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ABSTRACT

Craniofacial defects are one of the most frequent phenotypes in syndromic diseases.
More than 30% of syndromic diseases are associated with craniofacial defects, which
are important for the precise diagnosis of systemic diseases. Special AT-rich
sequence-binding protein 2 (SATB2)-associated syndrome (SAS) is a rare syndromic
disease associated with a wide variety of phenotypes, including intellectual disability and
craniofacial defects. Among them, dental anomalies are the most frequently observed
phenotype and thus becomes an important diagnostic criterion for SAS. In this report,
we demonstrate three Japanese cases of genetically diagnosed SAS with detailed
craniofacial phenotypes. The cases showed multiple dental problems, which have been
previously reported to be linked to SAS, including abnormal crown morphologies and
pulp stones. One case showed a characteristic enamel pearl at the root furcation. These

phenotypes add new insights for differentiating SAS from other disorders.

Key words: SATB2-associated syndrome, Craniofacial defect, Tooth anomaly



INTRODUCTION

Special AT-rich sequence binding protein (SATB2)-associated syndrome (SAS) or glass
syndrome is a systemic disease that is caused by genetic mutation of SATB2 [Glass et
al.,, 1989; Zarate and Fish 2017]. Frequently observed phenotypes include
developmental delay with severely delayed verbal development and a wide spectrum of
craniofacial defects, including dental anomalies, cleft palate, and micrognathia [Yamada
et al., 2019; Zarate et al., 2018]. A considerable prevalence of crowding, aberrant tooth
morphology (including big incisors), dental agenesis, the delayed development of the
permanent second premolars, and taurodontism are also evident in the detailed
descriptions of dental abnormalities in SAS [Scott et al., 2019; Scott et al., 2018; Zarate
et al., 2018]. There is also one report of a rare developing set of odontomas in a
genetically diagnosed Japanese SAS patient [Kikuiri et al., 2018]. Therefore, the detailed
documentation of craniofacial and dental phenotypes could become a critical reference
for diagnosing SAS syndrome. Herein we report three unrelated Japanese cases of
genetically diagnosed SAS with a special focus on craniofacial and dental characteristics.
All of the cases exhibited intellectual disability, with severe retardation of verbal
development and sialorrhea. One case (patient 3) exhibited isolated cleft palate,
calcification of the pulp, malformation of the root, and enamel pearl at the root furcation.
These phenotypes have not been described in the literature and add new insights for
improving the diagnostic process of SAS and providing a better understanding of the

functions of SATB2 in tooth formation.

MOLECULAR ANALYSIS
Informed consent from all of the families was obtained in accordance with each
institutional review board. All patients were registered for the Initiative of Rare and

Undiagnosed Disease [Adachi et al., 2017]. Whole exome sequencing was performed
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on genomic DNA extracted from peripheral lymphocytes from all the patients and the
families using the Sure Select Human All Exon Kit V6 (Agilent Technologies, Santa Clara,
CA, USA), with sequencing on the NovaSeq 6000 platform (lllumina, San Diego, CA,
USA). We checked the quality of FASTQ files using FASTQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and removed low-quality
reads using trimmomatic-0.36 (http://www.usadellab.org/cms/?page=trimmomatic).
Quality-checked reads were aligned to GRCh37 using Burrows—Wheeler Aligner
(http://bio-bwa.sourceforge.net/), and variants were called using the GATK
HaplotypeCaller. These were annotated using ANNOVAR
(http://annovar.openbioinformatics.org/en/latest/). In silico analyses of variants were
performed using CADD  (http://cadd.gs.washington.edu/) and PROVEAN
(http://provean.jcvi.org/seq_submit.php). High frequency (minor allele frequency > 5% in
the Japanese population) variants, synonymous variants, and intergenic variants were

filtered out manually.

RESULTS

Patient 1

Patient 1 was a 9-year-old girl. Medical management started due to her speech and
developmental delay at the age of 1 year and 6 months. The score of IQ using Tanaka—
Binet Intelligence Scale (Japanese version of Stanford—Binet Intelligence Scale) at 10
years old was very low as 23 [Tanaka Research Institute for Educational Research 2003].
A retrognathic facial profile with sialorrhea could be seen (Figures 1A and 1B). Tooth
eruption showed delay, with unerupted first permanent molars at the age of 9 years. The
permanent incisors showed shoveled shapes and diastema (Figure 1C). High-arched
palate could be seen (Figure 1C). Occlusion showed an anterior open bite (Figure 1D).

Periapical radiographs showed a pulp stone in a mandibular deciduous canine and large
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dental pulp spaces in mandibular deciduous molars (Figure 1E). Accessory cusp could
be detected in a permanent maxillary first premolar (Figure 1F). The first and second
deciduous molars showed macrodontia and accessory cusps (Figures 1G and 1H) with
severe abrasion on the occlusal surface. We could not detect the maxillary permanent
second premolar in the same periapical radiographs, which suggested tooth agenesis.
The exome was done on the proband and both unaffected parents, which revealed a
missense pathogenic variant in SATB2 (NM_015265.4):c.1165C > T (p.Arg389Cys) in
this patient, and the patient was thus diagnosed with SAS.

