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Abstract: The dental anomaly fused teeth is defined as the union of two or more teeth. Its aetiology
is unclear; to date no studies have investigated its genetic background. Therefore, this study, on the
basis of a hypothesised genetic component, investigated the genetic background of patients with
fused teeth using whole exome sequencing. Fifteen individuals from six families, including members
with and without fused teeth, provided saliva samples that were analysed using whole exome
sequencing. Patients with other congenital diseases were excluded from this study. Rare variants
were extracted from the sequencing data and filtered by family grouping to identify candidate
variants. As a result, ERCC6, OBSCN, SLC27A3, and KIF25 were identified as candidate variants.
Our sequencing analysis identified four candidate gene variants associated with fused teeth, which
now require further investigation. A genetic basis for the anomaly appears likely. This may assist in
understanding the aetiology of fused teeth, which in turn supports better oral care and treatment, as
well as future regenerative medicine and gene therapy.
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1. Introduction

Structurally, the tooth consists of a crown above and in the upper part of the gums, and
root(s) in the alveolar bone; it is composed of enamel, dentin, and cementum [1]. Dentin has
a dental pulp within it, which contains nerves and blood vessels. Anomalous tooth shapes
can occur [1,2], such as fused teeth, defined as the union of two or more teeth involving their
enamel, dentin, and cementum [3]. Fused teeth usually appear as large crowns which contain
a groove between the two originating teeth and cause malocclusion [1-3]. Caries, periodontal
issues, and aesthetic problems can, therefore, result and may require dental treatment [4].

The most frequent fused area involves the mandibular incisor, followed by the max-
illary incisor, and, rarely, the molar area [1,5,6]. The incidence of fused teeth has been
reported to be 0.5-2.5% in primary dentition and 0.1% in permanent dentition [7-9]. Simi-
larly, a meta-analysis has shown that the frequency of bilateral fused teeth is 0.02% for both
primary and permanent dentition [10]. No sex difference has been observed [11]. A higher
incidence has been observed in Asians and Native Americans [2].

The aetiology of fused teeth remains unclear. Currently, it is considered that direct
contact between the teeth caused by physical force or pressure during tooth development
causes fusion [1-3]. Genetically, the development of fused teeth has been suggested to be
autosomal dominant with reduced penetrance [2]. A report of multiple fused teeth cases in
a five-member family reported two members with fused teeth in the primary dentition [12].
In addition, hypodontia of the permanent teeth and fused teeth in the primary dentition of
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a mother as well as fused teeth in the primary dentition of her 5-year-old daughter have
been reported [13].

In relation to the possible genetic origin of tooth developmental disorders, dental agenesis
(absence of teeth) has been reported to be related to several gene variants. Fournier et al. [14]
performed a meta-analysis of 101 articles covering 522 patients to determine the genotype—
phenotype correlations between dental agenesis and the genes msh homeobox 1 (MSX1),
paired box 9 (PAX9), axin 2 (AXIN2), paired like homeodomain 2 (PITX2), wnt family
member 10A (WNT10A), nemo (NMO), ectodysplasin A (EDA), ectodysplasin A receptor
(EDAR), EDAR associated death domain (EDARADD), and gremlin 2, DAN family BMP
antagonist (GREM2). Takahashi et al. [15] analysed whole exome sequence (WES) data from
four Japanese families and found that supernumerary teeth were associated with variants
such as SCO-spondin (SSPO). Kimura et al. [16] discovered an association between shovel-
shaped incisors and EDAR in 100 Japanese subjects from Tokyo and 100 subjects from the
Sakashima Islands using the polymerase chain reaction (PCR) direct sequencing method.
Gowans et al. [17] investigated taurodontism, microdontia, and dens invaginatus using
WES for first-family, second-family, and linkage analyses and reported that these were
related to kinesin family member 4A (KIF4A). However, no research has been conducted on
gene variants causing fused teeth. Investigating the genetic causes of tooth developmental
disorders and dental agenesis could be potentially useful in understanding the mechanism
of fused teeth formation.

