
Introduction

Tooth development is regulated by reciprocal inter-
actions between ectodermal and mesenchymal cells
(Thesleff and Sharpe 1997). These interactions in-
volve a complex signalling network composed
of numerous molecules including growth factors,
members of FGF, BMP, Wnt and Hedgehog fami-
lies, as well as transcription factors such as MSX1
or PAX9 (reviewed by Zhang et al. 2005). It has
been demonstrated that in Msx1- and Pax9-defi-
cient mouse embryos, odontogenesis is arrested
at the bud stage. These animals also exhibit sec-
ondary cleft palate and many other craniofacial
abnormalities (Satokata and Maas 1994; Peters
et al. 1998). In situ hybridization analysis revealed
that at the bud stage, Msx1 and Pax9 are
coexpressed in tooth mesenchyme, and there is

a direct interaction between protein products of
these genes (Tucker et al. 1998; Ogawa et al.
2005). Their function is required for Bmp4 expres-
sion, whose protein product is involved in forma-
tion of the enamel knot, directing the next phase of
tooth development (Peters and Balling 1999).

The vital role of MSX1 and PAX9 in human tooth
development has been confirmed by the observation
that mutations of these genes cause familial and spo-
radic forms of selective tooth agenesis (Vastardis
et al. 1996; van den Boogaard et al. 2000;
Jumlongras et al. 2001; Lidral and Reising 2002;
Stockton et al. 2000; Nieminen et al. 2001; Das
et al. 2002; Frazier-Bowers et al. 2002; Das et al.
2003; Lammi et al. 2003; Mostowska et al. 2003a;
de Muynck et al. 2004; Jumlongras et al. 2004;
Klein et al. 2005; Mostowska et al. 2006). This
most common developmental anomaly of dentition
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usually involves 3rd molars and affects 10–25%
of the general population (OMIM: #106600,
#604625). Tooth agenesis is mainly inherited in an
autosomal dominant manner; however, its
autosomal recessive and X-linked forms have also
been described (Burzynski and Escobar 1983).

All dominantly inherited MSX1 and PAX9

mutations have been identified in a heterozygous
state, suggesting that their phenotypic effect is due
to haploinsufficiency. This supports the view that
MSX1 and PAX9 are dosage-sensitive genes
(Nieminen et al. 2001). Furthermore, these genes
have been associated only with familial forms
of selective tooth agenesis, with the exception
of c.151G>A transition of PAX9 responsible for
a sporadic form of oligodontia (Mostowska et al.
2003a).

In addition, mutations of MSX1 have been
associated not only with the isolated but also with
the syndromic form of inherited tooth agenesis,
including combinations with cleft lip, cleft palate
or Witkope syndrome (van den Boogaard et al.
2000; Jumlongras et al. 2001). Numerous reports
indicate that mutations or polymorphisms of
MSX1 might also constitute risk factors for
isolated forms of orofacial clefts, supporting its
critical role in craniofacial development (Lidral
et al. 1998; Jezewski et al. 2003).

Most recent studies indicated that both
hypodontia and oligodontia might also be
associated with mutations of AXIN2, which
encodes a negative regulator of Wnt signalling
pathway, as well as with polymorphisms of the
gene encoding transforming growth factor
a (Lammi et al. 2004; Vieira et al. 2004).
Interestingly, mice homozygous for the AXIN2

and TGF� deletion presented no dental anomalies
(Yu et al. 2005; Mann et al. 1993).

In this report we describe a novel unusual
mutation of MSX1 that might be responsible for
selective tooth agenesis in our patient lacking 14
permanent teeth.

Material and methods

Patient and controls

The male proband was a patient of the Department
of Orthodontics, University of Medical Sciences
in Poznañ. A pedigree of his family was made by
clinical examinations and interviews with all
available family members and the diagnosis of
oligodontia was verified by panoramic dental

radiographs. The study was conducted under
written consents of all family members and was
approved by the local Ethics Committee.
Furthermore, 180 unrelated individuals, who were
not affected with tooth agenesis (excluding 3rd
molars), were used as controls.