Patient 2

Patient 2 was a 4-year-old boy. He exhibited sialorrhea and delayed speech development
(Figure 11). The same missense pathogenic variant detected in SATB2 in Patient 1
(SATB2 (NM_015265.4):c.1165C > T (p.Arg389Cys)) was detected by the exome on the
proband and both unaffected parents. It was difficult for him to cooperate in taking
intraoral records; therefore, we could not describe the detailed dental phenotypes for this
patient.

Patient 3

Patient 3 was a 10-year-old girl born with a secondary cleft palate. Some of the
phenotypes overlapped with those of patient 1, including developmental delay, evident
linguistic problems, sialorrhea, retrognathic facial profile, shovel-shaped maxillary
permanent incisors, and occlusal abrasion of deciduous molars (Figures 2A-D). She had
a history of trauma on a maxillary incisor. Her maxilla showed high-arched palate with
constriction caused by scarring following surgical closure of the secondary palate cleft
(Figure 2D). Lateral cephalogram showed a skeletal class 2 relationship with a small and
clockwise-rotated mandible (Figures 2E and 2F). An enlarged adenoid was also evident
from the lateral cephalogram (Figure 2E). From the initial panoramic X-ray, the second

premolars were all missing (Figure 2G). Pulp stone formation could be detected in
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multiple teeth with taurodontism in the upper first molars (Figures 2G and 2H). Ectopic
enamel formation could be detected at the position of the developing root, which
eventually developed an enamel pearl on furcation (Figures 2G and 2H). The Exome on
the proband, unaffected parents and one sibling revealed a de novo heterozygous
missense pathogenic variant in this patient (SATB2(NM_015265.4).c.1175G > A

(p.Gly392GIu)).

DISCUSSION

Syndromic craniofacial defects are involved in around 30% of systemic diseases [Trainor
and Andrews 2013]. Representative craniofacial defects include orofacial cleft and tooth
abnormalities, which can occur in both syndromic and sporadic manners. Therefore, the
accurate evaluation of craniofacial defects provides valuable information for the precise
diagnosis of certain syndromic diseases. Interestingly, a wide range of craniofacial
defects can be observed in SAS, including dental anomalies, cleft palate, and
micrognathia [Zarate et al., 2018]. However, patients with SAS are sometimes left
undiagnosed due to its rarity. Two recent studies have estimated the frequency of SAS
in large cohorts of individuals with undiagnosed intellectual disability / developmental
delay as 0.24%-0.3% [Bengani et al., 2017; Zarate et al., 2018]. For this reason,
describing the detailed dental and craniofacial phenotypes of SAS is important for
improving the diagnostic rate of SAS among patients with neurodevelopmental
phenotypes. In this case series, no obvious familial history could be detected in any
family, which reflects the fact that most SAS cases occur in a sporadic manner. Facial
dysmorphism is detected in most cases of SAS [Zarate et al., 2017]. The features include
wide variety of features, with micrognathia being one of the most frequent findings
[Zarate et al., 2017]. Two out of the three cases (patients 1 and 3) showed a convex-type

facial profile, and one patient showed a small mandible in cephalometric analysis. A small
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mandible may produce a large overjet and make the incisors prone to trauma [Batista et
al., 2018]. Indeed, patient 3 had a history of incisor trauma. These results suggest that
orthodontic treatment should be considered to reduce the overjet in SAS patients. A cleft
palate such as the Robin sequence might also result from the development of a small
mandible during embryogenesis [Godbout et al., 2014]. It is possible that this small
mandible is related to the etiology of the cleft palate because majority of facial cleft of
SAS result in an isolated cleft palate without cleft lip [Zarate and Fish 2017; Zarate et al.,
2017; Zarate et al., 2018]. High-arch palate was reported to be one of the phenotypes of
SAS [Docker et al., 2014]. High-arch palate was observed in patient 1 and 3, which
indicated that it is a characteristic of the syndrome. Hypotonia is a common phenotype
in SAS [Zarate et al., 2018]. Hypotonia in orofacial muscle can cause insufficient lip seal
and result in flared out incisors and anterior open bite that could be seen in patients 1
and 3 [Kiliaridis and Katsaros 1998].

More than 90% of SAS patients carry at least one dental anomaly, such as macrodontia,
malformed crowns, or tooth agenesis [Scott et al., 2018]. Especially for patients 1 and 3,
crown malformation with pulp stone could be observed. Large dental pulp space could
be seen in mandibular deciduous molars, which indicate defective dentin formation.
Macrodontia could result in a lack of space for tooth alignment and cause dental
crowding, another typical characteristic in SAS. Conversely, tooth agenesis, which is also
frequently observed in the mandibular second premolars in SAS, can cause extra space,
which sometimes requires dental management. Animal experiments have revealed that
the loss of Satb2 in mice results in small mandibles by inhibiting osteoblast differentiation
[Britanova et al., 2006; Dobreva et al., 2006]. Additionally, the absence of Satb2 results
in alterations in the expression of transcription factors that are important for tooth
development in developing jaws, such as Msx7 and Pax9, which underlies the molecular

etiology of tooth malformation [Britanova et al., 2006].