Given that similar conditions are gene-related, we hypothesised that fused teeth
develop at least partially due to genetic factors. Further, we hypothesised that fused teeth
follow mendelian inheritance based on reports regarding the familial expression of fused
teeth. Many genetic diseases are found in the exome region. Hence, searching for single
nucleotide variants (SNVs) and small insertion/deletion (indel) in the exome region is an
effective method for investigating the genetic basis of a disease [18]. SNVs cause amino
acid substitution, and amino acid substitution can cause pathogenic mutations. Indels can
cause loss of function of the produced protein due to insertion or deletion of the specific
nucleotide sequence. WES is a useful method for reading the exome region and examining
SNVs and indels. The purpose of this study, therefore, is to investigate the genetic basis of
fused teeth using WES.

2. Materials and Methods
2.1. Samples

Saliva specimens were collected from patients with fused teeth and their family
members. Patients with fused teeth were selected from those seeking orthodontic treatment
at Kanagawa Dental University Hospital and Pusan National University Dental Hospital.
Patient clinical examinations generated intraoral photographs, panoramic radiographs,
and dental study models in all cases. Family members were diagnosed with fused teeth
using either intraoral photographs or intraoral examinations by the dentist. Patients with
congenital diseases showing abnormalities in number of teeth and tooth morphology,
such as ectodermal dysplasia, cleft lip and palate, and Down’s syndrome, were excluded.
Fifteen patients from six families, including members with and without fused teeth, were
included in the study. The fused teeth were located at the union of the mandibular central
incisor and mandibular lateral incisor, or the union of the mandibular lateral incisor
and mandibular canine. All patients and family members providing samples gave their
informed consent. DNA was collected from 5 mL of saliva using an Oragene-DNA Kit
(DNA Genotek Inc., Kanata, Canada) and stored at -20 °C after collection. This study was
approved by the ethical committees of Kanagawa Dental University (approval number: 746;
[2-13-2020]), Kanazawa University (approval number: 597-1; [11-17-2020]), and Pusan
National University (approval number: PNUDH-2020-012; [4-28-2020]) and was performed
in accordance with the ethical principles defined in the Declaration of Helsinki.
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2.2. Whole Exome Sequencing

DNA samples (3 pg) were analysed in accordance with the manufacturer’s instructions
using the SureSelect XT Target Enrichment System Kit for Illumina Multiplexed Sequencing
(Agilent Technologies, Santa Clara, CA, USA) to capture the exome. The resulting libraries
were subjected to high-throughput sequencing with 150 bp paired-end reads on an Illumina
HiSeq 4000 sequencer (Illumina, San Diego, CA, USA).

2.3. Data Analysis

The WES data were analysed using the workflow recommended by GATK (version 3.6;
https://gatk.broadinstitute.org/hc/; accessed on 1 June 2016) for best practice in variant
calling. Clinically significant variants were detected using the Human Gene Mutation
Database (HGMD) (QIAGEN, Hilden, Germany) and ClinVar entries based on the ANNOVAR
annotation tool (https://annovar.openbioinformatics.org/; accessed on 15 April 2018). To
identify rare pathogenic amino acid substitutions, we used HGMD and ClinVar to obtain
information on the relationship between gene variants and human health with reference to
frequency in 3552 Japanese individuals from the Japanese Multi Omics Reference Panel
(jMorp; https://jmorp.megabank.tohoku.ac.jp/201911/; accessed on 11 January 2019)
and 71,702 unrelated individuals from the Genome Aggregation Database (gnomAD;
https:/ /gnomad.broadinstitute.org; accessed on 16 October 2019).

The functional effects of the variants were evaluated using combined annotation-
dependent depletion (CADD) and polymorphism phenotyping v2 (PolyPhen2;
http:/ /genetics.bwh.harvard.edu/pph2/; accessed on 26 February 2019) to score the delete-
riousness of noncoding variants, thus indicating clinical validity. Clinically significant variants
were visually confirmed using IGV (https:/ /software.broadinstitute.org/software/igv/;
accessed on February 2012).

3. Results
3.1. Clinical Findings

The 15 individuals from six families participating in this study ranged in age from 12
to 53 years; 12 females and 3 males. Among them, seven had fused teeth.

