Developmental defects

®

OPEN ACCESS

» Additional material is
published online only. To view,
please visit the journal online
(http://dx.doi.org/10.1136/
jmedgenet-2019-106678).

'Craniofacial Anomalies

and Regeneration Section,
National Institute of Dental and
Craniofacial Research, Bethesda,
Maryland, USA

%Food Allergy Research Unit,
National Institute of Allergy and
Infectious Diseases, Bethesda,
Maryland, USA

Correspondence to

Dr Olivier Duverger, Craniofacial
Anomalies and Regeneration
Section, National Institute

of Dental and Craniofacial
Research, Bethesda, MD 20892,
USA; olivier.duverger@nih.gov
and Dr Janice S Lee, Craniofacial
Anomalies and Regenration
Section, National Institute

of Dental and Craniofacial
Research, Bethesda, MD, 20892;
janice.lee@nih.gov

Received 4 November 2019
Revised 17 January 2020
Accepted 28 January 2020
Published Online First 8 March
2020

I '.) Check for updates

© Author(s) (or their
employer(s)) 2020. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published

by BMJ.

To cite: Jani P, Nguyen QC,
Almpani K, et al. / Med Genet
2020;57:699-707.

ORIGINAL RESEARCH

Severity of oro-dental anomalies in Loeys-Dietz
syndrome segregates by gene mutation
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ABSTRACT

Background Loeys-Dietz syndrome (LDS), an

autosomal dominant rare connective tissue disorder, has
multisystemic manifestations, characterised by vascular
tortuosity, aneurysms and craniofacial manifestations.
Based on the associated gene mutations along the
transforming growth factor-beta (TGF-p3) pathway, LDS

is presently classified into six subtypes. Methods We
present the oro-dental features of a cohort of 40 patients
with LDS from five subtypes. Results The most common
oro-dental manifestations were the presence of a high-
arched and narrow palate, and enamel defects. Other
common characteristics included bifid uvula, submucous
cleft palate, malocclusion, dental crowding and delayed
eruption of permanent teeth. Both deciduous and
permanent teeth had enamel defects in some individuals.
We established a grading system to measure the severity
of enamel defects, and we determined that the severity
of the enamel anomalies in LDS is subtype-dependent. In
specific, patients with TGF-3 receptor Il mutations (LDS2)
presented with the most severe enamel defects, followed
by patients with TGF-[3 receptor | mutations (LDS1). LDS2
patients had higher frequency of oro-dental deformities
in general. Across all five subtypes, as well as within each
subtype, enamel defects exhibited incomplete penetrance
and variable expression, which is not associated with

the location of the gene mutations. Conclusion This
study describes, in detail, the oro-dental manifestations
in a cohort of LDS, and we conclude that LDS2 has

the most severely affected phenotype. This extensive
characterisation, as well as some identified distinguishing
features can significantly aid dental and medical care
providers in the diagnosis and clinical management of
patients with this rare connective tissue disorder.

INTRODUCTION

Genetic conditions with a prevalence of <200000
affected individuals within the USA are consid-
ered by the National Institutes of Health as rare
diseases.! > Dental anomalies are frequently included
in the phenotypic manifestations of many genetic
conditions. Among 7000 known syndromes, >900
(13%) exhibit dental and/or oral manifestations.’®
This is likely an under-reported number as oro-
dental anomalies and their impact on patients’
quality of life are often time overlooked as they
are found in combination with other, more life-
threatening, clinical manifestations.
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Loeys-Dietz syndrome (LDS) is an autosomal
dominant, rare connective tissue disorder with
multisystemic involvement.* LDS phenotype has
been previously described as a clinical triad of
hypertelorism, bifid uvula and aortic aneurysm.
Other manifestations that have not been fully char-
acterised include craniosynostosis, retrognathia,
translucent skin and enamel defects.” Mutations
in the genes encoding the transforming growth
factor-beta (TGF-B) receptor type 1 (TGFBR1) and
TGF-B receptor type 2 (TGFBR2) subunits were
the first reported genetic causes of LDS; LDS1
(MIM# 609192) and LDS2 (MIM# 610168),
respectively.* Subsequently, mutations causing
LDS were found in three additional genes, namely
the mothers against decapentaplegic homolog 3,
involved in the transduction of TGF-B signalling
(SMAD3, LDS3, MIM# 613795),° the TGF-B2
(I'GFB2, LDS4, MIM#614816) and the TGF-B3
(TGFB3, LDS5, MIM#615582) ligands.” "
More recently, mutations in the SMAD2 gene
were also found to cause LDS (LDS6, no MIM#
assigned).!’ Thus, LDS is caused by mutations in
genes encoding various components of the TGF-$
signalling pathway: ligands, cell membrane recep-
tors and signal transducers. Interestingly, mutations
in the gene encoding the TGF-B1 ligand (TGFB1)
lead to two syndromes that are phenotypically
unrelated to LDS: Camurati-Engelmann disease
(MIM# 131300) featuring skeletal dysplasia'* and
a condition known as inflammatory bowel disease,
immunodeficiency and encephalopathy (MIM#
618213)." Notably, there has been no report
showing any cardiovascular, craniofacial or dental
phenotype in these syndromes, which suggests that
TGF-B2 and TGF-B3 are unique in the way they
activate the pathway and impact development.

