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Objectives – To describe the dentofacial phenotypes of three sisters with severe

non-syndromic oligodontia, to report on the mutation analysis in three genes,

previously shown to cause various phenotypes of non-syndromic oligodontia and in

two other suspected genes. Based on the phenotypes in the pedigree of this family,

the different possible patterns of transmission are discussed.

Methods – Anamnestic data and a panoramic radiograph were taken to study the

phenotype of the three sisters and their first-degree relatives. Blood samples

were also taken to obtain their karyotypes and DNA samples. Mutational screening

was performed for the MSX1, PAX9, AXIN2, DLX1 and DLX2 genes.

Results – The probands� pedigree showed evidence for a recessive or multifactorial

inheritance pattern. Normal chromosomal karyotypes were found and – despite

the severe oligodontia present in all three sisters – no mutation appeared to

be present in the five genes studied so far in these patients.

Conclusions – In the three sisters reported, their common oligodontia phenotype

is not caused by mutations in the coding regions of MSX1, PAX9, AXIN2, DLX1 or

DLX2 genes, but genetic factors most probably play a role as all three sisters

were affected. Environmental and epigenetic factors as well as genes regulating

odontogenesis need further in vivo and in vitro investigation to explain the

phenotypic heterogeneity and to increase our understanding of the odontogenic

processes.

Key words: AXIN2 ; DLX1 ; DLX2 ; etiology; MSX1; mutation screening; oligodontia;

PAX9

Introduction

The absence of one or more teeth is a common developmental anomaly in

man. The incidence of missing permanent teeth has been reported to vary

from 1.6% to 9.6% in various populations, excluding the third molars,

which are absent in around 20% (1). The incidence of missing teeth in the

primary dentition is considerably lower (0.08–1.55%) (2). After the third

molars, the second premolars (3.4%) and the maxillary lateral incisors

(2.2%) are most commonly affected (3). Agenesis involving first and

second molars is extremely rare. Oligodontia is the term conventionally

used in cases where six or more teeth are missing.
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The etiology of tooth agenesis is still largely unknown

(4); however, a definite familial trend has been reported

(5, 6). Brook (6) suggests that most cases of hypodontia

have a polygenic inheritance pattern and that the risk

of relatives having hypodontia will depend on a com-

bination of numerous genetic and environmental fac-

tors, each with a small effect. Hypodontia may occur in

isolation or in association with such syndromes as

ectodermal dysplasia, Down�s syndrome, Ellis-van

Creveld syndrome and such conditions as cleft lip and

palate (7–10). Familial tooth agenesis is transmitted as

an autosomal dominant, a recessive or an X-linked

condition (11).

Over 200 candidate genes have been demonstrated to

be active in tooth development (12). Theoretically, a

mutation in any of these developmental genes could

result in a failure of tooth development. Studies of the

molecular mechanisms involved in murine tooth

development have led to the identification of many

candidate genes that might be involved in human hyp-

odontia. Vastardis (13) recommended the use of human

molecular genetics combined with �family studies�

(pedigree analysis) to identify the genes involved in

hypodontia. Also much of the understanding regarding

the importance of genes during tooth development has

been obtained from studies of knockout and transgenic

mice. In MSX1 and PAX9 knockout mice tooth develop-

ment arrests at the bud stage while teeth in MSX1 ⁄ MSX2

double mutants arrest at the lamina stage. To date,

mutations in three different genes and two loci have

been identified to cause non-syndromic oligodontia in

humans (14, 15). Mutations of the MSX1 (16, 17) or the

PAX9 (18–26) genes create an impairment of one or more

molecular processes that regulate tooth formation (27).

More recently, AXIN2 mutations have been reported to

cause colon cancer in combination with oligodontia

(28). In a large Chinese kindred oligodontia, called

He-Zhao deficiency, was transmitted in an autosomal

dominant fashion with incomplete penetrance (29).

The affected members had normal primary dentition,

followed by the absence of most permanent teeth,

excluding first and ⁄or second permanent molar and

central maxillary incisors. The gene locus was mapped to

chromosome 10q11.2 (14). KROX-26 ⁄ ZNF22 expressed

in human tooth development is a potential candidate

gene (30). Another locus associated with autosomal

recessive hypodontia has been reported in a Pakistan

kindred on chromosome 16q12.1 (15).

The objective of the present study was to screen

likely candidate genes causing the severe oligodontia in

three sisters and to identify the genotype ⁄phenotype

correlation.

Materials and methods

Three sisters, V.H.J., V.H.A. and V.H.L., with congeni-

tally missing deciduous and permanent teeth presented

at the orthodontic clinic (Department of Orthodontics,

Catholic University Leuven) for diagnostic evaluation

and treatment planning of their oligodontia. At the time

of their first consultation, these Caucasian girls were

aged, respectively, 9 years, 8 years and 5 years.

