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Molecular studies of odontogenesis, using the mouse
tooth as a model system, have shown that tooth devel-
opment is under strict genetic control, which determines
tooth position, number, size, and shape (1–3). More than
200 genes are involved in odontogenesis in mice (4), and
mutations in several of these genes can cause an arrest in
tooth development (Table 1).
Congenital agenesis of one or more permanent teeth

is the most common abnormality of the human den-
tition (5). It occurs in association with other genetic
diseases or as an independent oral trait (6). Non-syn-
dromic hypodontia shows a wide phenotypic hetero-
geneity and is classified as a sporadic or familial form,
inherited in an autosomal-dominant, autosomal-reces-
sive or X-linked mode (7). Population studies have
revealed that the most commonly missing teeth are
third molars (10–25% affected) followed by a defici-
ency of lower second premolars or upper lateral inci-
sors. Agenesis of the first and second molars is very
rare (3, 8, 9). When more than six teeth, excluding
third molars, are missing, the condition is referred to
as severe hypodontia or oligodontia; it occurs in the
general population with an estimated prevalence of
0.25% (10, 11). An extreme case of hypodontia is
anodontia, denoting absence of all teeth (3).
Although tooth agenesis is occasionally caused by

environmental factors, such as various kinds of trauma of
the dental region (12) or by multi-reagent chemotherapy
or radiotherapy (13), the majority of cases of hypodontia
and oligodontia are due to genetic factors. Mutations of
several genes associated with syndromic tooth agenesis,

including ectodermal dysplasias (14), Rieger (15) and
Witkope (16) syndromes as well as those causing oligo-
dontia as an isolated trait, have been identified.
To date, a non-syndromic form of familial and sporadic

tooth agenesis has been associated with mutations in
MSX1 and PAX9 (Table 2). Protein products of these
genes serve as transcription factors that are responsible for
the crosstalk between dental tissues and are essential for
the establishment of the odontogenic potential of the
mesenchyme (2, 17–19). Inmice embryos homozygous for
the Msx1 or Pax9 deletion, odontogenesis is arrested at
the bud stage, suggesting that the expression of these genes
is critical for the development of the dentition (20, 21).

MSX1

MSX1 (Fig. 1A) contains a highly conserved homeobox
sequence encoding a 60 amino acid-long DNA-binding
homeodomain (22). The protein product of MSX1
functions as a repressor of gene transcription and inter-
acts with TATA box-binding protein (TBP) and other
components of the core transcriptional complex, as well
as with other homeoproteins, including members of the
DLX family (23–25). Mice homozygous for Msx1 dele-
tion exhibit secondary cleft palate, deficiency of alveolar
process of the mandible and maxilla, failure of incisor
development, and an arrest of molar development at the
bud stage. Abnormalities of nasal, frontal and parietal
bones as well as of the malleus in the middle ear are also
observed in these animals (20).
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The first mutation associated with human tooth
agenesis discovered in MSX1 was described in a large
family with a severe form of autosomal-dominant
oligodontia (26). This missense mutation (G587C),
localized in the homeobox sequence, resulted in an
Arg196Pro substitution in the homeodomain of the
MSX1 protein. The mutated protein has an abnormal
structure and reduced thermostability compared with the
normal protein. Functional analysis showed that the
DNA binding capacity of the mutant protein, as well as
the interactions with other transcription factors, were
severely impaired (27).
In another large family with orofacial clefting and a

similar pattern of tooth agenesis (lack of third molars and

second premolars), a C314A transversion in MSX1 was
reported (28). The presence of this mutation (Ser105Stop)
indicates thatMSX1 is one of the candidate genes, whose
mutations are responsible not only for tooth agenesis but
also for non-syndromic cleft lip and cleft palate.
More recently, a T182A transversion in MSX1, result-

ing in a Met61Lys substitution in the protein product of
the gene, was described in a family with oligodontia (29).
This mutation was localized in a highly conserved region
that interacts with other transcription factors and was
responsible for transcriptional repression of target genes
(30). In this family, a deficiency of second premolars and
third molars was found, supporting the view that muta-
tions in MSX1 are responsible for a specific pattern of