Due to the life-threatening nature of aortic
aneurysm, several reports have focused on charac-
terising the cardiovascular anomalies experienced
by patients with LDS.'* Over the last decade,
significant efforts have been made in improving
the diagnosis and management of the cardiovas-
cular anomalies in patients with LDS, which has
helped improve the survival rate for this devas-
tating rare disease.'’ '* However, despite sporadic
case reports on the oral and dental anomalies diag-
nosed as part of LDS,'* 77" as well as numerous
animal studies showing the importance of TGF-$
signalling in dental development,”*® there has
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been no systematic report of the oro-dental phenotype in a
large cohort of patients affected with this rare connective tissue
disorder. The type of anomalies and the relationship between
phenotype and genotype have therefore not been established
for the oral and dental manifestations of this disease. Never-
theless, the impact of the dental anomalies on the oral health-
related quality of life for patients with LDS has been recently
evaluated and is significantly worse for individuals with LDS
compared with their unaffected family members and the
general population.?’

In this study, we performed a thorough evaluation of the oral
and dental anomalies in a cohort of patients with LDS from five
different subtypes of the disease (LDS1-5). For the first time, we
report a detailed description of the oral and dental anomalies
found in these patients, establish a novel classification system
for the assessment of the severity of enamel defects associated
with this syndrome and determine that the severity of the dental
anomalies in patients with LDS is subtype-dependent.

METHODS

Study design and participants

From August 2015 to January 2018, 40 patients with LDS, who
were genetically and clinically diagnosed, were recruited and
presented at the National Institutes of Health, Clinical Center
Dental Clinic for craniofacial and dental evaluation. For each
patient, dental evaluation and intraoral photography were
obtained as part of the natural history study, and cone-beam
CT when indicated per protocol. Self-reported dental health
status questionnaire was also obtained (NIDCR2S5), including
questions related to dental sensitivity, dry mouth, temporoman-
dibular joint (TM]J) pain or discomfort, snoring and obstructive
sleep apnoea. Questions related to oral health-related quality of
life and access to dental care have been included in a different
study.?” In addition, the results of the craniofacial evaluation and
morphometrics have been prepared in a separate and compli-
mentary study. We also included 26 unaffected family members
(mean age 40.27 years, age range 6-54 years) who consented to
participate in our study as healthy controls. The evaluation for
family members was reduced to include an oral examination and
intraoral photos for their convenience.

Oral and dental evaluation

The oral and dental evaluation included a detailed clinical
examination, performed by a team of general dentists and an
oral and maxillofacial surgeon. The clinicians were calibrated
for clinical assessment of intraoral and extraoral features.
The intraoral examination consisted of the inspection of the
oral structures and soft tissue, including the palate, uvula and
gingiva. The dental and hard tissue evaluation included the
occlusion, eruption pattern, tooth morphology, jaw relation-
ship and TM]J function. A standardised oro-dental evaluation
form was used in all cases. Cone-beam CT (Planmeca Promax
3D Max, 400 pm resolution) or available dental radiographs
and intraoral photography (Canon EOS 5D Mark II camera)
were performed to further assess dental phenotypes including
findings such as tooth impaction, dental decay and enamel
defects. For each patient, seven intraoral photos were taken:
the frontal view of dentition in occlusion, the frontal view of
dentition at rest (2-3 mm leeway space), the maxillary arch, the
mandibular arch, the left lateral view (maxillary and mandib-
ular teeth in occlusion), the right lateral view, and the oropha-
ryngeal region.

