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Abstract
Objective To characterize the radiographic dental phenotype of individuals with SATB2-associated syndrome (SAS).
Materials and methods Participants were evaluated by a multidisciplinary team during a concurrent clinic conducted during the
1st international SAS family meeting held in 2017 at a single institution. Whenever possible, panoramic and/or periapical
radiographs were obtained in clinic or previously obtained and provided by the caregiver.
Results Of the 37 individuals evaluated, 18 (12 males, median age 8.5 years) underwent radiographic examination. Dental
radiographs revealed anomalies in all individuals starting at 2 years of age. The most consistent finding was delayed development
of the mandibular second bicuspids (83%) with other common radiographic findings including delayed development of the roots
of the permanent teeth (78%), severely rotated (56%) or malformed teeth (44%), and taurodontism (44%).
Conclusions Dental anomalies are fully penetrant and can be documented radiographically in all individuals with SAS.
Clinical relevance Dental radiographic findings of delayed second premolar development and delayed development of permanent
root formation, especially concurrent with findings of taurodontism and malformed teeth, support a clinical suspicion for SAS
and should help differentiate SAS from other neurodevelopmental syndromes.
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Introduction

The precise mechanism of tooth development is a complex
embryologic process that involves well-regulated interactions
between the dental epithelium and the neural crest-derived
mesenchyme [1]. Alterations in genes important in these

epithelial–mesenchymal interactions during different stages
of odontogenesis can result in a variety of morphologic, nu-
meric, or physiologic dental anomalies alone or in combina-
tion with other systemic features [2–5].

SATB2 is a transcription factor and high level regulator of
several gene regulatory networks with critical roles in multiple
developmental processes including those of the jaw, brain, and
skeleton [6, 7]. The critical role of SATB2 in odontogenesis
has been documented in the past [8]. Studies looking at a
variety of murine expression patterns at different stages of
embryologic and post-natal tooth development as well as im-
munohistochemical patterns in human healthy teeth have
shown that SATB2 has a role in the differentiation of amelo-
blasts and odontoblasts, dentin formation, and the regulation
of dental pulp physiological functions [8]. In mice, full func-
tional loss of Satb2 and Satb2 heterozygotes results in several
craniofacial anomalies as well as potential variable incisor
hypodontia and/or anodontia and a reduction in dentary length
[9, 10].

SATB2-associated syndrome (SAS; Glass syndrome,
OMIM 612313) is a rare disorder caused by alterations in
the special AT-rich sequence-binding protein 2 (SATB2;
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MIM 608148) [11]. Predominantly described as a
neurodevelopmental disorder, craniofacial anomalies, includ-
ing palatal and dental abnormalities, are commonly seen
[12–14]. Although cleft palate and micrognathia have variable
expression, we recently reported dental anomalies to be uni-
versally present after the first year of life in a large cohort of
individuals with SAS [15]. In that report, intraoral dental prob-
lems included crowding (96%), large upper incisors (87%),
aberrant dental shape (87%), hypodontia (44%), delayed tooth
eruption (14%), fused teeth (9%), and supernumerary teeth
(6%). In this report, we present the first description of dental
radiographic findings in a cohort of individuals with SAS
evaluated at a single institution.

Methods

Patients

Participants were first recruited into the SAS clinical registry
through a referral by a treating clinician, a facilitated inquiry
by the testing laboratory, direct contact by a caregiver, or via
the SAS support group as previously described [15]. As

patients are enrolled into the clinical SAS registry, a unique
ID number is assigned sequentially and henceforth used in this
manuscript. As part of the 1st international SAS family meet-
ing held in 2017 at Arkansas Children’s Hospital, a concurrent
multidisciplinary clinic took place. As part of the clinical as-
sessment, participants were evaluated by providers from the
following specialt ies: Otolaryngology, Dentistry,
Orthodontics, Maxillofacial surgery, Genetics, Audiology,
Speech, and Neuropsychology. All individuals included in
this study had a molecularly confirmed diagnosis of SAS.
All families reported herein agreed to share clinical informa-
tion and were enrolled under a research clinical registry pro-
tocol approved by the Institutional Review Board of the
University of Arkansas for Medical Sciences. Detailed clinical
and molecular description of all individuals is available in
previous reports [13, 15].

Evaluations

Whenever possible, panoramic and/or periapical radiographs
were obtained in clinic and reviewed by the same dental team
members (J.S., C.A., K.S., A.F., J.J., S.B.). For one individual,
previously obtained images were provided by the caregiver.

