Molecular Genetic Mechanisms of Congenitally Missing Teeth
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Abstract: Congenital agenesis of permanent and/or primary teeth is one of the most common
orofacial developmental disorders. Although environmental factors can also affect tooth
agenesis, genetic factors play a more important role. It can be classified into nonsyndromic
and syndromic hypodontia. MSX1, PAX9, DLX1, DLX2, Activin beta-A, Activin receptor
types IIA and 1IB, and SMAD2 have been considered related to the former. Syndromic
congenitally missing teeth is related to ectodermal dysplasias, Van der Woude syndrome and
other syndromes. In this article, we will review the molecular genetic mechanisms of

congenitally missing teeth.

Key words: congenitally missing teeth, hypodontia, mechanisms, molecular genetics

Congenital agenesis of permanent and/or primary teeth
is one of the most common orofacial developmental
disorders. Most patients have obvious family history. It
can be inherited as autosomal dominant/recessive and X-
linked inheritance. In view of the number of teeth missing,
it has been classified into hypodontia (missing six teeth or
fewer), oligodontia (missing more than six teeth), and ano-
dontia (missing all teeth)!. Based on whether it is accom-
panied by other symptoms, it has been divided into nonsyn-
dromic congenitally missing teeth and syndromic congeni-
tally missing teeth. The latter includes ectodermal dysplasias,
Van der Woude syndrome (VWS) and other syndromes.

Nonsyndromic Congenitally Missing Teeth

Clinical features

Nonsyndromic congenitally missing teeth, with an overall
incidence of 1.6 to 9.6%?2, is a lack of teeth not caused by
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extraction or injury, unaccompanied by other symptoms.
It is well-known for phenotypic heterogeneity, as there is
great variation in the number and position of missing teeth.
The most common positions are the third molar, second
premolar and maxillary lateral incisor!. Furthermore, the
configuration of residual teeth is usually abnormal.

He-Zhao deficiency is a special type of nonsyndromic
congenitally missing teeth, characterised by normal pri-
mary dentition and high prevalence of permanent tooth
agenesis without any other abnormalities.

In general, the lateral permanent teeth tend to be
present rather than the third maxillary and mandibular
molars or the central maxillary and mandibular teeth.
However, missing second premolars and maxillary
lateral incisors is more common than for other teeth. The
most severely affected patients exhibit anodontia before
reaching their forties?.

Molecular genetic mechanisms

Genetic factors play an important role in missing teeth,
although environmental factors, such as physical and
chemical factors and radiation, can also be causes (Fig 1)*.
From genetic studies, it is evident that hypodontia has a
heterogeneous trait for which several mutated genes are
responsible. Animal experiments have revealed over 200
genes related to odontogenesis>. Genes involved in epi-
thelial-mesenchymal interactions, growth factors and tran-
scription factors may be candidates. In humans, MSXI,
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Fig 1 Tooth development is regulated by conserved signal path-
ways (FGF, BMP, SHH, WNT and TNF). The signals mediate
interactions between the oral ectoderm and mesenchyme and
regulate the expression of key transcription factors (shown in
the boxes). Mutations of the transcription factors in this figure
cause tooth agenesis in mice, and most of them are associated
with dental defects in humans®.

PAX9, DLX1, DLX2, Activin beta-A, Activin receptor types
1IA and IIB, and SMAD? are considered to be involved in
nonsyndromic congenitally missing teeth, but only MSX1
and PAX9 mutations have been detected in the patients®.

MSX1

MSX1, homologous with the mouse homeobox gene
Hox7, locates at 4p16.1. It has two exons that encode 297
amino acids. MSX1, a non-clustered homeobox protein,
acts as a transcript inhibitor through interactions with
homeoprotein and nucleus transcription. It plays an
essential role in craniofacial development, especially
tooth development.

In mice, Msx1 expresses in the dental mesenchyme,
including the dental papilla throughout the lamina, bud,
cap, and bell stages of odontogenesis’. Similarly, MSX1
is restricted to the dental papilla mesenchyme of the
primary tooth germ at the cap stage in human. Both the
incisor and the premolar exhibit a similar expression
pattern. It is interesting to note that at the bell stage,
while remaining in the dental papilla cells, MSX1 is also
seen in the inner enamel epithelium at a very high level
in incisors and premolars. At the late differentiation
stage, similar to the expression pattern of BMP4, MSX1
transcript is detected in the odontoblasts and ameloblasts
of a premolar that had been grafted and cultured in the
kidney capsule for 2 months?®,