Table 1  Demographics of study population
Age at first visit (years)
Characteristics No. of patients (%) Mean=SD Range
Total subjects 40 (100) 18.05+15.0 2.4-57.4
Gender
Male 20 (50.0) 17.5£16.0 2.4-55.0
Female 20 (50.0) 18.6+14.3 2.4-57.4
Pathogenic gene mutations
Loeys-Dietz syndrome (LDS)
TGFBR1 (LDS1) 15 (37.5) 17.4+15.2 3.7-55.0
TGFBR2 (LDS2) 14 (35) 18.1+£15.5 3.2-57.4
SMAD3 (LDS3) 3(7.5) 19.7£15.9 3.8-35.5
TGFB2 (LDS4) 7(17.5) 16.8+17.2 2.4-39.8
TGFB3 (LDS5) 1(2.5) 37.5+n/a n/a

n/a, noted for range and SD with sample size of 1; SMAD3, signal transducer in
transforming growth factor-beta; TGFB2, transforming growth factor-beta 2; TGFB3,
transforming growth factor-beta 3; TGFBR1, transforming growth factor-beta
receptor 1; TGFBR2, transforming growth factor-beta receptor 2.

Classification of enamel defect

Based on the clinical presentation and severity of enamel defect,
the authors formulated the dental classification as part of the
effort to map the relationship between severity of enamel defect
and pathogenic variants associated with LDS. The severity of
enamel defects was graded using a modified version of the clas-
sification of enamel defect in coeliac disease.”® The classifica-
tion of dental enamel defects was applied for both deciduous
and permanent dentitions. Intraoral photos of unaffected family
members were graded similarly to use as control.

Data analysis

All descriptive analyses were performed using GraphPad Prism
V.8.0.2 for Windows (GraphPad Software, La Jolla, California,
USA) and IBM SPSS Statistics for Windows, V.26.0 (IBM,
Armonk, New York, USA). The descriptive statistics consisted
of univariate analyses for all LDS subject and included mean,
SD and range, unless otherwise specified. As this was a descrip-
tive study, no formal statistical comparisons were made across
phenotypic subcategories.

RESULTS

Demographics

The demographic characteristics of the cohort of patients with
LDS enrolled in this study are summarised in table 1. Forty
patients were enrolled in total, with an equal number of males
(n=20) and females (n=20), with a broad age range (mean:
18.05+15.0 years, range: 2.4-57.4 years) . Both the primary
and permanent dentitions were assessed and evaluated.

Thus far, most subjects have been reported to carry the muta-
tion in TGFBR1 (LDS1) or TGFBR2 (LDS2) genes, while fewer
cases have been reported for the other three subtypes.'” This
frequency distribution was reflected in the cohort of 40 patients
with LDS who were enrolled in this study: 15 subjects were
LDS1 (mutation in TGFBR1), 14 subjects were LDS2 (mutation
in TGFBR2), 3 subjects were LDS3 (mutation in SMAD3), 7
subjects were LDS4 (mutation in TGFB2) and only 1 subject was
LDS5 (mutation in TGFB3) (table 1). No patients with LDS6
(mutation in SMAD2) were included in this study.
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Table 2  Oro-dental characteristics of LDS-causing mutations

TGFBR1 TGFBR2 SMAD3 TGFB2 TGFB3

(LDS1) (LDS2) (LDS3) (LDS4) (LDS5) Total
Number of patients n=15 n=14 n=3 n=7 n=1 n=40
Abnormal palate 15 (100.0) 13(92.8) 0(0.0) 5(71.4) 1(100.0) 34 (85.0)
Retrognathic mandible 14 (93.3) 13 (92.8) 2 (66.7) 4 (57.1) 0(0.0) 33 (82.5)
Enamel defects 7 (46.7) 10 (71.4) 2 (66.7) 3(42.8) 0(0.0) 22 (55.0)
Class Il malocclusion 8(53.3) 9 (64.2) 2 (66.7) 3(42.8) 0(0.0) 22 (55.0)
Gingivitis 9 (60.0) 9(64.2) 1(33.3) 0(0.0) 1(100.0) 20 (50.0)
Submucosal cleft or abnormal uvula 6 (40.0) 9 (64.3) 0(0.0) 0(0.0) 0(0.0) 15 (37.5)
TMJ abnormality 6 (40.0) 5(35.7) 1(33.3) 1(143) 1(100.0) 14 (35.0)
Deep bite 6 (40.0) 5(38.5) 0(0.0) 1(14.3) 1(100.0) 13(33.3)
Dental crowding 1(6.7) 3(21.4) 2 (66.7) 1(14.3) 0(0.0) 7(17.5)
Delayed eruption 0(0.0) 4(28.5) 0(0.0) 0(0.0) 0(0.0) 4(10.0)

Frequencies of each phenotype are mentioned along with the percentage within the category in parenthesis. Frequencies higher than 50% are bolded.