Table 1
Mouse models relevant to human tooth agenesis

Gene
Chromosomal
localization Type of molecule

Phenotype of the homozygous
knockout mutant References

Homeobox genes
Msx1 5 Transcription factor Mutants lack all teeth 20
Msx2 13 Transcription factor In double Msx1/Msx2 mutants tooth

development is arrested shortly after initiation
47

Dlx1 2 Transcription factor Double mutants lack maxillary molars;
single mutants have normal teeth

48,49

Dlx2 2
Pax genes
Pax9 12 Transcription factor Mutants lack all teeth 21
Pax6 2 Transcription factor Most mutants develop additional upper incisors 50
HMG-box genes
Lef1 9 Transcription factor Mutants lack all teeth 51
Zinc-finger genes
Gli2 1 Transcription factor Mutants lack all teeth 52
Gli3 13
TGFa superfamily
Activin ba 13 Extracellular signalling protein Mutants lack all teeth except upper molars 53
Follistatin 13 Activin-binding protein Abnormal development of lower incisors 53,54
Activin IIA-R Cell surface activin receptor Some mutants lack lower incisors 53,55

Table 2
Mutations of human MSX1 and PAX9

Gene Mutation Localization Effect Protein Phenotype* Reference

MSX1 G587C Exon 2, homeobox sequence Arg196Pro FTA 26
C314A Exon 1 Ser105Stop FTA, isolated

CP or CLP
28

C605A Exon 2, homeobox sequence Ser202Stop Witkope syndrome 16
T182A Exon 1 Met61Lys FTA 29

PAX9 219insG Exon 2, paired box sequence Frameshift at amino acid 73, premature
termination of translation at aa 316

FTA 36

A340T Exon 2, paired box sequence Lys114Stop FTA 37
793insC Exon 4 Frameshift at amino acid 264, premature

termination of translation at aa 315
FTA 38

Deletion of the entire PAX9 locus Lack of the protein product FTA 41
A271G Exon 2, paired box sequence Lys91Glu FTA 39
T62C Exon 2, paired box sequence Leu21Pro FTA
175ins 288pb Exon 2, paired box sequence Frameshift at amino acid 58, premature

termination of translation at aa 177.
FTA

G151A Exon 2, paired box sequence Gly51Ser NFTA 40

The nucleotide numbers are relative to the translation initiation codon within the coding region.
*FTA, familial tooth agenesis; CP, cleft palate; CLP, cleft lip and palate; NFTA, non-familial tooth agenesis.
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tooth agenesis and corroborating the hypothesis on the
odontogenic homeobox code proposed by Sharpe (31).
Recently, a complex rearrangement of MSX1 invol-

ving a GAG insertion and C deletion at nucleotide 250
was identified (S. A. Frazier-Bowers et al., Abstract
No. 20, 32nd Annual Meeting of the AADR, 2003). This
mutation was described in four individuals from a family
with selective posterior tooth agenesis, transmitted as an
autosomal dominant trait.
All mutations in MSX1 associated with selective tooth

agenesis were found in the heterozygous state, suggesting
that the mutant phenotype was caused by haploinsuffi-
ciency, rather than a dominant negative type of inherit-
ance, as originally proposed (27).
It was found that the C605A transversion in MSX1

resulting in generation of a stop codon at amino acid 37
of the homeodomain, was responsible for Witkope
syndrome, which includes agenesis of tooth and nail
dysgenesis (16). The truncated protein, which lacks part
of the homeodomain and the entire C-terminal region,
was presumably improperly folded and unable to bind to
DNA.

PAX9

PAX9 (Fig. 1B) is a member of a gene family encoding
transcription factors that play a key role during embry-
ogenesis (32, 33). Proteins encoded by PAX genes share
a unique 128-amino acid long DNA-binding paired
domain (34, 35). In mouse embryos, Pax9 is expressed in
the mandibular arch mesenchyme prior to any morpho-
logical signs of odontogenesis, and its expression is
maintained thereafter in the developing tooth mesen-
chyme (18). Mice homozygous for Pax9 deletion die
shortly after birth because of breathing problems. These
animals lack all teeth and exhibit a wide range of
developmental defects, including secondary cleft palate
as well as other abnormalities in craniofacial bones and
cartilages. In Pax9-deficient mouse embryos, tooth
development is arrested at the bud stage (21).
The first mutation described in human PAX9 gene was