Pedigree construction was made by interviews and

clinical examination. An intra-oral examination was

done to assess the presence of the teeth, the tooth size,

tooth morphology and eventual enamel abnormalities.

A panorex radiograph from available members of the

family was taken to assess the dental development

(Fig. 1). Extra- and intra-oral pictures of the three sis-

ters were made (Figs 2 and 3). Anamnestic data of

medical history were recorded and a familial anamne-

sis for the occurrence of agenesis was also performed.

A thorough clinical examination of other tissues of

ectodermal origin – the skin, hair, nails, sweat glands,

ears and eyes – was also done.

A blood sample was taken from the three sisters and

their parents for obtaining the karyotype and DNA

samples. Karyotypes were studied by G-banding.

Genomic DNA was isolated from peripheral lympho-

cytes. Mutational screening was done in Institute of

Dentistry, Biomedicum, University of Helsinki, Finland.

The coding region and flanking intronic sequences of

AXIN2, MSX1, PAX9, DLX1 and DLX2 were subjected for

32 cycles of amplification with Dynazyme Ext DNA

polymerase (Finnzymes, Espoo, Finland) in a buffer

with 1.5 mM MgCl2. The amplification conditions and

primers for AXIN2 were as described in Lammi et al.

(28) and for PAX9 as in Nieminen et al. (19). The con-

ditions and primers for MSX1, DLX1 and DLX2 are

described in Table 1. The PCR products were purified

enzymatically with ExoSAP-IT (USB, Cleveland, OH,

USA) according to the manufacturer�s instructions. PCR

products were sequenced with dye terminator chem-

istry (ABI Prism� BigDyeTM Terminator Cycle

sequencing kit, version 3.1; Applied Biosystems, Foster
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City, CA, USA) and subjected to capillary electro-

phoresis in an ABI3730 Automatic DNA sequencer in

the Molecular medicine sequencing laboratory, Bio-

medicum, Helsinki, Finland. Sequencing results were

compared with the wild-type reference sequences with

bl2seq.exe software (NCBI, Bethesda, MD, USA).

Results

The radiographic examination showed the absence of,

respectively, 12 (V.H.J.) and 15 (V.H.A.) permanent

teeth in the two oldest sisters, excluding the wisdom

teeth (Fig. 4a, b and Table 2). Absence of primary teeth

could not be confirmed in the two oldest sisters

because no early dental radiographs were available.

The radiographic examination of the youngest sister

(V.H.L.) showed the absence of at least seven perma-

nent teeth (Fig. 4c and Table 2). Owing to the early

stage of development, the presence of second premo-

lars, second and third molars could not be confirmed at

this time. Only for the youngest sister (V.H.A.), two

missing primary teeth could be ascertained, i.e. the

upper deciduous lateral incisors.

The intra-oral examination showed reduced crown

sizes, especially the incisors presenting a peg-shaped

a b c

Fig. 2. Extra-oral pictures of the three sisters. (a) V.H.J. (b) V.H.A. (c) V.H.L.

a

b

c

Fig. 1. Panorex radiographs. (a) V.H.J. (b) V.H.A. (c) V.H.L.
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form (Fig. 3). No enamel hypoplasia was found. The

clinical examination showed no abnormalities in other

ectodermal tissues pointing to isolated non-syndromic

oligodontia in all three sisters. The clinical examination

of the other available members of the family revealed

that:

1) the mother of the girls has a full complement of

teeth, while the father has agenesis of the two lower

second premolars; none of them has clinical ecto-

dermal abnormalities;

2) one sister of the mother has peg-shaped upper

laterals; and

3) two female cousins of the father lack several

permanent teeth.

Karyotype was normal, 46,XX after G-banding in the

three sisters. The mutation screening did not reveal any

mutations in the MSX1, PAX9, AXIN2, DLX1 or DLX2

coding regions or exon–intron junctions.

Discussion

To date, mutations in three different genes have been

identified to cause non-syndromic oligodontia in

humans: MSX1, PAX9 and AXIN2 (31).

PAX9 belongs to a gene family encoding for tran-

scription factors during global embryogenesis. It con-

tains a paired box, a sequence encoding a specific DNA

binding domain. During odontogenesis, PAX9 plays an

important role in the sequential and reciprocal signal-

ing cascades between epithelial and mesenchymal cell

layers. Up to now, 15 heterozygous mutations of the

PAX9 gene have been reported (18–26). Most of these

were associated with familial, non-syndromic form of

tooth agenesis. Although there is considerable pheno-

typic heterogeneity, molars are the most affected teeth.

However, in this family the upper lateral incisors are

the most frequently missing teeth, followed by the

upper canines and premolars, the lower lateral incisors

and the lower second premolars.