Fig. 1 Dental radiographic anomalies in individuals with SAS. a SATB2-
38. b SATB2-39. c SATB-04. d SATB2-53. e SATB2-21. f SATB2-17.
Common findings include delayed/missing maxillary 2nd bicuspids

(triangle), delayed/missing mandibular 2nd bicuspids (arrow), large
teeth (star), delayed root formation (diamond), or taurodontism
(chevron). Pulp stones are circled
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The following dental problems were routinely evaluated: de-
layed development, malformations of the crown and/or roots,
missing teeth as well as taurodontism, tooth size and shape
mismatches, malpositions, pulp stones, and dental fusion.
Delayed development of tooth structure (crown/root) or erup-
tion was determined according to the individual’s age at as-
sessment when compared to published norms [16]. Delayed
root development was identified where portions of the dental
unit were missing or lack development. First, molars with less
than a 1:1 crown to root ratio by the age of 9–10 were identi-
fied as having delayed root development.

Results

Of the 102 enrolled into the SAS clinical registry with com-
plete medical records available at the moment of writing, 37
were clinically evaluated during the 2017 family meeting. Of
these, 18 (12 males) were cooperative enough to undergo
radiographic characterization at our institution (17) or else-
where (1) with panoramic and/or periapical radiographs. The
median age was 8.5 years (range 2.6–20.5 years). Panoramic
images were obtained and generated using Planmeca
Romexis® software at 64 to 66 Kilovolts (kV), 6 to 8 milli-
amperes (mA), and 22.1 s of exposure time (Fig. 1). The
dental radiographs revealed anomalies in all individuals as
summarized in Table 1. The most consistent finding, delayed
formation of the second mandibular bicuspids, was identified
from ages 2 to as late as age 20. Other common radiographic
findings included delayed formation of the roots of permanent
teeth, malformed teeth, and taurodontism.

Discussion

SATB2 has been suggested to have a role in several
odontogenic processes, including epithelial–mesenchymal in-
teractions during early odontogenesis, odontoblast and ame-
loblast differentiation, and dentin matrix mineralization [8,
17]. In mice, homozygous mutants display abnormalities of
the anterior part of the mandible and incisors correlating with
the SATB2 expression pattern. The molars, on the other hand,
do not express SATB2 and are unaffected in mutant embryos
[7]. In this study, we documented abnormalities in dental po-
sition, number, size, and shape in individuals with SATB2
alterations.

Thus far, the exact mechanism of how SATB2 regulates
tooth formation is unclear. Other molecular pathways related
to SATB2 have been implicated, including RUNX2 and sonic
hedgehog (Shh) [6, 8, 18]. Cleidocranial dysplasia, a skeletal
dysplasia caused by alterations in RUNX2, also has a high
frequency of dental anomalies including supernumerary teeth
and failure of eruption [19].While lower second premolars are

the most frequently missing teeth and often found with other
dental anomalies [3], the frequency, type, and extent of the
radiographic dental anomalies in individuals with SAS de-
scribed here should be used as another phenotypic supportive
feature of this condition. The identification of some of these
radiographic anomalies during early childhood could also help
in the differential diagnosis of syndromic conditions with pre-
dominan t denta l pheno types wi th or wi thou t a
neurodevelopmental component [2, 5].

In addition to the fully penetrant dental radiographic find-
ings here reported, we noted delayed eruption, bruxism,
sialorrhea, macrodontia, and anterior crowding. The identifi-
cation of the dental phenotype presented above along with
other craniofacial, developmental, and behavioral abnormali-
ties should prompt one to have the patient evaluated for SAS.
This could secondarily aid in the early diagnosis of other un-
diagnosed neurodevelopmental disorders.

Acknowledgments The authors would like to thank all the children and
parents who took part in the research. The 1st international SAS family
meeting held in 2017 at Arkansas Children’s Hospital was possible thanks
to a Patient-Centered Outcome Research Institute (PCORI) Engagement
award (EAIN-5502).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.
The institutional review board (IRB) at the University of Arkansas for
Medical Sciences (IRB # 205083 and #228310) approved the study.

