phenylalanine for isoleucine at position 87 in the predicted

protein sequence (Ile87Phe). Sequence comparisons indi-

cate that the isoleucine residue is invariably conserved

among the paired domains of related PAX gene family

members, as well as Pax9 homologs as distant as Drosophila

(Figure 2).

Nuclear localization signal not disrupted by mutation

To determine whether the mutation affects nuclear

localization of the protein, COS7 cells were transfected

with plasmids encoding Myc-tagged wild-type Pax9 or

mutant Ile87Phe. Using immunocytochemistry, both pro-

teins showed a predominantly nuclear expression 48-h

post-transfection (Figure 3a). Similar results were obtained

by cell fractionation and subsequent Western blot analysis,

also 48 h after transfection (Figure 3b).

Ile87Phe protein exhibits a specific loss of DNA
binding

Since the paired domain mediates DNA binding by PAX9,

we performed EMSAs to determine effects on DNA-binding

affinity. First, a Western blot of the GST-fusion proteins

purified by affinity chromatography revealed that both

proteins were intact and of the correct size. In our EMSA

experiments, wild-type Pax9 efficiently retarded gel migra-

tion of 32P-labelled e5 and CD19-2(A-ins), two known

paired domain-binding sites (Figure 4b).7 In contrast,

equivalent amounts of Ile87Phe displayed no affinity for

the two elements. Additionally, the presence of increasing

amounts of mutant protein with constant amounts of wild-

type protein did not affect the ability of wild-type protein

to bind DNA (Figure 4c).
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Ile87Phe mutation does not affect interaction with
Msx1

To assess the ability of the mutant protein to complex with

another transcriptional regulator in tooth development,

Msx1, we carried out co-immunoprecipitation on extracts

of COS7 cells transfected with epitope-tagged forms of

Pax9 and Msx1. Expression of FLAG-tagged Msx1 with

Myc-tagged wild-type or mutant Pax9 resulted in specific

co-immunoprecipitation of Msx1 with both the wild type

or mutant Pax9 proteins (Figure 5).

Discussion
In this report, we describe the identification of a novel

missense mutation in the paired domain of PAX9 that

results in the substitution of an evolutionarily conserved

isoleucine residue by phenylalanine. The clinical pheno-

type of the family studied reflects a pattern of missing

posterior teeth, primarily involving the molars. Based on

our findings of a loss of DNA-binding ability by the mutant

protein, we propose a loss-of-function mechanism to

explain the resulting tooth agenesis.

The Ile87Phe substitution mutation affects the DNA-

binding region of PAX9, the paired domain. X-ray crystal

structure of the Drosophila PAIRED-DNA17 and PAX6 paired

domain–DNA18 complexes indicates the paired box is a

bipartite DNA-binding domain that is comprised of two

distinct helix-turn-helix (HTH) motifs ((N-subdomain (also

known as PAI) and C-subdomain (also known as RED))

connected by a linker. Although the N-terminal PAI has

been noted in some cases to be the most critical

subdomain, another study provides compelling evidence

that the recognition of DNA targets by Pax proteins

is achieved through the coordinate use of both sub-

domains.19 Indeed, our demonstration of abrogation of

DNA binding by a substitution mutation region within

the C-subdomain supports the notion that this region

plays a crucial role in the normal activities of the PAX9

paired domain.

Our analysis of the paired domains of other members of

the PAX gene family revealed another human genetic

disorder caused by mutation of the equivalent Ile87

residue. In this case, a mutation involving a change from

isoleucine to arginine (Ile87Arg) at the same position

cb
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Maxilla 8 7 6 5 4 3 2 1 1 2 3 4 5 6 7 8

Mandible 8 7 6 5 4 3 2 1 1 2 3 4 5 6 7 8

III:1
* * * * * * * *

* * * * * * * *

III:2
* * * * * * * *

* * * * * * *

Figure 1 Diagnosis of nonsyndromic, autosomal dominant posterior tooth agenesis. (a) Pedigree demonstrating autosomal dominant inheritance
of tooth agenesis. (b, c) Panoramic radiograph of affected individuals lacking most permanent posterior teeth (*). Note the difference in missing teeth
in the two affected siblings. Patient III:2 has a lower right permanent second molar; the patient also has retained primary second molars in all
quadrants. (d) Clinical phenotypes of affected proband and sibling. Stars represent congenitally missing teeth.
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Figure 2 Posterior tooth agenesis is associated with a missense
mutation in PAX9. (a) DNA sequence of paired-box domain of PAX9 in
an affected family member (III:1) showing a substitution mutation
(A-T) at nucleotide 259 in exon 2. (b) The mutation causes an
amino-acid change from an isoleucine to a phenylalanine at residue 87
(Ile87Phe). Analysis of this region of exon 2 in PAX9 indicated that
isoleucine is a highly conserved amino acid within the Pax family of
genes and across species.

