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Identification of a novel mutation of RUNX2 in a
family with supernumerary teeth and craniofacial
dysplasia by whole-exome sequencing

A case report and literature review
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Abstract
Rationale: Supernumerary teeth are those that teeth in excess number than the normal count. It is usually associated with genetic |
syndromes when present in more numbers. Several causal genes, such as APC, NHS, TRPS1, EVC and RUNX2, have been
identified. However, etiology of supernumerary teeth remains largely unclear.

Patient concerns: A family with the clinical diagnosis of supernumerary teeth, short stature and craniofacial dysplasia was
examined.

Diagnoses: Molecular genetic analysis found that mutation occurred in the RUNX2 gene. On the basis of this finding and clinical
manifestations, the final diagnosis of cleidocranial dysplasia was made.

Interventions: Whole exome sequencing (WES) of DNA samples was performed to identify the disease-causing mutation,
including the affected child and mother as well as the healthy father.

Outcomes: A novel mutation of RUNX2 (c.473C>A; p.A158E) was identified in both patients, but not in normal family member and
in-house database containing 3,000 Chinese Han individuals WES. This mutation was further confirmed by Sanger sequencing and
predicted to be deleterious by several commonly used algorithms, including SIFT, PPT-2, MutationTaster and Proven. Furthermore,
phenotype-genotype correlation analyses of all published 239 cases with different mutations in RUNX2 revealed significant
association of supernumerary teeth and facial dysplasia with the Runt domain of the encoded protein.

Lessons: This is the first WES study to identify genetic cause in Chinese patients with a novel RUNX2 mutation. Our findings
expanded the mutation spectrum and clinical features of the disease and facilitated clinic diagnosis and genetic counseling.

Abbreviations: CCD = cleidocranial dysplasia, RUNX2 = Runt-related transcription factor 2, WES = whole exome sequencing.
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1. Introduction

Supernumerary teeth are those that teeth in excess number than
the normal count. The prevalence of supernumerary teeth is 1.5 %
to 3.5% in permanent dentition.] Supernumerary teeth are
usually associated with genetic syndromes, such as Gardner’s
syndrome, Nance-Horan syndrome, Trichorhinophalangeal
syndrome, cleidocranial dysplasia (CCD), and Opitz BBB/G
syndrome. Several causative genes, such as APC, NHS, TRPS1,
Runt-related transcription factor 2 (RUNX2), and MID1, have
been identified to be responsible for the formation of supernu-
merary teeth.

Considering the genetical heterogeneities in affected individu-
als with supernumerary teeth and craniofacial dysplasia, we
applied whole-exome sequencing (WES) and biomedical infor-
matics analysis to identify potential causes for molecular
diagnosis at clinic.?! Here we report the identification of a novel
mutation within the Runt domain of RUNX2 in a familial case
with supernumerary teeth and craniofacial dysplasia (part of
phenotypes in the disorder of cleidocranial dysplasia) and also
present mini-meta analysis of phenotype-genotype correlations
of the disorder.

Cleidocranial dysplasia (CCD; OMIM 119600) is an autoso-
mal dominant inheritable skeletal disorder with an estimated
incidence of 1/1000,000 with no gender or ethnic predilection.'!
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The main phenotypes of CCD are mainly related to clavicular
dysplasia, delayed closure or non-closure of the fontanels,
multiple wormian bones (also known as intra sutural bones),
short stature, midface hypoplasia, and supernumerary teeth.**!
Other phenotypes, including brachydactyly with hypoplastic
distal phalanges or pubic bones, scoliosis, brachycephaly,
depressed nasal bridge, are also described in literatures.'®”! This
disease is often caused by loss function or haploinsufficiency of
the RUNX2 gene, which plays an important role in the
differentiation of osteoblasts and the maturation of chondro-
cytes.|>871% RUNX2 protein contains a Runt domain, an N-
terminal stretch of glutamine/alanine repeats (Q/A domain), and
a C-terminal proline/serine/threonine-rich (PST) domain." 2! It
has been reported that chromosomal deletions, translocations,
missense, nonsense, splice site mutations and frame-shift are the
common mutations in RUNX2.['3! To date, more than 182
heterozygous mutations in RUNX2 have been identified in
affected individuals with CCD (HGMD database). Majority of
RUNX2 mutations happened in the Runt domain, and the most
common mutations are missense mutations. !