LDS, Loeys-Dietz syndrome; TMJ, temporomandibular joint.

Patients with LDS present with a wide spectrum of oro-dental
malformations

The oro-dental features found in patients with LDS are
summarised in table 2 (see online supplementary table 1 for
individual patient data). The most common features (>50% of
the cohort) among the LDS cohort included the presence of a
high arched and/or narrow palate, enamel defects and class 1I
skeletal malocclusion. Less common features included the pres-
ence of a bifid or broad uvula or submucous cleft, deep bite,
dental crowding and abnormal eruption pattern with a delay in
the eruption of the permanent teeth.

Narrow or high-arched palate is the most common oro-dental
feature seen in the LDS cohort and is noted in 34 patients
(85.0%). Among these, 23 patients (57.5%) exhibited both
narrow and high-vaulted palate, which is often mistaken for a
cleft palate (figure 1A). We only found three patients (7.5%)
with an actual submucous cleft palate identified as a hard palate
notch (instead of a posterior palatal spine), and no cleft lip or
palate was noted in this cohort. A bifid uvula, which is consid-
ered as a minor form of a cleft palate, was present in 14 patients
(35.0%) (figure 1B).

Due to the combination of the narrow and high-arched palate,
the limitation of arch space was responsible for dental crowding
in seven patients (17.5%) (figure 1C). Combined with crowding,
due to the narrow palate, some individuals also had impacted
upper canines or premolars. Crowding results in difficulty for
some teeth to erupt and malalignment of the erupted teeth,
worsening the dental malocclusion in these patients (figure 1D).
Posterior dental crossbite was another form of dental maloc-
clusion found in some patients either due to the narrow palate/
maxilla or due to deviation and asymmetry of one of the jaws
(figure 1E). Delayed eruption of permanent teeth was noticed
in four patients (10%), in combination with delayed exfoliation
of the deciduous teeth (figure 1F). Differences in the number
of retrognathic patients and those with class II malocclusion
were observed, however, some patients had done or were under-
going orthodontic treatment at the time of evaluation, and
some patients were skeletally retrognathic with normal (class I)
occlusion.

Mild degree of gingivitis, affecting more than one quadrant
of the mouth, was noted in 20 patients (50.0%), with increased
frequency with age (online supplementary table 2). No abnormal
mucosal findings were observed in this LDS cohort. None of
the patients had clinically obvious salivary gland dysfunction or
self-reported dry mouth. Despite several reports finding joint

hyperlaxity in patients with LDS, we did not note laxity of the
TM] in any of the 40 patients. In contrast, 14 patients (35.0%)
had restricted mouth opening, either due to small oral orifice
or TM]J abnormality. Interestingly, TM] abnormalities were
reported at a higher frequency in adults (online supplementary
table 2). We did not notice any abnormalities of tooth shape
in this cohort. Only one patient with LDS2 had congenitally
missing teeth. Three out of four second premolars were congeni-
tally missing (figure 1G). We did not see any gender predilection
in the frequency of these anomalies in our LDS cohort, most
traits were distributed in a similar fashion across both genders
(online supplementary table 2).

Varying degrees of enamel defects are found in the LDS
cohort
Among the LDS cohort, 55.0% had some form of enamel defect
(table 2), ranging from minor discolouration to severe chipping
and loss of enamel structure. We further classified the enamel
defects in these subjects into four severity grades based on the
type of structural defect, surface area of individual teeth affected
and total number of teeth affected (table 3 and figure 2A). Indi-
vidual patient data can be found in online supplementary table
1. We graded the unaffected family members in an analogous
manner as controls. Fourteen of the patients with LDS (35.0%)
showed mild enamel defects which involved surface discoloura-
tions and white spot lesions affecting six or fewer teeth (grade
1), whereas 6 out of 26 unaffected family members (23.1%)
had grade 1 defects on our scale. Three patients (7.5%) showed
moderate defects, with fewer than 12 teeth affected, and the
defect covering more than one-third of the tooth surface (grade
2). Three patients (7.5%) had enamel defects covering almost
two-thirds of the tooth surface and affecting >12 teeth in the
dentition (grade 3). Two patients (5%) had severe enamel defects
with all teeth in the dentition being affected and defects covering
the entire tooth surface even leading to loss of enamel following
eruption (grade 4). Interestingly, 18 patients with LDS (45.0%)
did not exhibit clinically any form of enamel abnormality (grade
0) as opposed to most of unaffected family members (76.9%).
Overall, both primary and permanent dentitions were found to
be affected in patients with LDS. No unaffected family members
had any structural enamel defects (grade 2-4).