Figure 1 shows the six family trees. Figure 2 shows intraoral photographs and
panoramic radiographs of the patients with fused teeth. Table 1 summarises patient
sex, the positions of the fused teeth, and the inclusion type (monoliteral or bilateral).

Table 1. Clinical characteristics of the 15 patients from families A-F.

Subject Sex Dental Arch Fusion Tooth Type of Inclusion
A-1 Female Lower Right central incisor + Right lateral incisor Monolateral
A-2 Female - - -

B-1 Female Lower Right central incisor + Right lateral incisor Monolateral
B-2 Female - - -
Right central incisor + Right lateral incisor
C-1 Female Lower and Bilateral
Left central incisor + Left lateral incisor
C-2 Female - - -
D-1 Male Lower Right central incisor + Right lateral incisor Monolateral
D-2 Female - - -
E-1 Female Lower Left central incisor + Right central incisor Monolateral
E-2 Male - - -
E-3 Female - - -
Right central incisor + Right lateral incisor
F-1 Female Lower and Monolateral
Left central incisor + Left lateral incisor
F-2 male Lower Right central incisor + Right lateral incisor Bilateral
F-3 Female - - -
F-4 Female - - -
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Figure 1. The family trees of families A-F. Square: male, circle: female, black background: fused teeth

present, white background: fused teeth absent.
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Figure 2. Intraoral and panoramic radiographs, respectively, of: (a,b) patient A-1 (Family A);
(c,d) patient B-1 (Family B); (e,f) patient C-1 (Family C); (g,h) patient D-1 (Family D); (i,j) patient E-1
(Family E); (k1) patient F-1 (Family F); (m) intraoral photograph of patient F-2 (Family F). White
arrows indicate fused teeth.

3.2. Genetic Analysis

WES was performed on 15 individuals: two each from Families A-D, three from
Family E, and four from Family F. The average coverage depth of the analysed data was
152.9x, with 96.01% of target bases covered by at least 15 reads; the quality score (Q30)
was 91.16%-94.08%. This finding supports a high level of confidence in the variant calling.
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We used the general method of extracting variants from WES [19]. Based on the genome
database, we set the minor allele frequency (MAF) of each variant at 1% and extracted
rare variants that were considered to be related to the disease. As a noncoding region
filtering, variants not in exonic or splicing regions were excluded. Next, variants present in
the subjects with and without fused teeth were extracted and excluded, respectively. The
CADD score evaluates the deleteriousness of SNVs. A CADD score of >20 implies that the
top 1% of SNVs are deleterious variants [20]. Variants with a CADD scaled score of >20
were then extracted.

We extracted the following: solute carrier family 27 member 3 (SLC27A3) variants
(c.1385G>A (n = 1)) from Family A; SLC27A3 variants (c.1036C>T (n = 1)) from Family B;
kinesin family member 25 (KIF25) variants (c.208G>A (n=1)) from Family C; and ERCC
excision repair 6, chromatin remodeling factor (ERCC6) variants (c.2204G>T (1 = 2)) and
obscurin, cytoskeletal calmodulin, and titin-interacting RhoGEF (OBSCN) variants (c.5867C>G
(n = 2)) from Family F (Table 2). No candidate variants were identified in Family D.

Table 2. Candidate gene variants found in variant-positive patients.

Subiject *
Gene ubjec
A1 B-1 c1 F-1 F-2
ERCC6 C2204G>T  c2204G>T
OBSCN C5867C>G  c5867C>G
1385G>A

SLC27A3 1036C>T

KIF25 C208G>A

* Subjects are identified by family, for example, A-1 refers to patient 1 from Family A, etc.

The WES results for all 15 individuals from the six families showed that the genes
with variants were ERCC6, OBSCN, SLC27A3, KIF25.

