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Introduction — Cleidocranial dysplasia (CCD, MIM#119600), for which the
responsible gene is RUNX2, is a genetic disorder characterized by hypoplasia or
aplasia of the clavicles, patent fontaneles, and a short stature. Supernumerary teeth
and delayed eruption and impaction of permanent teeth are frequently associated
with CCD. Our previous study reported wide intrafamilial variation in supernumerary
tooth formation associated with a mutation in the RUNT-domain of RUNX2,
suggesting a low correlation between the genotype and supernumerary tooth
formation. To further clarify this point, a more precise evaluation was performed.
Design — Gene mutational analysis of nine Japanese individuals with CCD was
performed. Dental and skeletal characteristics were examined based on patient
examinations and radiographs.

Results — Four different gene mutations, including one novel mutation in RUNX2
gene (NM_001024630), were identified. Among them, four individuals had the
R225Q mutation, three siblings had the P224S mutation, and the other two
individuals had different frame-shift mutations. Wide variations in supernumerary
tooth formation were observed in individuals with identical gene mutations, and
discordance was seen between monozygotic twins. Asymmetric supernumerary
tooth formation was noted in five out of the nine individuals.

Conclusion — Individuals with identical gene mutations showed a wide variation in
the supernumerary tooth formation. Not only the genotype but also environmental
factors and a complex system including epigenetics and copy number variation
might regulate supernumerary tooth formation in CCD.
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Introduction

The process of tooth development is characterized by complicated and
reciprocal interactions between the dental epithelia and the mesenchyme
(1), and it is strictly regulated by both epithelial and mesenchymal factors
(2). For example, Bmp-2, Bmp-4, and Fgf-8 expressed by dental epithelia
initiate the initial tooth development (3, 4), and Msx-1 and Pax-9
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expressed by mesenchyme are essential for further
tooth development (5, 6). Thus, tooth development is
highly under genetic control.

In spite of such genetic control, discordance in
congenitally missing teeth has been observed between
healthy monozygotic twins who have identical
genomes (7-9). It has been reported that only 12.5% of
healthy monozygotic twins showed concordance in
congenitally missing teeth (9). These studies indicate
the importance of the non-genetic regulation of tooth
development.

Cleidocranial dysplasia (CCD, MIM #119600) is a
genetic disorder characterized by skeletal dysplasia in
patent sutures and/or fontaneles, clavicles, wormian
bone formation, and a short stature (10). RUNX2,
located in chromosome 6p21, has been identified as a
gene responsible for CCD (11). Regarding dental
abnormality, CCD is associated with supernumerary
teeth, and the delayed eruption and impaction of per-
manent teeth (12-14). The position and number of
supernumerary teeth vary among cases, but they are
seen below the permanent teeth (incisors, canines, and
bicuspids) that have replaced with the deciduous teeth.
Our previous study demonstrated a variable expres-
sivity of supernumerary tooth formation in three CCD
siblings with a gene mutation in the RUNT-domain of
RUNX2 (15) (reported as P210S according to
NM_004348 and represented as P224S according to
NM_001024630 in this study to match with other
studies). This suggests that not only healthy monozy-
gotic twins but also members of the same family with a

monogenic disease have different tooth patterns. To
further examine this point, the present study per-
formed mutational analysis and precise examination of
supernumerary tooth formation in individuals with
CCD.

Materials and methods

Nine Japanese individuals, clinically diagnosed as CCD
by specialists and treated in the Dental Hospital of
Tokyo Medical and Dental University and Hiroshima
University Hospital, were examined (Table 1). They all
gave informed consent for mutational and clinical
analyses. A-2 was a daughter of A-1. The two individ-
uals in family B were monozygotic twins. C-1 was a
sporadic case. D-1 was also a sporadic case whose gene
mutation and clinical features were reported previously
(16). The three individuals in family E were siblings, as
previously reported (15).

DNA was extracted from nail samples using ISOHAIR
(Nippon gene, Toyama, Japan). The extracted DNA was
amplified using specific primers for RUNX2. Primer
sequences and PCR conditions are available on the
website of ‘Multiple Malformation Syndromes (http://
www.dhplc.jp/genetics/frame.html)’ provided by the
Department of Pediatrics, Keio University School of
Medicine. Mutations in the eight amplicons were ana-
lyzed by denaturing high-performance liquid chroma-
tography (DHPLC), as described previously (17, 18).
After DHPLC analysis, the PCR products were purified

Table 1. Characteristics of nine individuals with cleidocranial dysplasia

Sex Age Abnormal suture Abnormal clavicle Stature Gene mutation

A-1 Female 50Y un un un R225Q

A-2 Male 1Y un un un R225Q

B-1 Female 10Y + + <-1SD R225Q

B-2 Female 10Y + + <-1SD R225Q

C-1 Male 26Y + - <-1S8D Frame shift (1123_1124insA)
D-1 Male 16Y + + <-1S8D Frame shift (382_383insT)
E-1 Male 17y + - <-1SD pP224S