Consistent with the enamel defects, 19 of the patients with LDS
(47.5%) self-reported dental hypersensitivity to hot or cold stimuli,
compelling them to alter their diet. The only patient with LDSS in
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A

Figure 1

Common phenotypical characteristics in patients with Loeys-Dietz syndrome (LDS). (A) Narrow and high-arched palate in patient XIX with LDS2

and a high-arched palate in patient 1B with LDS1. The narrow palate in XIX resulted in severe crowding of teeth, malocclusion and posterior crossbite. (B)
Bifid uvula in patient XVII with LDS2 and broad uvula in patient I1B. (C) Crowding of lower anterior teeth in patient XXV with LDS2. The crowding resulted
from lack of space for permanent teeth mostly due to small (retrognathic) mandible. (D) Increased overjet of anterior teeth (double arrow) and class Il dental
malocclusion in patient VI with LDS1. (E) Bilateral posterior crosshite in patient IV. (F) Delayed dental eruption pattern in patient XVI with LDS2 with multiple
retained deciduous teeth. The incisor was not visible in the oral cavity during patient’s first visit at 10 years of age (top image, arrowhead) but was partially
erupted in the visit after 1year (bottom image, arrowhead). Also notable is the presence of several deciduous teeth at 11 years of age (bottom image,
asterisk). (G) Panoramic X-ray of a patient 11years of age with LDS2 having congenitally missing teeth #4, #20 and #29, along with retained deciduous
teeth (asterisk), unerupted permanent teeth (black arrows) and impacted tooth #11 (black arrowhead).

the cohort also reported dental hypersensitivity, despite the absence
of clinically evident enamel defects (grade 0). This may suggest
that enamel defects may be more structurally subtle and not grossly
apparent, or that dental hypersensitivity in these patients involves
additional factors. Consistent with this latter hypothesis is the fact
that, although enamel defects are found at comparable frequencies
in all age groups (children, adolescents and adults), the frequency
of patients suffering from hypersensitivity appears to increase with
age (online supplementary table 2).

Even with the high rate of enamel defects in the LDS cohort, it
was striking that very few had dental decay or caries. The loss of

enamel and subsequent exposure of the underlying dentin would
increase the risk for caries, yet patients with severe enamel defect
and enamel loss did not show any obvious carious lesions at the
time of examination.

The severity and frequency of oro-dental manifestations is
LDS subtype-dependent

Patients with mutations in TGF-B receptor 2 (LDS2) demon-
strated the most severe oro-dental phenotypes among the cohort,
including abnormal palate morphology, severe retrognathic

Table 3 Classification of dental enamel defects in Loeys-Dietz syndrome (LDS)

LDS Unaffected
Classification Description n=40 n=26
Grade 0 Normal enamel 18 (45.0) 20 (76.9)
Grade 1 Tooth discolouration: white, yellow or brown spots on smooth enamel surfaces 14 (35.0) 6(23.1)
Grade 2 Localised <2/3 of structural defects: <6 teeth affected 3(7.5) 0(0.0)
Grade 3 Localised =2/3 of structural defects: <12 teeth affected 3(7.5) 0(0.0)
Grade 4 Generalised structural defects: affect the whole dentition 2 (5.0) 0(0.0)

Frequencies of each grade are mentioned along with the percentage within the category in parenthesis.
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Figure 2  Grading of enamel defects in Loeys-Dietz syndrome (LDS). (A) Representative photos of various grades of enamel defects seen in patients with
LDS, with the inset showing a magnified view of the boxed area of each tooth. Grade 0 shows normal incisors with no defects. Grade 1 shows the teeth with
discolouration of enamel and white spots. Grade 2 shows mild enamel structural defects including pits and grooves. Grade 3 shows severe pitting of the
enamel involving more than two-thirds of the surface. Severe structural defects leading to loss of enamel and dentin exposure was classified as grade 4. The
dotted line shows the extent of enamel loss and underlying dentin becoming visible. E, enamel, D, dentin. (B) Distribution of the different grades of enamel
defects in patients with LDS. LDS2 has the most severe defects with two patients having grade 4 and three patients having grade 3 defects. LDS1 only had
one patient with grade 2, while six had grade 1 defects. Grade 1 enamel defects were seen in two out of three LDS3 patients and three LDS4 patients.

mandible and class II malocclusion and bifid uvula or submucous
cleft palate with the greatest frequency of anomalies (table 2).
Moreover, as described in more detail below, patients with LDS2
exhibited the most severe enamel defects.