Many mutations, including missense mutation, non-
sense mutation and frameshift mutation, have been iden-
tified in autosomal dominant congenitally missing teeth
pedigrees (Fig 2). Loss-of-function of MSXI may result
from haploinsufficiency or dominant-negative mecha-
nism. Because homeoprotein of MSXI is expected to
interact with other transcription factors and bind DNA,
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Fig 2 Mutation distribution in MSX1. The oval, top triangle and
bottom triangle indicate mutations found in nonsyndromic con-
genitally missing teeth, cleft lip with or without cleft palate, and
Witkop syndrome respectively.

mutation in this area will functionally inactivate partner
proteins as well as perturb homeoprotein/DNA inter-
actions?. Moreover, fluorescence in situ hybridisation
analysis suggests that lack of one copy of MsxI is
associated with oligodontia!?

However, it is worth considering that MSX1 mutation
can also be found in cleft lip with or without cleft palate
and Witkop syndrome!!. MsxI-knockout mouse has a
similar phenotype, as tooth development is disrupted
and nail plates are defective and thinner than those of
their wildtype littermates.

PAX9

PAX9 is essential to tooth development, as indicated by
its expression pattern, the mouse phenotype of Pax9’-
and the association of agenesis of permanent dentition
with PAX9 mutations in humans!213, In mouse embryos,
Pax9is an early marker of tooth development before the
expression of other tooth signalling genes. High levels of
Pax9expression are subsequently maintained throughout
the initiation, bud and cap stages and are down-regulated
at the bell stage.

Mesenchymal expression of Pax9 is initially regulated
by antagonistic signals of Bmp4 and Fgf8. Pax9 is likely
to mediate its tooth-specific functions through inter-
action with other proteins, like partnership between the
Pax9 paired domain protein and the Msx 1 homeoprotein
in regulating gene expression in dental mesenchyme®.

So far, 15 mutations, including missense mutation,
nonsense mutation and frameshift mutation, have been
confirmed in nonsyndromic congenitally missing teeth
pedigrees. Most of them locate in the paired box domain
(Tablel).

PAX91s a dosage-sensitive gene for its expression level
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Table 1 PAX9 mutations

Exon Amino acid change Mutation type

2 219insG Frameshift

2 K114Stop Nonsense

4 793insC Frameshift

2 K91E Missense

2 L21P Missense

2 175ins288bp Frameshift

2 G518 Missense

2 R28P Missense

2 R26W Missense

1 c.1A>G No transcript

2 109insG Missense

2 619_621delA Tins 24 bp Missense

2 139C>T Missense

2 187F Missense
Gene locus deletion No transcript

has a direct influence in mammalian dental patterning.
Haploinsufficiency will results in a severe form of tooth
agenesis: a>57 kb deletion encompassing the PAX91ocus
results in a severe hypodontia involving agenesis of all
primary and permanent posterior teeth. Relatively milder
phenotypes may be the result of a defective allele that
generates an aberrant protein which acts in a dominant-
negative manner or has a novel function'#. This, however,
fails to fully explain the mechanisms underlying other
disease-causing mutations that result in less severe and
variable phenotypes. It is possible that the mutant allele
may be hypomorphic. The combined activities of the wild
type and mutant alleles cannot reach the threshold level
necessary for normal tooth development.

BMP4

Bone morphogenetic protein 4 (BMP4), a member of the
transforming growth factor (TGF) superfamily, consti-
tutes one component of the inductive signals that transfer
tooth inductive potential from dental epithelium to
mesenchyme!>. Bmp4 expression is first observed in
molars in the dental lamina epithelium, and then shifts to
the dental mesenchyme, coincident with the shift in tooth
developmental potential between tissue layers. In
addition, Bmp4 can induce morphological changes in
dental mesenchyme!>-16,

Msx1 and Pax9 are essential for the establishment of
the odontogenic potential of the mesenchyme through
the maintenance of mesenchymal Bmp4 expression.
Tooth development of MsxI mutant mice arrest in bud
stage, which may be the result of affecting Bmp4 and
Fgf3 expression. Furthermore, the ceasing tooth devel-
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opment of double heterozygous Pax9/Msx1 mice can be
rescued by transgenic expression of Bmp4!7.