8



The calcification of the dental pulp in patients with SAS has been reported in the literature
[Scott et al., 2018]. Other disorders, including FAM20A-associated Enamel-Renal-
Gingival and Ehlers-Danlos Syndromes, have been linked to pulp stone development
[Kantaputra et al., 2017; Kapferer-Seebacher et al., 2020; Wang et al., 2013]. In a
research on animals, Satb2 has demonstrated its ability to act as a regulator of genes
crucial for the calcification of bone and dentin, including osteocalcin [Dobreva et al.,
2006]. Additionally, Fam20a stimulates Fam20c, a kinase that phosphorylates proteins
in the secretory pathway to control biomineralization, and its disruption may potentially
result in the pulp stone development [Vogel et al., 2012]. These findings suggest that a
disturbed biomineralization process caused by mutations in SATB2 and FAM20A shares
a common mechanism for generating the pulp stones. On the other hand, the process of
producing the pulp stones in the Ehlers-Danlos syndrome is thought to link with disturbed
pulp homeostasis caused by the mutations in COL5A1 or COL5A2 [Kapferer-Seebacher
et al., 2020].

The detailed molecular and cellular etiology of enamel pearls is still elusive. The most
widely accepted theory for enamel pearl formation is that a tissue known as epithelial
cell rests of Malassez (ERM), which is a remnant of the Hertwig’s epithelial root sheath,
differentiate into ameloblasts to deposit an ectopic enamel matrix on the surface of the
tooth root [Cavanha 1965; Pinho and Cavanha 1945; Zengin et al., 2022]. A signaling
pathway may be inhibited by SATB2, and this could induce ERMs to differentiate into
ameloblasts. This enamel pearl phenotype has not been mentioned much in the literature.
However, enamel pearls on the molars can be seen in some of the published cases
[Kikuiri et al., 2018, Figure 2(e) and (f)]. Enamel pearls sometimes preclude normal
gingival attachment and thus induce deeper periodontal pockets, which requires
periodontal management [Risnes et al., 2000].

There are various types and positions of mutation in SATB2 that are reported to be
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responsible for SAS. Several aspects show genotype—phenotype correlation, such as
growth retardation and sialorrhea, which correlate significantly with large deletions and
missense mutations in SATB2, respectively [Zarate et al., 2018]. The microdeletion of
the 2933.1 locus, incorporating the genomic locus of SATB2, has demonstrated a clinical
resemblance to the dental anomalies seen in SAS [Balasubramanian et al., 2011]. Hence,
even in cases where the chromosome has a microdeletion encompassing genes close
to SATB2, the haploinsufficiency of SATB2 is most likely the main underlying cause of
the SAS phenotype (Supplemental Table1).

In this case series, all three patients exhibited missense mutations and two patients
(patients 1 and 2) had identical mutations. All of the patients in this study exhibited
sialorrhea. However, there is still a lack of evidence for genotype—phenotype correlations
for dental findings in SAS. From these results, it is important to continuously report
craniofacial and dental characteristics of SAS for precise diagnosis and dental treatment
planning. In this study, we have reported three unrelated Japanese genetically diagnosed
SAS cases and revealed new dental phenotypes, including enamel pearls, adding to the

diagnosis criteria for SAS.
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FIGURES

A

Unacted Pati.ent1 _—
Figure 1
Figure 1. Facial and dental features of patients 1 and 2. Facial photograph of the 9
year-old patient (patient 1) (A and B). Intraoral photograph of patient 1 (C and D). Patient
1 showed high-arched palate (C) and anterior open bite (D). Periapical radiograph of
patient 1 at mandible right molar area (E) and maxillary left molar area (F). Large dental
pulp space could be detected (E). Yellow arrowheads in E and F indicate pulp stone and
ectopic cusp, respectively. Magnified occlusal view of maxillary right deciduous molar
area of unaffected individual (G) and patient 1 (H). Yellow arrowheads in H indicate

ectopic cusps. Facial photograph of patient 2 (l).
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— Norm(10y)
— Patient3

13years old

Figure 2

Figure 2. Facial and dental features of patient 3. Facial photograph of Patient 3 (A
and B). Intraoral photo of patient 3 (C and D). Occlusal view of maxilla showed high-
arched palate (D). Lateral cephalogram (E) and profilogram (F) of patient 3. Sequential
orthopantomogram of patient 3 at 10 years old (G) and 13 years old (H). Red arrowheads
in G and H indicate progressive pulp stones and taurodontism. Yellow arrowheads

indicate developing enamel pearls in the area of furcation and delayed eruption of

mandibular first molars.
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