The second most common gene affected in patients with
LDS is TGFBR1 and our findings from these patients indicated
that this subtype shared most clinical features with LDS2 but
was not as severe as the latter. This group of patients did not
have delayed eruption and their dental age complemented their
chronological age.

Although the other three subtypes had lower prevalence, they
shared most of the oro-dental features found in LDS1 and LDS2
as seen in table 2. Nevertheless, most of the examined manifes-
tations were less frequent when compared with LDS1 or LDS2.

The most severe enamel defects are seen in LDS2 with
incomplete penetrance and variable expression

The distribution of patients with LDS based on the grading of
their enamel defect is depicted for each LDS subtype in figure 2B.
Patients with LDS2 exhibited the highest frequency and severity
of enamel defects; 10 out of 14 patients had defective enamel
(71.490), with 3 of them presenting with severe defects (grade 3)
and two suffering from enamel loss affecting the whole dentition
(grade 4) (figures 2B and 3A). However, four patients (28.6%)
with LDS2 presented with no clinically apparent enamel defects,
which suggests an incomplete penetrance of enamel defects in
LDS. It was also noted that both mandibular and maxillary inci-
sors were commonly affected in patients with LDS2, while in
the other LDS subtypes the maxillary incisors were more often
affected than the mandibular incisors.

Given the range of severity in the LDS2 group, we examined
the correlation between the position of the mutation in the
TGFBR2 gene and the severity of the enamel phenotype. In the
LDS2 group, we did not see any correlation between the position
of the mutations in the protein kinase domain of TGFR-2 and
the severity of enamel defects (figure 3B). Five patients with the
same R528H variant presented with varying degrees of enamel
defects (figure 3A and C), and the same variability was observed
in family members who had the same V419E variant (figure 3D).

The second most severe enamel phenotype was found in
LDS1, although there is also a large range of variability. Seven
patients with LDS1 (46.7%) had mild-to-moderate enamel
defects, ranging from grade 1 to 2, based on our grading scale
(figure 2B and online supplementary figure 1A). Similar to
what was observed for LDS2, there was no correlation between
the position of the variants in TGFR-1 and severity of enamel
defects (online supplementary figure 1B and C).

For the three other LDS subtypes (LDS3, LDS4 and LDSS),
only mild enamel defects (grade 1) or normal enamel were
observed (figure 2B and online supplementary figure 2); two
patients with LDS3 (66.7%) and three patients with LDS4
(42.8%) presented with tooth discolouration (grade 1). The only
patient with LDSS in this cohort did not exhibit any clinically
discernible enamel defects (figure 2B and online supplementary
figure 2).

DISCUSSION

In this study, we thoroughly characterised the oro-dental malfor-
mations in patients with LDS. We reported for the first time
detailed common and distinguishing characteristics of different

Jani P, et al. ) Med Genet 2020;57:699-707. doi: 10.1136/jmedgenet-2019-106678

703


https://dx.doi.org/10.1136/jmedgenet-2019-106678
https://dx.doi.org/10.1136/jmedgenet-2019-106678
https://dx.doi.org/10.1136/jmedgenet-2019-106678
https://dx.doi.org/10.1136/jmedgenet-2019-106678
https://dx.doi.org/10.1136/jmedgenet-2019-106678