Informed consent Informed consent was obtained from all individual
participants included in the study.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Hovorakova M, Lesot H, Peterka M, Peterkova R (2018) Early
development of the human dentition revisited. J Anat 233:135–
145. https://doi.org/10.1111/joa.12825

2. Bailleul-Forestier I, Berdal A, Vinckier F, de Ravel T, Fryns JP,
Verloes A (2008) The genetic basis of inherited anomalies of the
teeth. Part 2: syndromes with significant dental involvement. Eur J
Med Gen 51:383–408. https://doi.org/10.1016/j.ejmg.2008.05.003

3. Bailleul-Forestier I, Molla M, Verloes A, Berdal A (2008) The
genetic basis of inherited anomalies of the teeth. Part 1: clinical

2950 Clin Oral Invest (2018) 22:2947–2951

https://doi.org/10.1111/joa.12825
https://doi.org/10.1016/j.ejmg.2008.05.003


and molecular aspects of non-syndromic dental disorders. Eur J
Med Gen 51:273–291. https://doi.org/10.1016/j.ejmg.2008.02.009

4. Masood F, Benavides E (2018) Alterations in tooth structure and
associated systemic conditions. Radiol Clin N Am 56:125–140.
https://doi.org/10.1016/j.rcl.2017.08.009

5. Ye X, Attaie AB (2016) Genetic basis of nonsyndromic and
syndromic tooth agenesis. J Pediatr Gen 5:198–208. https://doi.
org/10.1055/s-0036-1592421

6. Ahn HJ, Park Y, Kim S, Park HC, Seo SK, Yeo SY, GeumD (2010)
The expression profile and function of Satb2 in zebrafish embryon-
ic development. Mol Cells 30:377–382. https://doi.org/10.1007/
s10059-010-0128-6

7. Dobreva G, Chahrour M, Dautzenberg M, Chirivella L, Kanzler B,
Farinas I, Karsenty G, Grosschedl R (2006) SATB2 is a multifunc-
tional determinant of craniofacial patterning and osteoblast differ-
entiation. Cell 125:971–986. https://doi.org/10.1016/j.cell.2006.05.
012

8. He L, Liu H, Shi L, Pan S, Yang X, Zhang L, Niu Y (2017)
Expression and localization of special AT-rich sequence binding
protein 2 in murine molar development and the pulp-dentin com-
plex of human healthy teeth and teeth with pulpitis. Exp Ther Med
14:3507–3512. https://doi.org/10.3892/etm.2017.4980

9. Britanova O, Depew MJ, Schwark M, Thomas BL, Miletich I,
Sharpe P, Tarabykin V (2006) Satb2 haploinsufficiency
phenocopies 2q32-q33 deletions, whereas loss suggests a funda-
mental role in the coordination of jaw development. Am J Hum
Genet 79:668–678. https://doi.org/10.1086/508214

10. Fish JL, Villmoare B, Kobernick K, Compagnucci C, Britanova O,
Tarabykin V, Depew MJ (2011) Satb2, modularity, and the
evolvability of the vertebrate jaw. Evol Dev 13:549–564. https://
doi.org/10.1111/j.1525-142X.2011.00511.x

11. Zarate YA, Kaylor J and Fish J (1993) SATB2-associated syn-
drome. In: Adam MP, Ardinger HH, Pagon RA, Wallace SE,
Bean LJH, Mefford HC, Stephens K, Amemiya A and Ledbetter
N (eds) Book title., Seattle (WA)

12. Bengani H, Handley M, Alvi M, Ibitoye R, Lees M, Lynch SA,
Lam W, Fannemel M, Nordgren A, Malmgren H, Kvarnung M,
Mehta S, McKee S, Whiteford M, Stewart F, Connell F, Clayton-
Smith J, Mansour S, Mohammed S, Fryer A,Morton J, Consortium
UK, Grozeva D, AsamT,Moore D, SifrimA,McRae J, Hurles ME,
Firth HV, Raymond FL, Kini U, Nellaker C, Ddd S, FitzPatrick DR
(2017) Clinical and molecular consequences of disease-associated
de novo mutations in SATB2. Genet Med 19:900–908. https://doi.
org/10.1038/gim.2016.211

13. Zarate YA, Kalsner L, Basinger A, Jones JR, Li C, Szybowska M,
Xu ZL, Vergano S, Caffrey AR, Gonzalez CV, Dubbs H, Zackai E,
Millan F, Telegrafi A, Baskin B, Person R, Fish JL, Everman DB
(2017) Genotype and phenotype in 12 additional individuals with
SATB2-associated syndrome. Clin Genet 92:423–429. https://doi.
org/10.1111/cge.12982