Bmp4 expression is reduced in the MsxI mutant tooth
mesenchyme but is preserved in MsxI mutant epithe-
lium!8:19. This phenomenon indicates that MsxI is
required for the expression of Bmp4 in the dental mesen-
chyme and therefore Bmp4 functions downstream of Msx
in the dental mesenchyme. On the contrary, epithelial
Bmp4 expression does not require Msx | for its expression
and therefore acts upstream of MsxI. In addition, Bmp4
can induce the expression of Msx! and itself in the dental
mesenchyme!. Pax9 appears to be integrated with Msx|1
in a feedback loop to regulate Bmp4 expression in the
mesenchyme. However, in Msx] mutant dental mesen-
chyme, Bmp4 cannot induce its own expression. Further-
more, addition of recombinant Bmp4 to chemically de-
fined media partly rescues the Msx! mutant tooth bud
phenotype to the cap stage of odontogenesis'®, further
substantiating the view that mesenchymal Bmip4 functions
downstream of MsxI and suggesting that mesenchymal
Bmp4 acts back upon the dental epithelium to mediate the
reciprocal epithelial-mesenchymal interactions that occur
during tooth morphogenesis?’. However, no mutation has
been identified in BMP4.

Locus for He-Zhao deficiency?!

Genotype and haplotype analysis identified He-Zhao
deficiency locus within a 5.5 ¢cM region flanked by
markers D10S604 and D10S568 on chromosome
10q11.2. Several genes in this area may be the causative
gene, including Dickkopt-1 (Dkk-1), PRKGIB and a
KOX7zinc finger gene cluster.

Relationship between phenotype and genotype

It is well-known that there is a relationship between the
phenotype and genotype of nonsyndromic congenitally
missing teeth. The incisors and mandibular molars of Acti-
vin beta-A mutant mouse embryos fail to develop beyond
the bud stage. Development of maxillary molars, however,
is normal in the mutants. Activinreceptor types 1IA and IIB
and Smad2 mutant mice have similar phenotypes?2.

In humans, incisor-premolar hypodontia (IPH) is one of
the most common types of autosomal dominant inherited
hypodontia. The mean missing number of teeth in IPH is
2.3. The most frequently missing teeth are mandibular
second premolars, maxillary second premolars and maxil-
lary lateral incisors, but not third molars. Primary den-
tition is not affected. Calculated penetrance is up to 97%.
The shape of the residual teeth may be abnormal. The gen-
etic cause for this condition has not been found, but MSX1,
MSX2, EGF, EGFR and FGF-3 have been excluded?3-23.
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Table 2 Difference between type and causative genes of human and mouse agenesis

Gene Type of human tooth agenesis Type of mouse tooth agenesis
MSX1/Msx1 Premolars and third molars Incisors, premolars and molars
PAX9/Pax9 Molars Mandibular incisors and third molar
DLX1 and DLX2/DIx-1 and DIx-2 None Maxillary molars

Activin beta-A, activin receptor types lIA

and /IB, SMAD2/Smad2 None Incisors and mandibular molars
FGF8/Fgf8 None All but mandibular incisors

Comparison of human and mouse tooth agenesis

The phenotypes seen in mouse mutants overlap with
those of humans carrying mutations in the counterpart
genes. These indicate that tooth development in mice and
humans not only shares many similarities in the morpho-
logical processes, but also that they may also have similar
molecular mechanisms®. However, there are still some
subtle differences (Table 2).

Syndromic congenitally missing teeth

Congenitally missing teeth is related to a great number
of syndromes, including ectodermal dysplasia and
VWD.

EDA, EDAR and EDARADD

Ectodermal dysplasia is a group of complicated dis-
orders comprising more than 200 clinical combina-
tions?%. As well as the absence of some teeth and unusual
tooth shape, patients also have congenital defects of one
or more ectodermal structures and their appendages,
such as hair and sweat glands. Most are X-linked and
autosomal recessive/dominant forms, although there are
some sporadic cases. EDA is mainly responsible for the
X-linked form (XED). For mice, Crinkled (Cr) and
Downless (DI) genes are related to autosomal disorders.
The protein is a type Il membrane protein that can be
cleaved by furin to produce a secreted form. The encoded
protein, which belongs to the tumour necrosis factor
(TNF) family, acts as a homotrimer and may be involved
in cell—cell signalling during the development of ecto-
dermal organs. The human homologies are EDARADD
and EDAR. EDARADD is a death domain adaptor that
interacts with the death domain of EDAR and links the
receptor to downstream signalling pathways (Fig 3)27.
EDARADD and EDAR are co-expressed in epithelial
cells during the formation of hair follicles and teeth.
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Overexpression of EDARADD in HEK293T cells
resulted in an NF kappa-B (NF-KB) reporter gene acti-
vation in a dose-dependent manner.