Table 3 summarises the scores of candidate gene variants and pathogenicity prediction
tool results. ERCC6 (c.2204G>T), and SLC27A3 (c.1385G>A and ¢.1036C>T) showed high
frequency in East Asians. CADD and PolyPhen2 were used to predict and evaluate the
pathogenicity of the variants. Scaled CADD scores were particularly high in ERCC6
(c.2204G>T) and SLC27A3 (¢.1036C>T and ¢.1385G>A), with scores above 25. Moreover,
Polyphen2 scores also showed 1. ERCC6 (c.2204G>T) showed the highest value, with a
scaled CADD score of 35 and a PolyPhen2 score of 1, indicating that it is more confidently
predicted to be damaging.

Table 3. Identified variants and their pathogenicity scores.

GenBank . Amino MAF
Gene Accession Nuclesotlc.le Acid Variant ID nomAD 1000 CADD PolyPhen2
Number Substitution Substitution gnomAD g ExAC (scaled)
EAS Genomes

ERCC6 NM_000124 ¢.2204G>T p-Arg735Leu  rs75037497 0 0.0014 0 0.00009885 35 Damaging
OBSCN  NM_001098623  ¢.5867C>G p-Thr1956Ser  rs559944127 0 0 0.0002 0.00004997 23 Damaging
SLCI7A3 NM_024330 c.1385G>A  p.Arg462His  rs143908472 0.0001 0.0025 0.0002 0.0002 34 Damaging
NM_024330 ¢.1036C>T p-Arg346Trp  rs150357360 0.0002 0.002 0.0002 0.0002 25.7 Damaging
KIF25 NM_005355 c.208G>A p-Gly70Arg  rs746548637 0 0 0 0.000008241  26.8 Damaging

Abbreviations: MAF, minor allele frequency; gnomAD, Genome Aggregation Database; EXAC, Exome Aggregation
Consortium; gnomAD EAS, Genome Aggregation Database East Asian; CADD, Combined Annotation Dependent
Depletion; PolyPhen2, Polymorphism Phenotyping v2.

4. Discussion

This study aimed to investigate the genetic background of fused teeth, which are
frequently observed in Asian populations. We used WES analysis to evaluate 15 Japanese
and Korean individuals from six families. We succeeded in extracting candidate variants
that may be involved in the incidence of fused teeth using exome analysis; this is the first
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report of such variants, as far as we are aware. These variants occur in the ERCC6, OBSCN,
SLC27A3, and KIF25 genes.

In this study, when rare variants in individuals without fused teeth were excluded, no
genotype-phenotype-matched variants were found in all families. This may indicate that
the variants identified are only partially responsible for cases of fused teeth. The causative
variants of tooth agenesis show incomplete penetrance [21,22]. Kanchanasevee et al. [23]
reported that WNT10A shows incomplete penetrance in the incidence of tooth agenesis in
the Thai population.

From our results alone, it is not possible to clarify whether the penetrance of the
variants potentially causing the fused teeth is complete or incomplete. Additional studies
on penetrance, such as WES analysis of larger families, are necessary.

ERCCE6 is associated with transcription-coupled nucleotide excision repair and RNA
polymerase I promoter escape. It is also one of the genes responsible for the incidence of
Cockayne syndrome B (OMIM # 133540 COCKAYNE SYNDROME B; CSB), an autosomal
recessive disorder classified into types I, II, and III. ERCC6 mutations are found in 65%
of Cockayne syndrome (CS) cases [24,25]. More than 10% of people with CS type I have
missing or hypoplastic teeth, delayed eruption of primary teeth, occlusal disharmony,
or severe dental caries [26]. A CS case report noted that intraoral findings included
dental caries and anomalies in tooth size and shape [27]. Another case report presented
intraoral findings of hypoplastic teeth [28]. ERCC6 is associated with tooth absence and
dysplasia, and it may be possible to propose a similar and possibly related mechanism for
the development of fused teeth.