Developmental defects

A

XVII/p.R528H

XX/p.A329T

Grade 2

XIV/p.M457K

B
EC
23-166

TGFR-2 |

Pt XXIII. Grade 1
M457K

Pt XX. Grade 3

D397G Pt XIV. Grade 4
Pt XXII. Grade 1 R495G
V419E Pt XXIV. Normal

Transmembrane domain

[ Protein kinase domain

Pt XIITA. Grade 2
Pt XIIIB. Normal

A426D
Pt XV. Normal

R528H

Pt XVII. Grade 1
Pt XVIII. Grade 4
Pt XIX. Grade 3

Pt XXI. Normal
Pt XXV. Grade 2

XIX/p.R528H D

XVIIl/p.R528H XIITA/p.V419E

XIIIB/p.V419E

Figure 3 Mutations in transforming growth factor-beta (TGF-B) receptor type 2 (TGFBR2) lead to varying degrees of enamel defects. (A) Varying degrees
of severity of enamel defects seen in LDS2 patients with patient XIV showing severe loss of enamel (grade 4), patient XX showing generalised discolouration
of both upper and lower teeth (grade 2) and patient XVII only exhibiting mild discolouration and localised white spot lesions (grade 1). (B) Graphic
representation of the TGF-P receptor 2 protein (TGFR-2) showing the distribution of pathogenic variants in the LDS2 patients in this study. All LDS-causing
mutations reported so far in TGFBR2 are in the region of the gene that encodes the intracellular protein kinase domain. We also mapped the severity of
enamel defects to each variant and did not find any correlation between defect severity and variant position. EC, extracellular domain, IC, intracellular
domain. (C) LDS2 patients with same pathogenic variant (p.R528H) presenting varying severity of enamel defects, once again showing the variability in

LDS phenotype. (D) Patients in the same family with p.V419E mutation showing different grades of enamel defects with father (top image) having grade 1
defects and daughter (bottom image) having no evident enamel defects. LDS, Loeys-Dietz syndrome.
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LDS subtypes. Overall, patients with LDS2 exhibited the greatest
frequency and severity of oro-dental anomalies, while LDS1
patients presented the second most severe phenotype in the
cohort. The presence of a bifid uvula and/or submucous cleft
palate were only observed in individuals with LDS1 and LDS2.
The eruption pattern of teeth was only affected in patients with
LDS2, with retention of deciduous teeth and consequent delay
in the eruption of permanent teeth. These findings demonstrate
that alterations in the TGF-B signalling pathway in the context
of oro-dental development, particularly mutations in the trans-
membrane receptor subunits (TGFR-1 and TGFR-2), and even
more so for the receptor subunit that is directly involved in the
interaction with the ligand (TGFR-2), are more deleterious than
mutations affecting the ligands (TGF-B2 and TGF-3) or signal
transducers (SMAD3). In addition to this variability related to
the position of the mutation along the various components of
the signalling pathway, strong clinical variability was also found
within each LDS subtypes, specifically for the enamel defects.
Even within the group of patients with LDS2 where the most
severe anomalies were observed, some patients did not exhibit
any obvious enamel defects. Moreover, this clinical variability
did not correlate with the position of the mutation in the protein
kinase domain, and the same mutation can lead to a large range
of anomalies. These findings suggest that the expression of oro-
dental anomalies in LDS may be influenced by modifier genes or
environmental factors.

The TGF-B superfamily is known to play critical roles in
mammalian development. Defects in TGF-P signal transduction
have been shown to be responsible for several developmental
disorders and human diseases,”” ** and TGEF-B signalling is an
important regulator during craniofacial development.®" In mice,
Tgfbrl and Tgfbr2 are expressed in the developing craniofacial
region, and deletion of either receptor in neural crest cells (using
Wnt1-cre mice) results in an array of craniofacial deformities
including cleft palate and mandibular hypoplasia, clearly indi-
cating the functional significance of TGF-p signalling in regu-
lating craniofacial development.** 3> 33 None of the patients in
our cohort exhibited a complete cleft palate. However, three
patients were confirmed to have submucosal clefts and nearly
one-third presented with a bifid uvula, which can be considered
as a mild form of clefting. Most patients also presented with a
considerably high arching of the palate, which is occasionally
misreported by non-experts as cleft palate.

As this study was based on clinical examinations and intra-
oral photos, the dental defects described here are mostly focused
on the appearance of the tooth surface and therefore on dental
enamel. Ultrastructural and biomechanical analyses will be
essential to further characterise the type of enamel defects in
patients with LDS. Enamel is the hardest tissue in the body
(96% mineral content) and is produced by ameloblasts through
a process called amelogenesis. Amelogenesis happens in two
stages: a secretion stage, during which enamel matrix proteins
are deposited simultaneously with the initiation of hydroxyapa-
tite crystallite formation, and a maturation stage, during which
enamel matrix proteins are degraded to leave space for the full
growth of hydroxyapatite crystals.”* ** Disruption of any of these
processes may cause enamel defects.* The importance of TGF-B
signalling in enamel development has been suggested by studies
in cells, even though these studies used TGF-B1 ligand, the only
ligand that has not been involved in LDS, as a paradigm for the
activation of TGF-P signalling.*® ¥ In mice, the deletion of the
Tgfbr2 gene in ameloblasts results in defects in enamel miner-
alisation and maturation,” which supports the importance of
TGF-f signalling in enamel development in an in vivo setting.

