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Abstract

The latent transforming growth factor-beta-binding protein 3 (LTBP3), encoding extracellular matrix proteins, plays a role in
skeletal formation. Mutations in LTBP3 have been associated with various types of skeletal dysplasia. We aimed to character-
ize clinical and molecular features of more patients with mutations in the gene, which may help suggest genotype—pheno-
type correlation. The first two East Asian patients with short stature, heart defects, and orodental anomalies having LTBP3
mutations were identified. Whole exome and Sanger sequencing revealed that the one with a novel heterozygous missense
(c.2017G>T, p.Gly673Cys) mutation in LTBP3 had clinical features consistent with acromicric dysplasia (ACMICD). The
variant was located in the highly conserved EGF-like calcium-binding domain adjacent to the single reported LTBP3 variant
associated with ACMICD. This finding supports that LTBP3 is a disease gene for ACMICD. Another patient with a novel
homozygous splice site acceptor (c.1721-2A>G) mutation in LTBP3 was affected with dental anomalies and short stature
(DASS). Previously undescribed orodental features included multiple unerupted teeth, high-arched palate, and microstomia
found in our patient with ACMICD, and extensive dental infection, condensing osteitis, and deviated alveolar bone forma-
tion in our patient with DASS. Our results and comprehensive reviews suggest a genotype—phenotype correlation: biallelic
loss-of-function mutations cause DASS, monoallelic missense gain-of-function mutations in the EGF-like domain cause
ACMICD, and monoallelic missense gain-of-function mutations with more drastic effects on the protein functions cause
geleophysic dysplasia (GPHYSD3). In summary, we expand the phenotypic and genotypic spectra of LTBP3-related disorders,
support that LTBP3 is a disease gene for ACMICD, and propose the genotype—phenotype correlation of LTBP3 mutations.

Keywords Acromicric dysplasia - Acromelic dysplasia - Amelogenesis imperfecta - Oligodontia - Skeletal dysplasia -
Cardiac anomalies
Introduction

LTBP is a group of extracellular proteins involved in regu-
lation of TGF-p activity and microfibrillar network. LTBPs

Communicated by Stefan Hohmann. comprise four LTBP isoforms (LTBP-1, -2, -3, and -4)
. . . . . and contain several compartments including epidermal
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EGF domains that are interspersed with TGFf-binding
domains (Robertson et al. 2015). The LTBP3 encodes the
latent TGF-P binding protein 3 which is the extracellular
matrix protein required for osteoclast function and micro-
fibril biology (Zilberberg et al. 2012). Mutations in LTBP3
have been associated with several human disorders including
acromicric dysplasia (ACMICD; OMIM #102370), geleo-
physic dysplasia3 (GPHYSD3; OMIM #617809), and dental
anomalies and short stature (DASS; OMIM #601216). To
date, the relationship between LTBP3 mutations and these
diverse anomalies has not been verified. The purpose of this
study was to identify more patients with mutations in the
gene and characterize their clinical features, which may help
suggest genotype—phenotype correlation.

ACMICD and GPHYSD3 belong to the acromelic dys-
plasia group of genetically heterogeneous skeletal dysplasias
characterized by short stature, brachydactyly, progressive
joint limitation, and delayed bone age (Faivre et al. 2001;
Le Goff et al. 2011). Clinical features of GPHYSD3 consist
of full ‘happy’ face including full cheek, small nose with
anteverted nares, broad nasal bridge, and thin upper lip with
flat philtrum, hepatomegaly, tracheal stenosis, and progres-
sive cardiac valvular thickening which often leads to early
death (Le Goff et al. 2011; McInerney-Leo et al. 2016). Dis-
tinct from GPHYSD3, ACMICD shows mild facial features
without progressive cardiac and respiratory problems (Le
Goff et al. 2011; Mclnerney-Leo et al. 2016).

DASS is characterized by short stature, brachyolmia, and
hypoplastic amelogenesis imperfecta. Oligodontia, thoracic
aortic aneuryms and dissection, and mitral valve prolapse
were frequently observed in DASS (Dugan et al. 2015; Guo
et al. 2018).

To our knowledge, only one LTBP3 mutation has been
identified in ACMICD, two in GPHYSD3, and eight in den-
tal anomalies and short stature (DASS; OMIM #601216).
A heterozygous missense mutation was previously identi-
fied in a family with autosomal dominant ACMICD. Two
de novo heterozygous, stop-loss and donor splice site, vari-
ants were found in two unrelated patients with the dominant
GPHYSD3 (Mclnerney-Leo et al. 2016). Biallelic LTBP3
mutations were reported in patients with autosomal recessive
DASS (Dugan et al. 2015; Guo et al. 2018; Huckert et al.
2015; Noor et al. 2009).