For different alternative splicing, EDAhas at least nine
transcripts. EDA-AI encodes a 391-amino acid protein
with a domain similar to TNF at the C terminus. EDAR,
which is activated by EDA-A1, only binds to EDA-A1 and
uses EDARADD as an adaptor to build an intracellular
signal-transducing complex?8, while XEDAR only binds
to EDA-A2, which deletes two amino acids, Glu308 and
Val309, compared with EDA-A1. DI can trigger NF-KB
through the NEMO protein®. Similarly, EDA-A1 and
EDA-A2 can activate NF-kB-promoted transcription after
binding to their receptors. These indicate XED may result
from impaired NF-KB signalling.

Heretofore, 91 EDA mutations have been found in
XLHED, most of which are missense mutations (Table 3).
These centralise in four clusters: the junction of the trans-
membrane and the extracellular domain, the protease
recognition site, the trimerising collagen-like domain, and
the TNF homology domain.

Ectodysplasin

EDARADD

Fig 3 The interaction between Ectodysplasin, EDAR and
EDARADD?’.
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Table 3 EDA mutations

Exon Amino acid change Mutation type
1 Q23X Nonsense
1 31DelC Frameshift
1 H54Y Missense
1 Del Ex1
3 R153C Missense
3,4 Del Ex3 + 4
5 G207R Missense
5 G224A Missense
5 599-600 Ins C Frameshift
6 R244X Nonsense
7 H252Y Missense
8 G269V Missense
9 Y343C Missense
9 1I360F Missense
9 T378P Missense
P63

P63 has prominent gene pleiotropism. It can lead to
EEC, AEC, LMS, ADULT, RHS and EE syndromes,
which together are also called P63 syndrome3’. All of the
syndromes lead to missing teeth. The penetrance is from
29 to 100%.

P63 gene, a homology of the archetypal tumour sup-
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Fig 4 P63 gene structure, transcripts and mutation sites. (A)
The diagram of the intron-exon structure shows the two
transcription initiation sites and alternative splicing routes. The
main structure of P63 contains transactivation domain (TA),
DNA binding domain, tetramerisation domain (ISO) and SAM
domain. (B) Mutation distribution in P63 of EEC (ectrodactyly,
ectodermal dysplasia, and cleft lip/palate) patients. The red
ovals and yellow stars represent the missense mutations and
frameshift mutation respectively. The blue circles denote the
mutational hotspots of P63.
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pressor gene P53, is a new member of P53 family. It
locates at 3q27-3q29 and has two promoters-leading to
six different transcripts. The second promoter is in an
intron that is 30 kb away from the first promoter. The
main structure of P63 includes a transactivation domain,
DNA binding domain, tetramerisation domain and sterile
alpha motif (SAM)31:32 (Fig 4A). It plays a significant
role in the development of ectoderm since it expresses in
the progenitor cells of many epithelial tissues, particu-
larly in the apical ectodermal ridge of the limb bud, bran-
chial arches and the epidermal appendages. In p63”-
mice, the skin is absent and newborn animals die from
dehydration shortly after birth. Besides, these mutant
mice exhibit defects in structures dependent on epider-
mal-mesenchymal interactions such as hair follicles,
teeth primordia and mammary glands as well as cleft
palate and truncated limbs. These features are identical
to patients with P63 mutations3>.

Many mutations in P63 have been found to relate to
P63 syndrome (Fig 4B). Mutations in DNA binding
domain will affect binding of P63 to DNA leading to low
transcript activity. Sterile alpha motif exists in many
signal proteins that take part in development and differ-
entiation. Therefore, it plays a significant role in inter-
actions among proteins and tissue development and dif-
ferentiation. Mutations in sterile alpha motif can inhibit
specified interactions among proteins.

IRF6

VWS is an autosomal dominant disorder with incidence
of'1/34,000. Lower lip pits, cleft lip with or without cleft
palate, and hypodontia are the main clinical features. Its
penetrance is 95 to 100%, but expressivity varies highly.
Interferon regulatory factor-6 (IRF6) is the causative
gene. IRF6 belongs to a family of 9 transcription factors
that share a highly conserved helix-turn-helix DNA-
binding domain and a less conserved protein-binding
domain.