The MSX1 gene is expressed in the dental mesen-

chyme during odontogenesis. As a member of the

homeobox family, this gene encodes for a DNA binding

sequence. The MSX1 protein represses transcription

and, besides PAX9, it also interacts with other compo-

nents during the signaling pathways of odontogenesis

like the DLX-family or TATA-binding protein. So far,

seven MSX1 mutations as well as some whole gene

deletions have been discovered in oligodontia patients,

all heterozygous (16, 17). Third molars, second pre-

molars and incisors seem to be the most frequently

missing teeth.

The AXIN2 gene is located on chromosome 17 and is

known as a negative feedback regulator of Wnt-sig-

naling, which regulates early organ differentiation and

development and plays a key role in many basic

cell functions, like cell homeostasis. Disturbance of

a

b

c

Fig. 3. Intra-oralpictures. (a) V.H.J. (b) V.H.A. (c) V.H.L.
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Wnt-signaling may cause cancer. During tooth devel-

opment, AXIN2 is expressed in the dental mesenchyme,

the odontoblasts and the enamel knot, and it is

suggested that it is needed for down-regulation of

Wnt-signaling at specific stages. Recently, two AXIN2

mutations have been reported (28, 32). One was

reported in a large family with familial tooth agenesis

and colorectal cancer or precancerous lesions of

variable types. The oligodontia phenotype here is

rather severe as the affected family members lacked

most permanent molars, premolars, lower incisors and

upper lateral incisors. The other was a de novo germline

mutation in a 13-year-old patient with an oligodontia

phenotype as described above. Because of his

young age, the cancer predisposition could not be

demonstrated (28).

DLX1 and DLX2 are members of a family of genes

orthologous to the Drosophila distal-less homeobox

gene. DLX1 and DLX2 are the first genes to be identified

a

b

c

Fig. 4. Panorex radiographs. Each missing permanent tooth is indi-

cated with x. Missing deciduous teeth are not indicated. (a) V.H.J. (b)

V.H.A. (c) V.H.L.

Table 1. The conditions and primers for MSX1, DLX1 and DLX2

Gene Target Forward primer Reverse primer Ann. T Added reagent

MSX1 Promoter AGGAGAGGAGGGCAGAAGAG ACACCGAGTGGCAAAGAAGT 57 10% DMSO

MSX1 Exon 1 CCCGGAGCCCATGCCCGGCGGCTG CTCCCTCTGCGCCTGGGTTCTGGCT 64 5% DMSO

MSX1 Exon 2 ACTTGGCGGCACTCAATATC AGAGGCACCGTAGAGCGAG 59 2% DMSO

DLX1 Exon 1 GACCTTCGCTGAGTCAAAGC CGCTCCTTCTTTCCCTCTCT 58

DLX1 Exon 2 TTGAACGTTCTCTCCCTGGT CAGCGAGCAACAAATGAAGA 58

DLX1 Exon 3 TTGGGAGGTCCTATCTCTGC CCTCTGGGTCCTTCTTTTCC 58

DLX2 Exon 1 GAAAGAGGATGCGACCAGAG TAGACCGACTCGGCACTCTT 58 2% DMSO

DLX2 Exon 2 GTTCAGTGCACCCACCTCTT GCAGGCCTGGAAATCCTTA 59

DLX2 Exon 3 TAGCCAGCGGTTTTTCTCTG CGGGGTAAGCAATGAGGATA 59 3 mM MgCl2, 5% DMSO

Ann. T, annealing temperature.

Table 2. Chart of the congenitally missing permanent teeth

Individuals ID and

dental arch

Congenitally missing permanent teeth

Right Left

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

V.H.J.

Maxillary * * * * * * * *

Mandibular * * * *

V.H.L.

Maxillary * * * * * * * *

Mandibular * * * * * * *

V.H.A.

Maxillary * * * *

Mandibular * * *

*Congenitally missing tooth; 1 and 2 = central and lateral incisors,

respectively; 3 = canine; 4 and 5 = first and second premolars,

respectively; 6, 7 and 8 = first, second and third molars, respectively.
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that have a role in odontogenic patterning (33). Mice

with targeted null mutations of both DLX1 and DLX2

homeobox genes do not develop maxillary molar teeth

but incisors and mandibular molars are normal. DLX1

and DLX2 thus appear to have a functionally redundant

role in development of maxillary molar teeth but are

not required for development of incisors or mandibular

molars.

So far, mutations in the genes (MSX1, PAX9 and

AXIN2) studied has been found almost exclusively in

families with dominant inheritance (there are a few

de novo mutations). From literature and experience

from dental clinics, it is known that there are plenty of

cases of severe agenesis with apparently more complex

than simple dominant inheritance and this family seems

to belong to this group. The etiology in these cases most

probably consists of multiple genetic and environmen-

tal factors (6). The genetic changes may be more subtle

on the molecular level than dominant mutations. These

changes may be present in genes that we have not yet

associated with human tooth agenesis, in genes associ-

ated with syndromes or in the genes that we studied in

this family. In fact there are several common polymor-

phisms in the latter genes that may be involved but so far

one has no good idea of which ones. Although we did not

found a mutation in the three sisters, genetic factors are

most probably involved in the etiology of the agenesis in

this family, because the dental phenotype (severe

oligodontia) was present in all three sisters.