In this study, we investigated phenotype and genotype
of two unrelated Thai patients affected with ACMICD and
DASS. Exome and sanger sequencings were performed to
identify pathogenic variants. Our analyses expanded clini-
cal and mutational spectra and propose genotype—phenotype
correlation in LTBP3-related disorders.
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Materials and methods
Enroliment of human subjects

Two Thai families were recruited for genetic studies of
skeletal dysplasia. Thorough examinations and blood
collection were performed after obtaining the written
informed consent from each participant. The study was
approved by the Institutional Review Board, Chulalong-
korn University (IRB 470/61) and performed according to
the ethical standards of the 1964 Declaration of Helsinki
and its later amendments or comparable ethical standards.

Micro computerized tomography (CT) analysis

The lower left third molar of patient 1 was surgically
removed and subjected for scanning with specimen pCT
35 (SCANCO Medical, Briittisellen, Switzerland) and the
Image Processing Language (IPL, Scanco Medical AG)
at the Mineralized Tissue Research Unit at the Faculty of
Dentistry, Chulalongkorn University. The mineral density
of dental hard tissues was quantified compared with the
controls using the same tooth type.

Whole exome sequencing (WES) and bioinformatics

The genomic DNA was extracted from peripheral blood
leukocytes. The DNA samples and sequencing data were
processed as previously described (Porntaveetus et al.
2017). WES was done at Macrogen, Inc. (Seoul, Korea)
using VariantStudio™ version 3.0.12 (Illumina, Inc.,
USA). All variants were filtered using the following crite-
ria: (1) quality score > 20, (2) read depth > 10, (3) location
in or close to the coding regions, (4) < 1% minor allele
frequency in the database of Exome Variant Server, Exome
Aggregation Consortium (ExAC), 1000 Genomes Project
Consortium, dbSNPs, and in-house database of 1,400 Thai
exomes. The variants were termed novel if they were not
present in the Human Gene Mutation Database (http://
www.hgmd.cf.ac.uk/ac/index.php) and the Genome Aggre-
gation Database (gnomAD) (Lek et al. 2016). Alignment of
conserved regions among species including Homo sapiens
(NP_001123616.1), Mus musculus (NP_032546.2), Mono-
delphis domestica (XP_007502752.1), Empidonax traillii
(XP_027763522.1), Danio rerio (NP_001244070.1), and
Anolis carolinensis (XP_016854597.1) was performed by
Clustal Omega (version 1.2.4). Analysis of three-dimen-
sional protein structures was established using the PyMOL
Molecular Graphics System, Version 2.0 Schrodinger,
LLC (Schrodinger 2015).


http://www.hgmd.cf.ac.uk/ac/index.php
http://www.hgmd.cf.ac.uk/ac/index.php
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Mutation validation

The Sanger sequencing was performed to confirm the muta-
tions detected by WES. The coding region of LTBP3 was
amplified by LTBP3-specific primers: LTBP3_1_F:CTT
CTCAGATGTGAACGAGTGC and LTBP3_2_R:TCC
CCTCACCTTCGCACA. The splice site acceptor (SSA)
region of LTBP3 was amplified by LTBP3 specific prim-
ers: LTBP3_3_F: GAAGCGTCGTTATCTGGGGT and
LTBP3_4_R: CTGGAGTTGGAGTATGGGCG. PCR
products were sent for Sanger sequencing at Macrogen, Inc.
(Seoul, Korea).

Fig.1 The pedigree of family 1 and characteristics of the proband.
The proband is indicated by an arrow. A filled symbol represents an
affected family member. a Family pedigree. The proband at age of
18 years and 11 months showed short stature (b), short hands, feet,
fingers, and toes (c, d). The periumbilical skin was darkened (e).
Hyperpigmentation was observed on his right thigh (f). His facial
features consisted of a round face, well-defined eyebrows, bulbous