Screening for mutations and sequencing

Two exons of MSX1 were PCR amplified with the
use of 8 overlapping primer pairs, as previously
published (Lidral et al. 1998). The 4 exons of
PAX9 were amplified with the use of 6 sets
of designed primers (sequence of primers
available on request). In order to screen for
mutations, amplified fragments were subjected to
single-stranded conformational polymorphism
analysis at room temperature (SSCP) or
in a temperature gradient (MSSCP), carried out
in a DNA Pointer Mutation Detection System
(Kucharczyk T.E., Warsaw, Poland). To establish
the localization and character of the mutation,
the amplified fragments showing aberrant SSCP
band patterning were purified by the GelOut
system (A & A Biotechnology, Warsaw, Poland)
and sequenced by using an ABI Prism BigDye
Terminator v3.1 Cycle Sequencing Kit and an ABI
310 genetic analyser (Applied Biosystems, Foster
City, CA, USA).

Restriction fragment length polymorphism

(RFLP) analysis

Genomic DNA of all family members and 180
healthy individuals was amplified with the use of
primers MSX2.1F: GGCTGATCATGCTCCAA
TGCT and MSX2.4R: GCACCAGGG CTGGA
GGAATC. The annealing temperature was 64°C.
PCR products were next subjected to restriction
digestion with TaqI (T/CGA) according to the
manufacturer’s instruction (Fermentas, Vilnius,
Lithuania). Digestion products were analysed
either by 2% agarose or 8% polyacrylamide gel
electrophoresis.

Results

Clinical diagnosis

Clinical examinations and panoramic dental
radiographs revealed that the proband (III:1)
lacked 14 permanent teeth (Figure 1A). The types
of congenitally missing teeth included 3rd and 2nd
molars, premolars, and mandibular central
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incisors. Moreover, it was observed that upper
central incisors narrow to incisive margin of tooth
and that the eruption of 2nd upper molars was
delayed. The proband’s primary dentition did not
show any abnormalities. In addition, clinical
examinations and interviews revealed that he was
the only member of the investigated family
affected with selective tooth agenesis.
The remaining individuals had normal primary as
well as permanent dentition, which was confirmed
in proband’s mother by a panoramic radiograph
(Figure 1B). Examination for other ectodermal
abnormalities of nails, hair, skin and sweat glands
as well as for craniofacial malformations,
including orofacial clefts, did not reveal any
defects in any family members.

Mutation analysis

In the proband with oligodontia an abnormal
mobility of single-stranded fragments of DNA
was demonstrated upon MSSCP analysis of the
amplified fragment of exon 2 of MSX1 (not
shown). Sequence analysis revealed a novel
heterozygous mutation c.581C>T localized
in a highly conserved homeobox sequence
(Figure 2), which results in alanine to valine
substitution at amino acid 194 (29th position of the
homeodomain). In addition, DNA sequencing
revealed that the novel mutation was present
in heterozygous state, not only in the proband but
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Figure 1. Panoramic radiographs of the proband (III:1)
aged 15 y (A) and his healthy mother (II:2) aged 36 y (B),
and schematic diagram of the proband’s permanent
dentition. The FDI numbering system was used to
designate missing teeth. The mother’s lower 1st molars
were extracted. Asterisks indicate congenitally missing

teeth.

Figure 2. Results of sequence analysis of exon 2 of MSX1.
The heterozygous transition c.581C>T observed in the
proband (III:1), his mother (II:2) and her father (I:1)

causes Ala194Val substitution.

Figure 3. Results of restriction fragment length
polymorphism (RFLP) analysis and the proband’s pedigree.
The PCR-amplified fragments of exon 2 of MSX1 557bp in
length were digested with TaqI (T/CGA). The mutant allele
was cleaved into 365-bp and 192-bp fragments, whereas the
wild type allele remained uncut. C = control; U = undigested

fragment; M = molecular size marker.



also in his healthy mother (II:2) and her father (I:1)
(Figure 2).These results were confirmed by RFLP
analysis with the use of TaqI endonuclease
(Figure 3). The same analysis excluded c.581C>T
polymorphism, since this transition was not
detected in 180 healthy, unrelated individuals.