The considerable variation in the number and type of

missing teeth is typical for familial oligodontia (16, 19,

20, 24). However, the dental phenotypes in this family

were more severe than and different from oligodontia

in families with mutations reported elsewhere.

The phenotype of these sisters also differed from

hypohidrotic ectodermal dysplasia (HED), in which

both deciduous and permanent teeth are severely

affected. Furthermore, the other ectodermal symptoms

in nails, hair or skin typical for HED were not found in

the three sisters or the parents. The youngest sister

is the only one in which also deciduous teeth were

certainly missing.

This is a case of isolated hypodontia in one family

with almost no hypodontia in deciduous teeth. In most

cases, in which the causal genetic factor was identified

– like mutations in the MSX1, PAX9 or AXIN2 genes, the

segregation of the oligodontia phenotype was the result

of autosomal dominant inheritance, which is not the

case in this family. Therefore, other types of transmis-

sion should be considered:

1) Reduced penetrance. Recently, a transition mutation

was reported in the MSX1 gene which appeared to

be present in one of the healthy parents of the

proband (34). As in this family, the sister of the girls�

mother has a cone-shaped incisor, the mother could

possibly be an asymptomatic carrier of a mutation;

moreover as the father shows isolated agenesis of

two lower premolars, reduced penetrance should be

considered in these cases.

2) Gonadal mosaicism. In this segregation pattern, the

mutation is only present in part of the gonadal cells,

which could explain why the mother is not affected

while her sister is.

3) Autosomal recessive inheritance. To date, an auto-

somal recessive pattern of inheritance has been

genetically mapped in one family with isolated

hypodontia (15). Although it is also unlikely that in

case of autosomal recessive inheritance, 100% of the

offspring is affected, this remains a theoretical

possibility.

4) Polygenic inheritance. One parent contributes a

predisposing allele of one gene and the other parent

an allele of another gene.

5) De novo dominant mutation in the germline.

6) Syndromic condition. Another possibility is that this

oligodontia belong to a syndromic condition with-

out any other clinical manifestations than missing

teeth. Variable expressivity is well known for

many genetic conditions. For instance, Chranowska

et al. (35) described a family with anodontia of

permanent teeth as the sole clinical sign of ectro-

dactyly-ectodermal dysplasia-clefting syndrome.

In addition, Tao et al. (36) reported a large kindred

with ectodysplasin mutation, hypodontia and no

HED characteristics. However, it is unlikely that

in the event of ectodermal dysplasia, none of the

three siblings or the parents present any additional

ectodermal dysplasia signs.

Only a few reports can be found on the negative out-

comes of tested patient groups for MSX1, PAX9 or AXIN2

mutations; Nieminen et al. (37) failed to identify linkage

to MSX1 in five unrelated families with hypodontia.

Scarel et al. (38) could not discover any mutations in 20

patients with hypodontia. Frazier-Bowers et al. (39) also

did not succeed to identify a PAX9 nor MSX1 mutation in
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20 Vietnamese families. They also could not find any

mutations in a high-risk group of an earlier study (40).

Gerits et al. (41) also did not succeed to identify a MSX1,

PAX9 or AXIN2 mutation in eight patients with severe

oligodontia phenotype. More consequent reporting

about positive as well as negative results of mutation

screening (the exact number of probands tested

included) can give useful information about the real

incidence of mutations in hypodontia patients. There-

fore, screening for PAX9, MSX1 and AXIN2 mutations is

still interesting and useful. Interest should however also

go to other genes and developmental factors known from

the mouse model.

Conclusion

Considering the discrepancy between the high incidence

rate of agenesis and the relatively small number of

reported causative mutations, the genetic contribution

to oligodontia seems much more heterogeneous than

expected so far. In the three sisters reported, their

common oligodontia phenotype is not caused by

mutations in the coding regions of MSX1, PAX9, AXIN2,

DLX1 or DLX2 genes, but genetic factors most probably

play a role as they were affected all three. Environmental

and epigenetic factors as well as other genes regulating

odontogenesis need further in vivo and in vitro investi-

gation to explain the phenotypic heterogeneity and to

increase our understanding of the odontogenic

processes.

Positive and negative research results as well as the

number of probands tested should be reported in this

respect. Parents should be informed that tooth agenesis

is a familial condition and the children of parents with

missing teeth or their families are at risk of agenesis.

Different patterns of transmission can apply.

Acknowledgements: Special thanks to all the members of the

family for their participation.
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