2. Methods

2.1. Clinical manifestations

A family with the clinical diagnosis of supernumerary teeth and
craniofacial dysplasia at School of Stomatology in Shandong
University was examined. The proband (IlI-1, indicated by an
arrow in the pedigree, Fig. 1A) was a 16-year-old girl; the affected
mother was 48 years old. The affected individuals underwent
clinical evaluation, such as craniofacial examination, oral/dental
evaluation, and radiological imaging. Endocrinologic laboratory
tests, electrocardiogram, and color Doppler echocardiography
were also performed for the mother due to her chest dull pain.
Oral examination was conducted to record characteristics,
such as tooth eruption and retention, enamel development
state and periodontal and occlusal conditions. Photographs of
the intra-oral view, both shoulder joints, head and face were
obtained in both patients.
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2.2. Whole-exome sequencing and bioinformatics analysis

This study was approved by the ethics committee of School of
Stomatology, Shandong University. Informed consent was
obtained from the parents. Two milliliters of peripheral blood
samples were collected from each member of the trio. Genomic
DNAs were extracted using Universal Genomic DNA Kit
(ComWin Biotech, Beijing, China). Whole-exome sequencing
was performed (Angen Gene Medicine Tech, Beijing, China).
Whole-exome capture was carried out using the Agilent Sure-
Select Human All Exon Kit (Agilent Technologies, Santa Clara,
CA) and high-throughput sequencing by the Illumina HiSeq 2000
sequencer instrument ([llumina, San Diego, CA). The steps of
WES in silico analysis of potential genetic causes are summarized
(Fig. 1B). All variants were identified through Genome Analysis
Toolkit (GATK). The results were filtered to exclude synonymous
variants. Deleterious single-nucleotide variants (SNVs) were
predicted by SIFT, PolyPhen-2, MutationTaster and Proven
programs. Identified causal mutation in RUNX2 (GenBank acc.
no.: NM_001024630.3, NP_001019801.3) was further con-
firmed by Sanger Sequencing (ABI 3500 Genetic Analyzer,
Applied Biosystems, Foster City, CA) using specific primers
(forward: §-CATTCCTGTCGGCCATTACT-3'; reverse: §'-
GAAAAACACTCAACTTCATCTGGA-3).

3. Results

3.1. Clinical findings

Both the proband and the mother had the chief complaint of
delayed eruption of permanent anterior teeth. The proband
showed a short stature (156cm) and bodyweight at 50kg.
In physical examination, the proband face appeared to be broad
forehead, frontal bossing, orbital hypertelorism, mid-face
hypoplasia, and protruding mandible (Fig. 2A). Her nasal bridge
appears to be low. Intraoral examination revealed persistence of
the primary teeth, delayed eruption of the permanent teeth,
supernumerary teeth, an Angle class III malocclusion, negative
overjet, bilateral posterior crossbite, and high arched palate
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Figure 1. Pedigree and whole-exome sequencing. (A) Genetic pedigree of a Chinese family with supernumerary teeth and craniofacial dysplasia. Proband,
indicated with an arrow. (B) Whole-exome sequencing (WES) and bioinformatics analysis. The schematic illustrates the main steps of WES analysis.WES =whole-

exome sequencing.
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Figure 2. Clinical manifestations. (A) Photographs show phenotypic characteristics of the proband. (B) Photographs show phenotypic characteristics of the
affected mother. (C) The appearance of supernumerary teeth in the patients. White and black rhombuses denote supernumerary teeth in the mandible and maxilla,

respectively.