14. Zarate YA, Perry H, Ben-Omran T, Sellars EA, Stein Q, Almureikhi
M, Simmons K, Klein O, Fish J, FeingoldM, Douglas J, KruerMC,
Si Y, Mao R, McKnight D, Gibellini F, Retterer K, Slavotinek A
(2015) Further supporting evidence for the SATB2-associated syn-
drome found throughwhole exome sequencing. Am JMedGenet A
167A:1026–1032. https://doi.org/10.1002/ajmg.a.36849

15. Zarate YA, Smith-Hicks CL, Greene C, Abbott MA, Siu VM,
Calhoun A, Pandya A, Li C, Sellars EA, Kaylor J, Bosanko K,
Kalsner L, Basinger A, Slavotinek AM, Perry H, Saenz M,
Szybowska M, Wilson LC, Kumar A, Brain C, Balasubramanian
M, Dubbs H, Ortiz-Gonzalez XR, Zackai E, Stein Q, Powell CM,
Schrier Vergano S, Britt A, Sun A, Smith W, Bebin EM, Picker J,
Kirby A, Pinz H, Bombei H, Mahida S, Cohen JS, Fatemi A,
Vernon HJ, McClellan R, Fleming LR, Knyszek B, Steinraths M,
Velasco Gonzalez C, Beck AE, Golden-Grant KL, Egense A,
Parikh A, Raimondi C, Angle B, Allen W, Schott S, Algrabli A,
Robin NH, Ray JW, Everman DB, Gambello MJ, Chung WK
(2018) Natural history and genotype-phenotype correlations in 72
individuals with SATB2-associated syndrome. Am J Med Genet A
176:925–935. https://doi.org/10.1002/ajmg.a.38630

16. American Academy of Pediatric Dentistry (2003) Dental growth
and development. http://www.aapd.org/media/Policies_
Guidelines/RS_DentGrowthandDev.pdf. Accessed 25 June 2018

17. Feng J, Jing J, Li J, Zhao H, Punj V, Zhang T, Xu J, Chai Y (2017)
BMP signaling orchestrates a transcriptional network to control the
fate of mesenchymal stem cells in mice. Development 144:2560–
2569. https://doi.org/10.1242/dev.150136

18. Zhao X, Qu Z, Tickner J, Xu J, Dai K, Zhang X (2014) The role of
SATB2 in skeletogenesis and human disease. Cytokine Growth
Factor Rev 25:35–44. https://doi.org/10.1016/j.cytogfr.2013.12.
010

19 . Go lan I , Baumer t U , Hra l a BP, Muss ig D (2003 )
Dentomaxillofacial variability of cleidocranial dysplasia:
clinicoradiological presentation and systematic review.
Dentomaxillofac Radiol 32:347–354. https://doi.org/10.1259/
dmfr/63490079

Clin Oral Invest (2018) 22:2947–2951 2951

https://doi.org/10.1016/j.ejmg.2008.02.009
https://doi.org/10.1016/j.rcl.2017.08.009
https://doi.org/10.1055/s-0036-1592421
https://doi.org/10.1055/s-0036-1592421
https://doi.org/10.1007/s10059-010-0128-6
https://doi.org/10.1007/s10059-010-0128-6
https://doi.org/10.1016/j.cell.2006.05.012
https://doi.org/10.1016/j.cell.2006.05.012
https://doi.org/10.3892/etm.2017.4980
https://doi.org/10.1086/508214
https://doi.org/10.1111/j.1525-142X.2011.00511.x
https://doi.org/10.1111/j.1525-142X.2011.00511.x
https://doi.org/10.1038/gim.2016.211
https://doi.org/10.1038/gim.2016.211
https://doi.org/10.1111/cge.12982
https://doi.org/10.1111/cge.12982
https://doi.org/10.1002/ajmg.a.36849
https://doi.org/10.1002/ajmg.a.38630
http://www.aapd.org/media/Policies_Guidelines/RS_DentGrowthandDev.pdf
http://www.aapd.org/media/Policies_Guidelines/RS_DentGrowthandDev.pdf
https://doi.org/10.1242/dev.150136
https://doi.org/10.1016/j.cytogfr.2013.12.010
https://doi.org/10.1016/j.cytogfr.2013.12.010
https://doi.org/10.1259/dmfr/63490079
https://doi.org/10.1259/dmfr/63490079

	Dental radiographic findings in 18 individuals �with SATB2-associated syndrome
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Patients
	Evaluations

	Results
	Discussion
	References