More than 70 mutations in IRF6 have been detected in
VWS (Fig 5). These mutations are almost evenly divided
between the DNA-binding domain and protein-binding
domain, and lead to loss of function of the IRF6 protein.
Furthermore, mutations in IRF6 can also induce popliteal
pterygium syndrome (PPS) with dominant-negative
effect. PPS has a similar orofacial phenotype, together
with skin and genital anomalies. Put simply, haplo-
insufficiency of IRF6 disrupts orofacial development34.

The occurrence of cleft lip/palate and cleft palate
within the same family and the recurrence risk of less
than 40% for cleft palate among descendants with VWS
suggests that the development of clefts in this syndrome
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Fig 5 The structure of the IRF6 gene. Exons are drawn to scale
except for exon 9, which is longer than shown. The brackets
connecting the exons represent spliced introns, and the line
between exon 9 and 10 represents an unspliced intron of
1,621 nt that is present in the most common 4.4-kb IRF6 tran-
scripts. The untranslated portions are in pink. The DNA-binding
domain is blue, and the SMIR/IAD protein-binding domain is red.
The amino acid changes written in red, purple and blue repre-
sent frameshift mutations, nonsense mutations and missense
mutations respectively.

is influenced by modifying genes at other loci. By
linkage analysis in a large Brazilian VWS family, a gene
at 17p11.2-p11.1 was shown to enhance the probability
of cleft palate?>.

PITX2

Reiger syndrome is a dominantly inherited disorder char-
acterised by hypodontia, malformation of the anterior
chamber of the eye and umbilicus abnormity. Two sus-
picious loci, 4q253¢ and 13q14°7, and one gene, PITX2,
have been identified as related to these abnormities.
Some frameshift mutations and missense mutations in
PITX2 have been found in Reiger syndrome patients.

PITX2 is a member of the PITX/RIEG family of
bicoid-related homeobox genes. In mice, Pitx2 expresses
in the presumptive dental epithelium before tooth for-
mation and remains in the dental epithelium throughout
the entire tooth developmental process. The expression
pattern of PITX?2 in the developing human tooth germ is
identical to that in mice. Both in the incisor and premolar,
PITX2 expression is detected only in the dental
epithelium at the late bud stage, the cap stage, and the
bell stage. In the well-differentiated tooth, the expression
of PITX2 is restricted to the ameloblasts. These results
support a role for PITX2 in the development of dental
epithelium and differentiation of enamel organ in the
human tooth33.

Pitx2”~ mice have defective development of the man-
dibular and maxillary facial prominences, regression of
the stomodeum and arrested tooth development. Fgf8
expression is absent, and Bmp4 expression is expanded
in the branchial-arch ectoderm®.
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AXIN2

Axin2, containing regulator of gene protein (RGS)-sig-
nalling, glycogen synthase kinase (GSK)-binding, beta-
catenin-binding, and Dishevelled (Dsh) domains, is
essential in regulation of the stability of beta-catenin in
the Wnt signalling pathway. It organises a multiprotein
complex of adenomatosis polyposis coli (APC), beta-
catenin, GSK3B, and itself, which leads to the degra-
dation of beta-catenin. At first, AXIN2 was considered as
the pathogenesis of colorectal cancer (CRC), as for 11 of
45 CRC patients AXIN2 mutations were detected and its
expression was higher than normal#?. Now it is regarded
as involved in oligodontia and CRC syndrome, which is
characterised by severe permanent tooth agenesis and
CRC. Most patients are missing at least eight permanent
teeth or have anodontia. AXIN2 mutation detected in
such patients, and in those with severe tooth agenesis,
strongly supports this conclusion*!. Mutated AXIN2
stabilises beta-catenin and activates beta-catenin/T-cell
factor signalling. It has been suggested that complex
control of Wnt signal activity is necessary for normal
tooth development. Whether or not tooth agenesis is an
indicator of cancer susceptibility requires further
verification.

In addition, Incontinentia pigmenti (IP), Witkop
syndrome, Mobious syndrome and Williams syndrome,
among others, are accompanied by congenitally missing
teeth.

Outlook

Congenitally missing teeth is a complicated group of dis-
orders for which the delicate mechanism is still unclear.
So far only a few related genes have been identified. The
relationships among these genes on the molecular level
remains unknown. Animal models have suggested that
many genes are involved in missing teeth. Whether their
homologies in humans relate to congenitally missing
teeth remains to be studied. The signal pathway in the
epithelium and mesenchyme also needs to be
illuminated, as this will help to understand how missing
teeth occurs. Further studies on tooth development and
missing teeth may provide new information to satisfy the
need for a disease gene network using probability
frameworks. From this, we can hope to find the factors
that play a critical role in the disease.
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