(Fig. 2A). The Panoramic radiograph showed at least one
unerupted supernumerary tooth in the maxilla, and nine
supernumerary teeth in the mandible (Fig. 2C, III-1). Both
shoulders of the proband could not be approximated to midline
either actively or passively. However, chest and posteroanterior
cephalometric radiograph examinations were declined by the
family members. The color Doppler echocardiography showed
mitral and tricuspid valve regurgitation in patient II-3 and
tricuspid valve regurgitation in patient III-1 (Supplementary Fig.
1, http:/links.lww.com/MD/C339).

The proband’s mother (i.e., I1I-3) was also short (154 cm). Her
facial appearance was similar to her daughter, with a prominent
forehead and large fontanelles, hypertelorism and a depressed
nasal bridge, mid-face hypoplasia and mandibular hyperplasia
(Fig. 2B). No abnormal hypermobility of the shoulders was
found. Oral manifestations include an edge-to-edge occlusion of
the anterior teeth, negative overjet, retention of deciduous teeth,
and a high-arched palate. Panoramic radiograph showed one
supernumerary tooth in the maxilla and 6 supernumerary teeth in
the mandible, failure of secondary dentition eruption (Fig. 2B).
She had a fixed denture for her unerupted supernumerary teeth
(Fig. 2C). The color Doppler echocardiography showed mitral
regurgitation and tricuspid regurgitation (Supplementary Fig. 1,
http://links.lww.com/MD/C339, 1I-3).

3.2. Genetic analysis

Mutational analysis of RUNX2 revealed a novel missense mutation
(c.C473A; p.A158E) in both affected subjects, which was further
confirmed by Sanger sequencing (Fig. 3A). This mutation has not
been previously reported (HGMD). This substitution of Alanine 158
with Glutamic acid is within Runt domain (Fig. 3B, indicated by a
red triangle). Alanine 158 in RUNX2 is evolutionarily conserved in
all examined vertebrates (Fig. 3C), suggesting that this residue is
functionally important. To understand the pathogenetic effect and
provide insight for a better understanding of phenotype determining
mechanisms, we examined the crystal structure of RUNX1 that
shares a high homology of Runt domain with RUNX2 sequence. In
the ternary complex formed with CBFP and DNA (Protein Data
Bank: 1TH9D), Arg-134 of RUNXT1 is found to correspond to Ala-
158 of RUNX2, thereby interacting with the DNA molecule (Fig. 4).
Considering the conservation of the Runt domains of RUNX1-3 for
a similar DNA binding mode, we infer that the pathogenic effects of
the p.A158E mutation of RUNX2 might result in an impairment of
its DNA binding capability.

3.3. Genotype-phenotype correlation

By extensive literature analysis, we compared various phenotypes
between 183 patients with missense and 25 patients with


http://links.lww.com/MD/C339
http://links.lww.com/MD/C339
http://www.md-journal.com

Ma et al. Medicine (2018) 97:32

Medicine

| |
103 A% Ay

B 408 499
v

Human EVPDGTVVTVMAGNDENYSAELRN 158
mutated EVPDGTVVTVMEGNDENYSAELR 158
Ptroglodytes EVPDGTVVTVMAGNDENYSAELR 228
Mmulatta EVPDGTVVTVMAGNDENYSAELR 140
Mmusculus EVPDGTVVTVMAGNDENYSAELR 233
Ggallus EVPDGTVVTVMAGNDENYSAELR 18
Trubripes DIPDGTVVTVMAGNDENYSAELR 125
Drerio DVPDGTVVTVMAGNDENYSAELR 119
Dmelancgaster EVMDGTIVTIRAGNDENFCGELR 167
Celegans WAGNDEKPCEEVR 67

C Xtropicalis EVSDGSVVTVMAGNDENYSAELR 132

Figure 3. Mutation identification and characterization. (A) Sequencing of exon
3 of RUNX2 shows the heterozygous mutant allele with C>A missense
mutation (c.473C>A), which causes a protein change at amino acid 158 (p.
A158E). (B) The protein structure of RUNX2 (altered position is indicated by a
red triangle). (C) Comparison of sequences of the p.A158-containing regions of
RUNX2 in 11 different species.