No other mutations in the coding regions
of MSX1 and PAX9 were identified. We found
2 known polymorphisms of MSX1 (c.452-15delT,
c.*6C>T) and 2 known polymorphisms of PAX9

(c.717C>T, c.718G>C); however, they were
identified only in healthy members of the
investigated family (results not shown).

Discussion

Our findings indicate that the novel heterozygous
transition found in MSX1 might be responsible for
selective tooth agenesis in the proband with severe
hypodontia. This mutation resulting in Ala194Val
substitution is localized at the beginning of the 2nd
helix of the highly conserved homeodomain. To
date, mutations identified in the homeodomain-
containing proteins have been associated with
many diseases, including not only developmental
abnormalities but also metabolic disorders
(reviewed by Chi 2005). These mutations might
affect post-transcriptional modifications of the
primary transcript, protein expression level,
protein stability, localization, and interactions
with other proteins (Wang and Moult 2001).

The novel Ala194Val substitution of MSX1 is
located only 2 amino acid residues from the first
mutation (Arg196Pro) associated with human
tooth agenesis reported by Vastardis et al. (1996).
Functional analysis of this mutated protein

revealed that its ability to interact with DNA
and other transcription factors as well as its
transcriptional repression capacity were severely
impaired (Hu et al. 1998). It is noteworthy that
also the phenotype of our patient is similar to that
of individuals with the Arg196Pro substitution.
He had normal primary dentition but lacked all
molars and 2nd premolars. In addition the proband
was missing some of his 2nd molars, 1st premolars
and lower 1st incisors. These observations may
suggest that the novel heterozygous c.581C>T
transition leads to a similar effect on the gene
product, and might be responsible for the loss of
function of the encoded protein. Moreover, this
finding confirms the view (Nieminen et al. 2001)
that haploinsufficiency of MSX1 protein affects
the development of all teeth, but preferentially 3rd
molars and 2nd premolars.

The most surprising finding was the
observation that the novel mutation was identified
not only in the proband with the lack of 14
permanent teeth, but also in his mother and her
father that did not show any developmental
abnormalities of dentition. There are several
possible explanations for this finding.

First, it might suggest that the oligodontia in
this family shows incomplete penetrance. Similar
results were described by Suzuki et al. (2004),
who identified in the Vietnamese population
a MSX1 mutation associated with nonsyndromic
cleft lip and cleft palate. This c.440C>A
transversion, which was located beyond
the homeobox sequence, resulted in the
substitution of a highly conserved proline for
glutamate at position 147 and also showed
incomplete penetrance.
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Figure 4. Sequence alignment of the homeodomain of MSX protein across various species. Only fragments
of homeodomains are shown (aa 12–46). The arrow indicates the conserved alanine at residue 29 of the human MSX1

homeodomain (corresponding to 194aa of MSX1 protein).



Second, the phenomenon of incomplete
penetrance might support the view that both
hypodontia and oligodontia are oligogenic traits
caused by mutations of several genes (Vieira et al.
2004). According to this view, the phenotype
of our proband might result from 2 or more
mutations of main candidate genes, including the
c.581C>T transition in MSX1. From the long list
of the candidate genes, whose protein products
play a critical role in odontogenesis (reviewed by
Mostowska et al. 2003b; Zhang et al. 2005), we
excluded only PAX9, since we did not find any
mutations of this gene in the affected proband.

Third, the phenotypic effect of the novel
mutation in the homeobox sequence observed
in only one of its carriers might also indicate that
this transition is a rare polymorphism of MSX1.
However, the highly conserved character of
the mutated nucleotide (Figure 4) as well as
the number of analysed control alleles (360)
denied this presumption.

Finally, it is also possible that the lack of teeth
in our proband might be caused by a de novo

germline mutation of another gene involved in
tooth development (sporadic case). However,
if we make this assumption, the role of mutations
of MSX1 in the aetiology of selective tooth
agenesis and orofacial clefts might be
considerably weakened.

In conclusion, we identified a novel transition
in the homeobox sequence of MSX1, which might
throw light on the molecular basis of selective
tooth agenesis. This is the first report indicating
that mutations responsible for oligodontia might
show an incomplete penetrance and implies that
this common developmental anomaly might be an
oligogenic trait caused by simultaneous mutations
of different genes.
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