However, complete absence of the receptor in ameloblasts is not
an ideal model for LDS as an autosomal dominant or heterozy-
gous mutation in Tgfbr2 may affect the signalling pathway in
a totally different way. Moreover, mutations in patients with
LDS may affect the ameloblasts and other cells in the enamel
organ, as well as the dental mesenchyme that interacts closely
with the enamel organ during tooth development. Therefore,
the use of an LDS mouse model*® will be essential to investigate
the molecular and cellular events leading to enamel defects in
this syndrome.

The observations presented in this study do not allow us to
make any conclusion on the consequences of LDS-causing muta-
tions on dentin formation. In our cohort, only one patient with
LDS1 exhibited a phenotype similar to dentinogenesis imperfecta
resulting in the pathognomonic severe grey tooth discolouration.
The involvement of TGF-f signalling in dentin development is
supported by numerous mouse studies.”® ** *° Dentin is produced
by odontoblasts that are part of the dental mesenchyme and are
derived from neural crest cells. TGF-B ligands and receptors are
known to be expressed by odontoblasts,”® *! ** where they act in
an autocrine manner to stimulate the secretion of predentin and
dentin. In human teeth, strong staining for both TGF-B recep-
tors 1 and 2 has been reported in the odontoblasts of healthy
teeth.*! These studies suggest that patients with LDS may exhibit
dentin defects in addition to the enamel anomalies described
here. Therefore, ultrastructural analysis of teeth from patients
with LDS will be essential to further investigate the effects of
LDS-causing mutations on dentin formation.

In our report, we present an in-depth characterisation of the
oro-dental features of LDS, and we demonstrate the phenotypic
heterogeneity and segregation among the different LDS subtypes,
with LDS2 having the most severe oro-dental phenotype. Our
findings in LDS show a much higher prevalence of certain traits
than in the general population. Enamel defects in the general
population show a large range of variation depending on the
racial, ethnic, nutritional or socioeconomic status. A recent study
showed that 27% of the 698 children examined in the Iowa Fluo-
ride Study had at least one tooth with enamel opacities (grade
1 on our scale) and, <1% children had up to four teeth with
defects,” whereas 35% of patients with LDS had grade 1 enamel
defects. Similarly, for malocclusion in the general population,
Caucasians show the highest prevalence of class II malocclusion
in the permanent dentition (23%),** which is significantly lower
than our finding in LDS (55%). About 25%-30% of the adult
population report dentin hypersensitivity.* We find that 47.5%
of patient with LDS have hypersensitivity. Thus, patients affected
with LDS have greater severity and have much higher frequency
of some of the anomalies found in the general population.

The clinical management of patients with LDS has been
focused on the life-threatening cardiovascular manifestations.
Based on the severity of oro-dental anomalies in the LDS cohort
in our study, we recommend more thorough dental evaluations
and comprehensive treatment planning. These patients should
be evaluated by clinical teams consisting of various specialists
including dentists, orthodontists and oral and maxillofacial
surgeons, preferably in a multidisciplinary setting and in regular
communication with the primary paediatrician or cardiologist.
Early visits to dentists and orthodontist are also highly recom-
mended. Dentinal hypersensitivity should be addressed and
could be temporarily relieved with a topical application of fluo-
ride varnish or desensitiser. Patients in our LDS cohort who had
desensitiser application, felt relief from hypersensitivity up to
3 months. Patients having severe enamel defects and enamel loss
can have prosthetic crowns placed to cap the teeth and prevent
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further damage. Primary teeth can have stainless steel crowns for
posterior teeth or silicone crowns for anterior teeth so they can
maintain space until permanent teeth erupt. A multidisciplinary
cleft and craniofacial team can provide comprehensive oversight
of the oro-dental findings.

Future studies on the ultrastructure and biomechanical
properties of dental tissues from patients with LDS, as well as
phenotypic and molecular analyses of animal models mimicking
LDS-causing mutations will help improve our understanding of
the molecular and cellular mechanisms leading to oro-dental
anomalies in LDS.
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