E-2 Female 15Y + - <-1SD pP224S

E-3 Male 12y + - <-18D p224S

Nine individuals of five families (Family A, B, C, D and E) are shown. Abnormal suture denotes open or delayed closure of suture. Abnormal clavicle
denotes hopoplastic or aplastic clavicles. Each body height which was more than one SD shorter than the age- and sex-macthed Japanese norm

(19) is highlighted as <—1 SD.
un, unknown.
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using a desalting column and sequenced using the
dideoxy-sequencing method (BigDye Dideoxy sequen-
cing kit; Applied BioSystems, Foster City, CA, USA) and
an automated DNA sequencer (ABI3100; Applied Bio-
systems) (18). All mutations were represented relative
to the initial methionine of the protein encoded by
NM_001024630.

Precise clinical examinations were performed in all
cases. Chest and panoramic radiographs were taken.
A stature was evaluated by the age- and sex-matched
Japanese norm (19). Each supernumerary tooth was
distinguished from the normal permanent tooth by the
position, inclination, crown shape, and the root for-
mation. If a supernumerary tooth could not be distin-
guished on the panoramic radiograph, intraoral radio-
graphs were taken and evaluated.

The experimental protocol was approved by the
ethical review committees of Tokyo Medical and Dental
University and Hiroshima University.

Results

The clinical characteristics and RUNX2 mutations in
the nine individuals are shown in Table 1 and Fig. 1. A-1
(a 50-year-old woman) was the mother of A-2 (an 11-
year-old man) (Table 1). A point mutation casing a
missense mutation (R225Q) in the Runt-domain of
RUNX2 was identified (Table 1 and Fig. 1). Two mem-
bers (10-year-old girls) of family B were monozygotic
twins (Table 1). Both of them showed patent skull su-
tures and hypoplastic clavicles, and their body heights
were more than one standard deviation (SD) shorter, as
previously reported (20). A point mutation casing the
missense mutation (R225Q) found in family A was also
identified in family B (Table 1 and Fig. 1). C-1 (a 26-
year-old man) was a sporadic case with patent skull

Amino 48 89 229 521

Q/A RUNT PST
SN 1
D E AB

C
(1123_1124insA)

®225Q)
Fig. 1. Mutation in RUNX2 in nine individuals with cleidocranial
dysplasia. Q/A, 23 consecutive glutamines followed by 17 consecutive
alanine residues domain; RUNT, DNA-binding and protein interac-
tion domain; PST, proline/serine/threonine-rich transactivation and
protein interaction domain. Positions of gene mutations in families
A-E are shown by arrows.

(382_383insG)  (P224S)
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sutures but lacked hypoplastic clavicles (Table 1). His
body height was more than one SD shorter. A novel
frame-shift mutation (1123_1124insA) in the region
encoding the PST-domain was identified (Table 1 and
Fig. 1). D-1 (a 16-year-old man) was also a sporadic
case with patent skull sutures and hypoplastic clavicles,
and his body height was more than one SD shorter
(Table 1). A frame-shift mutation (382_383insT) in the
region encoding the Runt-domain was identified, as
previously reported (15). Family E was comprised of
three siblings (E-1: a 17-year-old boy, E-2: a 15-year-old
girl, E-3: a 12-year-old boy), and all members showed
patent skull sutures but no apparent clavicle abnor-
mality. Their body heights were more than one SD
shorter. They had a point mutation (P224S) in the Runt-
domain, as previously reported (15) (Table 1 and
Fig. 1).

All individuals showed supernumerary teeth, and the
number and position are summarized in Fig. 2. Family
A only had symmetrical supernumerary teeth only in
the mandible (Fig.2). A-1 had four supernumerary
tooth between the cuspids and the first bicuspids, and
A-2 had two between the lateral incisors and the
cuspids. In contrast to family A, the monozygotic twins
(B-1 and B-2) that had the same R225Q mutation as
family A had three supernumerary teeth in the maxilla.
Both had two supernumerary teeth similarly in the
maxillary incisor region. One tooth appeared between
the maxillary left cuspid and first bicuspid in B-1, and
between the left second bicuspid and the first molar in
B-2. The discordant phenotype of supernumerary teeth
was also noted in the mandible (six and five supernu-
merary teeth in B-1 and B-2, respectively). The number
of supernumerary teeth did not differ between B-1 and
B-2 on the right side, but this was discordant on the left
side of the mandible (three and two in B-1 and B-2,
respectively). In total, B-1 and B-2 had nine and eight
supernumerary teeth, respectively.

C-1 showed asymmetric supernumerary tooth for-
mation (Fig. 2). In the maxilla, two and three super-
numerary teeth were on the right and left, respectively.
One was seen in the left maxillary molar region, while
the others were around the lateral dentition. In the
mandible, two supernumerary teeth were observed
symmetrically in the incisor region. One and four
supernumerary teeth were observed in the right and
left lateral dentitions, respectively. In total, twelve
supernumerary teeth were counted.