Figure 3 Nuclear localization unaffected by Pax9 mutation.
(a) Nuclear localization of Myc-tagged wild-type Pax9 or Ile87Phe
Pax9, represented in green was similar when expressed in COS7 cells.
(b) Western blot of nuclear (N) and cytoplasmic (C) extracts obtained
from transfected COS7 cells also shows wild-type and mutant proteins
are primarily present in the nucleus.

90 kDa

55 kDa

M
ar

ke
r

GST-P
ax

9

GST-Il
e8

7P
he

WB: α-Pax9

Con
tro

l

GST-P
ax

9

GST-Il
e8

7P
he

e5 CD19-2A(Ins)

Complex

Free probe

Con
tro

l

GST-P
ax

9

GST-Il
e8

7P
he

Free probe

GST-Ile87Phe

WT Pax9 -

-

+      +     +

Probe - +      +     +

Complex

Free probe

a

b

c

Figure 4 Ile87Phe mutant is unable to bind paired domain
recognition sequences and does not interfere with DNA-binding
mediated by wild-type Pax9. (a) Western blot of purified recombinant
GST-Pax9 and GST-Ile87Phe Pax9 proteins. GST fusion proteins of the
expected size (B63.5 kDA) are present. (b) Electromobility assay of
two 32P-labelled high-affinity paired domain-binding sites with 100ng
of wild-type Pax9 or Ile87Phe reveals abolished DNA-binding activity
of the mutant. (c) A fixed amount 200ng of GST-Pax9 was added to
increasing amounts (200, 400, 600 ng) of GST-Ile87Phe Pax9. EMSA
was performed using the CD19-2(A-ins) probe.
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within the paired domain of PAX6 has been identified in a

patient with aniridia.20 Functional studies showed the

mutation dramatically reduced the DNA-binding ability of

the paired domain, indicating that the carboxyl-terminal

subdomain is essential for the in vivo function of the

protein. The remarkable conservation of the isoleucine

within the paired domain, coupled with the discovery of a

mutation at the same site in a related gene is strongly

supportive of the notion that Ile87Phe is causative in our

family.

Sequence alignment of all known Pax proteins, including

the Drosophila prd protein indicates Ile87 is an invariant

residue. It lies in the fourth a-helix of the paired domain

within a hydrophobic pocket formed by Val81, Ile99,

Leu103, Ile120, Val123, Leu124 and Leu127. The exact role

of Ile87 is still unclear, but as it is not in the recognition

helix of the HTH motif, it is thus likely to be important in

protein conformation.18 Also, the change from isoleucine

to phenylalanine represents a conservative substitution as

both are nonpolar, hydrophobic amino acids. However,

phenylalanine is considerably bulkier as it has a benzene

ring. This supports the idea that the mutation disrupts the

tight association of the amino acids that comprise the

hydrophobic core, and thus the overall confirmation of the

protein. However, we were unable to detect any effects on

subcellular localization, indicating the mutation does not

alter the nuclear localization signal, nor does it alter the

structure of the protein to the extent where it cannot re-

enter the nucleus. Furthermore, we show that the Ile87Phe

mutant protein is able to physically interact with the

homeodomain-containing transcription factor Msx1. This

suggests a region outside of the paired domain may be

required for protein–protein interactions with Msx1.

Together, our results suggest that perturbation of DNA

binding alone is sufficient for the pathogenesis of tooth

agenesis.

Numerous studies suggest the PAX9 mutant phenotype is

dosage dependent: deletion of the PAX9 locus manifests as

missing permanent teeth and the entire primary denti-

tion;10 missense mutations result in oligodontia of only

the permanent teeth;6,8,13,21 other mutations that would

encode a truncated polypeptide present with missing

permanent teeth, as well as some primary teeth.5,7 – 11

These findings, however, fail to fully explain the mechan-

isms underlying disease-causing mutations that result in

less severe and variable phenotypes where not all posterior

teeth are affected. Our functional analysis of the Ile87Phe

protein demonstrated defects only at the level of DNA

binding. Furthermore, we were unable to attribute a

dominant-negative activity to the mutant protein, as the

wild-type protein was able to efficiently bind DNA in the

presence of the mutant protein. Taken together, our data

suggest the combined activities of the wild-type and

mutant alleles do not reach the threshold level necessary

for normal tooth development.

Our assessment of the structural and functional defects

produced by the Ile87Phe disease-causing mutation repre-

sents an initial step in explaining the pathogenic mechan-

isms underlying PAX9-mediated tooth agenesis. As more

missense mutations are analyzed, it will become possible to

correlate the position of a mutation, and the relative effect

on function, with the observed developmental defects.

This and future studies of naturally occurring paired

domain mutations provides a paradigm for studies inves-

tigating the developmental function of this group of paired

domain-containing transcription factors.
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