an insertion of an additional G within the paired box

sequence at nucleotide (nt) 219 of exon 2 in a family with
oligodontia (36). This insertion resulted in a frameshift
and premature termination of translation 243 codons
downstream of the insertion, thereby shortening the
protein by 25 amino acids. Affected individuals had a
normal primary dentition but lacked most of the per-
manent molars. It was demonstrated that this insertion
was responsible for the loss of DNA-binding activity of
the mutated PAX9 protein as well as the observed phe-
notype (J. Mensah et al. Abstract no. 21, 32nd Annual
Meeting of the AADR, 2003).
Another mutation in PAX9 associated with oligo-

dontia was described in a large family with severe tooth
agenesis (37). The A340T transversion created a stop
codon at Lys114 and resulted in a protein truncated in
the C-terminal region of the paired domain. The phe-
notype of the affected individuals harbouring these two
different mutations was nearly identical. They exhibited
an absence of all second and third permanent molars and
partial lack of permanent first molars and second pre-
molars as well as the reduction in size of some of the
teeth.
More recently, an insertion in PAX9 was found in a

large family that shared phenotypic similarities with the
families reported previously (38). In this family, the trait
was also transmitted in an autosomal-dominant way and
involved agenesis of most molars. This Cins793 muta-
tion, leading to premature termination of translation at
amino acid 315, was identified in exon 4 of PAX9, out-
side the paired box. Although the role of the region
encoded by exon 4 remains unknown, it is possible that
the addition of 51 nonsense amino acids may affect
proper folding of the protein, leading to a loss of its
function.
In 2003, Das et al. (39) described three novel muta-

tions in PAX9 associated with molar hypodontia. Two
were missense mutations, resulting in substitutions of
highly conserved amino acids within the paired domain.
A T62C transition coded for exchange of Leu21 for Pro,
and A271G caused a substitution of positively charged
Lys91 for negatively charged Glu. These mutations
probably resulted in functional haploinsufficiency owing
to decreased DNA-binding capacity of the PAX9 pro-
tein. A third and unusual mutation was identified in twin
boys affected with hypodontia. This 288-bp insertion
within exon 2 resulted in a frameshift at amino acid 58
and a premature termination of translation at amino acid
177.
It is noteworthy that two members of the family in

which Leu21Pro missense mutation was described also
displayed cleft lip and palate (39). However, only one of
the affected individuals carried this mutation. It is
possible that the presence of the T62C transition may
have decreased the threshold for orofacial clefting in this
individual.
Interestingly, a mutation in PAX9 was recently iden-

tified in a person with non-familial tooth agenesis (40).
This individual lacked third molars, second premolars
and some incisors, resembling phenotypes associated
with mutations in MSX1, as well as other mutations in
PAX9. This novel G151A transition resulted in a

Fig. 1. Schematic view of human MSX1 (A) and PAX9
(B) genes. The regions encoding the homeodomain (HD) or
paired domain (PD) are shaded. Arrows indicate location of
known mutations.
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Gly51Ser substitution in the PAX9 protein, and was
localized the in helix–turn–helix motif of the N-terminal
half of the paired domain which determines DNA
binding capacity.
All heterozygous mutations of PAX9 associated with

tooth agenesis were likely due to a loss of function of
one copy of the protein, leading to haploinsufficiency
(36–40). Das et al. (41) recently described a small nuclear
family harbouring a heterozygous deletion of the entire
PAX9 locus. The female proband and her father were
had severe hypodontia involving agenesis of all primary
and permanent molars. This confirmed that PAX9 is a
dosage-sensitive gene.
It is noteworthy that in knockout mice heterozygous

for Pax9 deletion, no abnormalities in tooth develop-
ment were found. Thus, Pax9 does not appear to be
dosage-sensitive in mice. This might reflect the usage of
different expression factors and a markedly different
dental pattern between mice and men (41).