Orthod Craniofac Res 2010;13:197-202 | 199
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Fig. 2. The appearance of supernumerary teeth in nine individuals
with cleidocranial dysplasia. Black and white rhombuses denote teeth
in the maxilla and mandible, respectively.

In D-1, a total of eleven supernumerary teeth (four in
the maxilla and seven in the mandible) were found in
the cuspid and bicuspid regions (Fig. 2), as reported
previously (16). Symmetric supernumerary tooth for-
mation was noted in the maxilla but not in the man-
dible. Three and four teeth were found in the right and
left side of the mandible, respectively.

In family E, the position and number of supernu-
merary teeth were completely different (15) (Fig. 2). E-1
showed a total of 11 supernumerary teeth. They
appeared symmetrically around the mandibular lateral
dentition (three on each side). In the maxilla, an
asymmetric appearance was noted around the maxil-
lary incisors (two on the left side) and bicuspids (one
and two on the left and right sides, respectively). E-2
showed four supernumerary teeth symmetrically
around the mandibular incisors and cuspids (two on
each side). E-3 showed six supernumerary teeth sym-
metrically around the maxillary cuspids (one on each
side) and mandibular bicuspids (two on each side).

Discussion

The present study demonstrated a wide variation of
supernumerary tooth formation in individuals with
CCD having identical gene mutations (families A and B

with R225Q; family E with P224S). It is known that the
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number of supernumerary teeth increases with age in
CCD (16). Thus, the variation in the supernumerary
tooth number in present individuals might be related to
age. However, the monozygotic twins (B-1 and B-2)
showed discordance in supernumerary tooth number
and position (Fig. 2). In addition, the youngest E-3
showed more supernumerary teeth than the older E-2
in Family E.

Generally, teeth develop symmetrically without
showing a large difference between the left and right
sides. However, there was asymmetrical supernumer-
ary tooth formation in five (B-1, B-2, C-1, D-1, and E-1)
out of nine individuals. This suggests that gene muta-
tion in RUNX2 did not result in symmetrical supernu-
merary tooth development and that determination of
the supernumerary tooth number and position is not
solely governed by RUNX2 mutation.

Eight out of the nine individuals had mutations in the
Runt-domain (Fig. 2). This domain is known to have an
important function in DNA binding and the dimeriza-
tion of « and ff subunits (11). Many missense mutations
reportedly abolish DNA binding and alter transactiva-
tion activity (21, 22). D-1 showed a novel gene mutation
(1123_1124insA) in the PST-domain. The PST-domain
is rich in proline/serine/ threonine and is involved in
transactivation and protein interaction (10). Many
kinds of mutations, including insertion, deletion,
nonsense, and missense mutations, have also been
reported in this domain.

It is difficult to completely exclude the possibility
that the diversity in supernumerary formation was
related to a genetic factor other than RUNX2. The
phenotype of CCD has (in most cases) an autosomal
dominant inheritance pattern and is caused by
haploinsufficiency of RUNX2. Phenotypes caused by
haploinsufficiency of a gene product are known to be
sensitive to modulation by modifier genes (23). In
addition, it is reasonable to speculate that non-genetic
or epigenetic regulations are involved in the variable
expressivity. Non-genetic environmental factors
include teratogens, the fetal position, nutrition, trauma,
and exposure to radiation. Epigenetic regulation com-
prises DNA methylation and histone modifications,
and they are heritable regulators of gene function that
cannot be explained by changes in the DNA sequence
(24).

Furthermore, copy number variation could also be a
factor responsible for the diversity between families.



Copy number variation is known as human genetic
variation and includes large insertions, deletions, and
inversions of genes (25). It was reported that 1695
structural variations were found in eight healthy indi-
viduals (26). It is possible to speculate that structural
variation might be present between families A and B
and that this accounts for the different number and
position of supernumerary teeth.

Conclusion

Wide variation and asymmetric appearance of the
supernumerary tooth formation were seen among
individuals with CCD with identical gene mutations in
RUNX2. 1t is likely that environmental factors and a
complex system including epigenetics and copy num-
ber variation might be involved in the supernumerary

Suda et al. Genotype and supernumerary teeth

Clinical relevance

CCD is a genetic disorder characterized by hypoplasia
or aplasia of the clavicles, patent fontaneles, and a
short stature. As a dental feature, supernumerary
teeth, and delayed eruption and impaction of per-
manent teeth are frequently observed in CCD.
Supernumerary teeth cause serious problems in
occlusion, dentition, and mastication, and prediction
of supernumerary teeth formation has a great clinical
significance for dental treatment. As RUNX2 was
identified as the gene responsible for CCD, we
anticipated that the genetic analysis of RUNX2 of af-
fected individuals would help the prediction and
diagnosis of the appearance and position of super-
numerary teeth.
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tooth formation in CCD.
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