nonsense mutations (details are provided in Supplementary
Table 1, http:/links.lww.com/MD/C339) that were clustered in
the Runt domain of RUNX2 (Table 1). The phenotypes are
presented in 5 categories, including delayed closure of sutures or
wormian bones, hypoplastic clavicles, supernumerary teeth,
short stature, and mid-face hypoplasia or mandibular hyperpla-
sia (Table 1). However, we found no significant difference, in
terms of these phenotypes, between the groups with missense and
nonsense, suggesting a crucial effect of missense mutations within
the Runt domain on the encoded whole protein. Next, we
analyzed the effects of mutations locations, either in Runt domain
or non-Runt domain region, on clinical manifestations (Table 2).
In a total of 239 patients, selected clinical manifestations
presented in 208 of them with nonsense or missense mutations
clustered in Runt domain were compared with that in the
remaining 31 cases with nonsense or missense mutations in non-
Runt domain regions. As results, mutation rates in Runt domain
are significantly higher in patients with supernumerary teeth and

Figure 4. Ribbon diagram of the RD:CBFB:DNA ternary complex and mutated
residues. The RD and CBFp are shown in green, while DNA is in orange. The
amino acid mutated at 158 (p.A158E) is shown in red. The 3D structural model
is established using PyMOL Molecular Graphics System.

maxillary hypoplasia as well as in patients with mid-face
hypoplasia and mandibular hyperplasia than that in non-Runt
domain regions (P <.05, Table 2), suggesting the importance of
Runt domain in dental and craniofacial development.

4. Discussion

Supernumerary teeth, as an important diagnostic clue, have been
demonstrated to be associated multiple syndromes, such as
Gardner’s syndrome (OMIM 175100) caused by haploinsuffi-
ciency of the APC gene (OMIM 611731), Nance-Horan
syndrome (OMIM 302350) by mutations in NHS (OMIM
302350), Trichorhinophalangeal syndrome (OMIM 190350) by
TRPS1 (OMIM 604386), cleidocranial dysostosis (OMIM
119600) by RUNX2 (OMIM 600211), and Opitz BBB/G
syndrome (OMIM 300000) by MID1 (OMIM 300552). Careful
physical examination is fundamental for diagnosis of patients
with supernumerary teeth whether to be a genetical syndrome or
not. Given clinical diagnosis remains unclear, genetic analysis
using WES is recommended to uncover potential genomic defects
underlying supernumerary teeth.

In the present study, we report 2 cases of a rare autosomal
dominant syndrome associated with multiple supernumerary
teeth and craniofacial dysplasia. To identify the underlying
genetic defect, we employed WES to explore possible causative
gene and identified a novel missense mutation in codon 473 of
RUNX2. This method can identify all sequence variations in
coding regions, which makes results more reliable. Furthermore,
several commonly used algorithms, such as PolyPhen-2 and
MutationTaster, revealed that mutation p.A158E in RUNX2
with deleterious effects and altered protein structure. This
appears the first study to identify the genetic cause in patients
with CCD-like phenotypes in China utilizing the WES approach.

Comparison of effects of mutation types in the Runt domain on phenotypic spectrum.

Delayed closure

Mid-face

of sutures or Hypoplastic Supernumerary Short hypoplasia or
Type wormian bones clavicles teeth stature mandibular hyperplasia
Missense mutations in Runt domain 95.10% 88.43% 89.62% 89.52% 97.80%
Nonsense mutations in Runt domain 100% 100% 90.91% 93,33% 100%
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Comparison of effects of mutation locations on clinical manifestations.

Delayed closure

Mid-face hypoplasia

of sutures or Hypoplastic Supernumerary Short or mandibular
Type wormian bones clavicles teeth stature hyperplasia
Mutations in Runt domain 95.68% 89.85% 89.74%" 89.93% 97.87%"
Mutations in non-Runt region 94.12% 92.86% 63.64% 87.50% 77.78%

“p<.05.