OBSCN is a gene encoding the obscurin protein, which is associated with myofibrillo-
genesis and cytoskeletal arrangement [29]. Obscurin is mainly expressed in cardiac and
skeletal muscle. Obscurin is associated with tumorigenesis and was reported to be observed
more frequently in normal breast epithelium when compared to advanced-stage breast
cancer biopsy samples [30,31]. Relationships between OBSCN mutations and melanoma,
glioblastoma, colorectal, lung, breast, and pancreatic cancer have been reported [32-34].
OBSCN mutations are associated with numerous cancer types, including melanomas and
pharyngeal and tongue origin basal cell carcinomas [35]. Nichols et al. [36] analysed human
oral squamous cell carcinoma cells of pharyngeal and tongue origin, and identified seven
OBSCN mutations. OBSCN is a complex gene, and its function is unclear. There are no
reported associations between OBSCN and tooth development or morphology. Further
studies are needed to explore the association between OBSCN and dentition.

SLC27A3 variants were found in two of the seven patients with fused teeth, one from
patient A-1 (c.1385G>A) and one from patient B-1 (c.1036C>T). SLC27A3 encodes fatty acid
transport proteins (FATPs). Dysfunction of SLC27A3 may be associated with the aetiology
of autism spectrum disorders. SLC27A3 was found in human neural stem cells, suggesting
a relationship with the development of the central nervous system [37]. There are few
reports on the function of the SLC27A3 gene. Hence, more research to investigate the
function of the SLC27A3 gene is needed.

KIF25 encodes a member of the kinesin-like protein family, which performs microtubule-
dependent and ATP-dependent intracellular organelle transport and moves chromosomes
during cell division [38]. Protein transport plays an essential role in cell formation and
function. KIF25 activity has been observed in various cancer types [39] and is associated
with chromatid segregation and cancer cell proliferation [40,41]. KIF25 was reported to
be possibly associated with the incidence of Kawasaki disease [42]. The oral features of
Kawasaki disease include redness, swelling, vertical cracking, bleeding of the lips, redness
of the tongue, and hypertrophy of tongue papillae [43]. Gowans et al. [17] reported on
the relationship between KIF4A and taurodontism, microdontia, and dens invaginatus.
KIF4A encodes kinesin-related proteins and is similar in mechanism to KIF25. In this study,
KIF25 was identified as a potential candidate for the aetiology of fused teeth, one of the
morphological abnormalities of teeth. The two results indicate that kinesin family members
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may be related to tooth morphology. Further research is needed on the kinesin family
members and tooth morphology.

Three variants of ERCC6 (¢.2204G>T) and SLC27A3 (c.1036C>T and c.1385G>A) were
more frequent in East Asians. Fused teeth were reported to be more frequent in Asian
populations [2], which may be related to the higher observed frequency of candidate variants.

Although we did not find FGF8 variants in our study, Chen et al. [44] examined FGF§
using the mouse model and found a unique type of fused supernumerary incisors of the
dens invaginatus phenotype. FGFS8 is expressed in dental epithelium and is associated
with tooth development [45]; it may represent a similar mechanism in terms of tooth
development. The relevance to human teeth should, however, be further investigated.

This study was limited by its sample size; the number of candidate variants was
vast, requiring further studies to narrow this discrepancy. In the next stage, WES analysis
of larger families and verification of the phenotype—genotype correlations of candidate
variants using knockout mice are required. In addition, because the incidence of fused teeth
varies by race, studies in diverse ethnic groups may also provide compelling information.

In this study, we successfully identified variants associated with the incidence of
fused teeth. Family F, in which fused teeth were observed among multiple people in a
family, suggested that fused teeth followed mendelian inheritance. This is significant, in
that it is the first report concerning the genetic basis for fused teeth, providing clues to
their previously unknown aetiology and mechanism. Furthermore, it is expected that
these results will support the early molecular diagnosis of anticipated fused teeth and
malocclusion, enabling their improved treatment and preventive management of associated
caries and periodontal problems in the future. Understanding the genetic mechanisms
involved in the development of teeth, including fused teeth, may become valuable in future
regenerative medicine and gene therapy.

5. Conclusions

In this study, we investigated the aetiology of fused teeth from a genetic background
and successfully extracted candidate variants ERCC6, OBSCN, SLC27A3, and KIF25. This
study provides novel insights on the aetiology of fused teeth, which remains unclear. The
association between the candidate variants and fused teeth should be investigated in further
studies. Research on the aetiology of fused teeth may also provide new insights into the
relationship between tooth development and morphology.
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