Concluding remarks

The studies reviewed strongly emphasize the importance
of MSX1 and PAX9 in tooth development, and suggest
that mutations in these genes are responsible for a spe-
cific pattern of inherited tooth agenesis. Haploinsuffi-
ciency of MSX1 protein affects the development of all
teeth, preferentially third molars and second premolars,
while reduced amount of PAX9 protein specifically
affects molar development. The effect of haploinsuffi-
ciency of PAX9 on the development of incisors and
premolars is probably caused by a deficiency of MSX1
protein (37, 40), since expression of Msx1 in knockout
mice homozygous for a Pax9 deletion is attenuated (21).
The observed variations in the pattern of tooth agenesis
suggest that other mutated gene products, acting in the
same signalling pathways as MSX1 and PAX9, may
influence the patterning of dentition.
Specific patterns of hypodontia in families harbouring

mutations in MSX1 might reflect the odontogenic
homeobox code proposed by SHARPE et al. (31). Prior
to initiation of tooth development, they identified, in
mouse facial mesenchyme, overlapping spatially restric-
ted centres of homeobox gene expression, designated as
�domains�, which might determine the identity of each
individual tooth. Homeobox genes Msx1 and Msx2 are
expressed in the presumptive incisor region, while at the
same developmental stage Barx1, Dlx1, and Dlx2 are
coexpressed in the presumptive molar region and prob-
ably play a role in the development of molars.
The existence of the odontogenic homeobox code was

extended by Peck et al. (42), who examined relationship
between malpositions of permanent canines and tooth
agenesis in humans. They showed that within the
anterior orofacial field, the transposition of maxillary
canine–first premolar was associated with agenesis of
maxillary second incisors, whereas within the posterior
orofacial field, palatally displaced canine and mandibu-
lar lateral incisor–canine transposition were associated
with increased agenesis of molars. According to their

findings, both MSX1 and PAX9 would be candidate
genes that specify the posterior orofacial field, since
mutations in MSX1 were linked mainly to agenesis of
third molars and second premolars, while mutations of
PAX9 were linked to agenesis of all molars. MSX1
would also be a candidate gene for specification of the
anterior orofacial field, since haploinsufficiency of MSX1
also affected another tooth families.
It is also noteworthy that phenotypes caused by defi-

ciency of MSX1 protein might depend on the localization
of mutations and their effect on the protein structure and
function. Two substitution mutations, Arg196Pro (26)
and Met61Lys (29) cause only familial non-syndromic
tooth agenesis. Frameshift mutations, Ser202Stop
mutation (16), resulting in a protein that lacks the
C-terminal end of the homeodomain, impairs not only
teeth but also nail formation, while Ser105Stop mutation
(28), causing complete absence of the MSX1 homeodo-
main, is responsible for the most severe phenotype,
which includes orofacial clefts with accompanied tooth
agenesis.
To date, the developmental mechanisms by which

mutations in MSX1 and PAX9 exert their effect on the
patient’s phenotype have not been elucidated. However,
by analogy to thedevelopment of dental structures inmice,
where expression ofMsx1 and Pax9 in the mesenchyme is
required for transition from the bud to the cap stage (2),
one may presume that the human genes might be involved
in the same stages of tooth development. In mice, in the
bud stage these two transcription factors are required for
the maintenance of mesenchymal expression of Bmp4,
involved in enamel knot formation that directs transition
to the cap stage (2, 3). In humans, however, molecular
mechanisms underlying enamel knot formation are poorly
understood, but one can assume that the processes of
transition from the bud to the cap stage might require
protein products of the homologous genes.
Although MSX1 and PAX9 are the strongest candi-

date genes for specific forms of tooth agenesis, mutations
in these genes were detected only in some affected indi-
viduals (43, 44). Genes expressed in the early dental
epithelium in mice such as Bmp4, Bmp7, Dlx2, Dlx5,
Fgf1, Fgf2, Fgf4, Fgf8, Lef1, Gli2, and Gli3 are also
potential candidates (45). Based on existing evidence, it
seems possible that both hypodontia and oligodontia are
heterogeneous traits, caused by several independent
defective genes, which act along or in combination with
other genes and lead to specific phenotypes (46).
Suitable genetic models of isolated tooth agenesis are

syndromic forms and oral clefts, since tooth development
and palate formation share similar developmental
mechanisms (46). Studies on the molecular basis of non-
syndromic cleft lip and cleft palate, and identification of
defective genes responsible for the at least 45 syndromes
associated with tooth agenesis may therefore facilitate
the search for candidate genes for isolated forms of this
developmental anomaly.
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