Affected individuals with CCD-associated phenotypes usually
have characteristic clinical features. They tend to show prominent
forehead, widely spaced eyes, flat nasal bridge, maxillary
hypoplasia, relative mandibular prognathism contribute to
skeletal Class III tendency, prolonged retention of the primary
dentition, and presence of multiple supernumerary teeth, with
consequent delayed and impacted eruption of permanent
teeth.l'* These facial features, multiple supernumerary teeth
and altered eruption patterns are of significance at clinic. But the
most characteristic clinical features are delayed closure of
fontanels or open fontanels, hypoplasia or aplasia one or both
clavicles or completely absent in 10% patients permitting
inability to approximate the shoulders anteriorly, and short
stature.>'31¢] Other conditions share some characteristics with
CCD. For instance, 16q22 deletion syndrome shows the same
manifestations of fontanel and clavicle as CCD. Mandibuloacral
dysplasia syndrome also shows short stature, delayed closure of
cranial sutures and dysplastic clavicles. Yunis—Varon syndrome
exhibits similar manifestations in delayed closure of cranial
sutures and dysplastic clavicles. Based on clinical and radio-
graphic findings, diagnosis of typical CCD generally is not a
challenge since it can be differentiated from symptoms of
cranium, clavicles and teeth. However, clinical and radiographic
manifestations of the affected family members in the present cases
only showed part of manifestations, such as craniofacial
dysplasia and dental abnormalities.

The etiology of CCD is usually caused by hypomorphic or
haploinsufficiency of RUNX2 (runt-related transcription factor
2, OMIM 600211) on chromosome 6p21.[5]RUNX2 is essential
for differentiation of osteoblast and dental stem cells, and thus
involved in bone and tooth formation. Further evidence for the
correlation of RUNX2 with CCD is similar phenotypes in
hypoplastic clavicles and defective skull formation in heterozy-
gous (Runx2*"") mice to that in patients with CCD."®! Around
60% to 70% of cases with CCD are found to carry pathogenic
variants in RUNX2, while remaining cases with CCD appear
spontaneously with no apparent genetic causes.!!”'!

RUNX2 spans approximately 200-kb in genome with eight
coding exons.["” The RUNX2 protein is a transcription factor!!
with multiple functional domains as described below.*!! The
QA domain regulates transactivation activity of RUNX2 target
genes.?*2! The Runt domain consisting of 128 amino acids
is responsible for heterodimerizations with CBFB and DNA
binding.!*3>72*1 The nuclear localization signal (NLS) regulates the
accumulation of the RUNX2 protein into nuclei.?®*”! The PST
domain is necessary for interactions with other transcription
factors and RUNX2-mediated transcriptional regulation.?®!
To date, more than 182 different mutations in RNNX2
have been identified (HGMD database). While nonsense and
frame-shift mutations occur throughout the RUNX2 gene, the
majority missense mutations are found to be clustered in Runt
domain 2%3% like in our cases.

Multiple studies attempted to describe genotype—phenotype
correlations in CCD, but the results were inconclusive. For
instance, short statures were often seen in the patients with
impairment of Runt domain; correlation was also noted between
the height scores and the number of supernumerary teeth.!>!!
However, later studies failed to confirm these observa-
tions.'132331 Here, we analyzed all the missense/nonsense
mutations with or without the Runt domain involvement, and
found no significant association between short stature and
different locations of mutations. We also found no evidence of a
correlation between short stature and supernumerary teeth.
Additional study showed that mutations in Runt domain were
associated with severe dental anomalies, such as multiple
impacted and supernumerary teeth, while mutations outside of
Runt domain showed mild dental anomalies.** Through a mini-
meta analysis, we found many more cases with supernumerary
teeth and maxillary hypoplasia or mandibular protrusion with
missense mutations in Runt domain.

5. Conclusion

In summary, we identified a novel missense mutation of RUNX2
in 2 patients by WES and showed potential correlations between
facial phenotypes and missense mutations in Runt domain
through a mini-meta analysis. These findings expanded our
understanding of the correlation between the spectrum of CCD
mutations and phenotypes. Further studies are required to
establish the genotype—phenotype correlations in more details.
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