Results
Phenotypic characterization

Patient 1 is the only son of non-consanguineous healthy
Thai parents (Fig. 1a). He was delivered by C-section
due to cephalopelvic disproportion with a birth weight of
4000 g (1.8 SD) and a birth length of 55 cm (2 SD). He was
referred to our hospital at the age of 10 years and 2 months
due to severe short stature. His height was 116.7 cm (< —3
SD) and weight was 22.7 kg (— 1.8 SD). The height of his
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nose, long philtrum, and thickened lips (g, h). Oral examinations
revealed high arched palate and 22 permanent teeth (i, j). Panoramic
radiograph and computerized tomography exhibited unerupted upper
second premolars and all second and third molars (k, 1). The erupted
teeth had unremarkable appearance (m). Micro-CT analysis detected
the hydroxyapatites (HA) levels of the proband’s enamel and dentine
was comparable to those of the controls (n)
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father was 170 cm and his mother was 165 cm. Physical
examinations of the proband showed short stature, short
limbs, hands, and feet, and mild bowed legs (Fig. 1b—d).
Hyperpigmentation was observed on his right thigh and
umbilical skin (Fig. le, f). His liver, spleen, kidneys
and eyes were unremarkable. His upper body height was
60 cm, lower body height was 56 cm (1.3 SD) (Turan et al.
2005), and arm span was 110 cm (< —3 SD) (Zhu et al.
2015). He had Tanner stage I and normal intelligence. His
facial characteristics showed round face, well-defined eye-
brows, bulbous nose, broad and depressed nasal bridge,
long philtrum, and thickened lips (Fig. 1g, h). Clinical oral
examination showed microstomia, tooth crowding, high
arched palate, and only 22 permanent teeth (Fig. 1i, j).
Radiographically, multiple impacted teeth including upper
second premolars and all second and third molars were
present. The unerupted upper teeth were highly embed-
ded in the maxilla (Fig. 1k, I). Computerized tomography
scan revealed normal shape and texture of erupted teeth
(Fig. 1m). His impacted teeth were surgically removed at
the age of 16 years and 10 months. The hydroxyapatite
contents of enamel and dentine of the patient’s lower left

Fig.2 Radiographic find-

third molar were similar to those of the controls (Fig. In),
suggesting that the mineral density of dental hard tissues
was not affected.

Skeletal survey, at the age of 10 years and 2 months,
demonstrated short extremities, mild lumbar lordosis,
and shortened tubular bones of the hands (Fig. 2a—e). The
cone-shaped epiphyses, external notch on the 2nd meta-
carpals, and internal notch on the 5th metacarpals were
not observed. His bone age was 9 years old. The levels
of thyroxine (9.18 pg/dL; 5.5-12.1 pg/dL) and thyroid
stimulating hormone (2.35 mIU/L; 0.64-6.27 mIU/L) were
within normal limits. Echocardiogram revealed mild val-
vular aortic stenosis. He was prescribed amlodipine and
had regular checkups. At 11 years of age, the patient had
adenotonsillar hypertrophy with obstructive sleep apnea.
The oxygen desaturation was significantly declined. He
was diagnosed with chronic hypoxemic hypertension
with mild restrictive lung condition. After adenotonsil-
lectomy, his breathing and oxygen level were improved.
At the age of 18 years and 11 months, the patient dem-
onstrated limited extension of his shoulders, elbows and
knees, and high pitch voice. Radiographic findings showed

ings of the patient 1 at the

age of 10 years and 2 months
presented with short long bones
and phalangeal bones, and mild
lumbar lordosis (a—e). At the
age of 18 years and 11 months,
he had mild hallux valgus and
lumbar lordosis (f-Kk). a femur,
b, g spine, ¢, f tibia and fibula,
d, h humerus, radius, ulna, e, j
hand, i pelvic, k foot
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progressive lumbar lordosis, short metacarpals, and mild
hallux valgus (Fig. 2f—k). His upper body was 72.5 cm;
lower body 70 cm (1.5 SD) (Turan et al. 2005); arm span
136 cm (< —3 SD); hand length 16 cm (— 2.5 SD) (Guerra
et al. 2014); and middle finger 6.5 cm (—3 SD) (Rastogi
et al. 2009). He had Tanner stage 5. His cardiac condition
was stable.

Patient 2 was a 24-year-old Thai female who was born
with congenital heart defects to consanguineous healthy
parents (Fig. 3a). She presented short stature and scoliosis.
Her height was 140 cm (< —2.7 SD). The heights of her
father and mother were 170 cm (at the median) and 165 cm
(0.8 SD), respectively. Her facial feature showed bulbous
nose, thick eyebrows, and long philtrum (Fig. 3b, c). Oral
examination revealed yellowish and small teeth, hypoplas-
tic enamel, severe destructive crown exposing the dentine
and dental pulp, multiple retained roots, widely spaced
arch, and resorbed mandibular alveolar ridge (Fig. 3d-f).
She had never had tooth extraction or any dental pain.
Radiographic findings include thin enamel with reduced
radiopacity, irregular alveolar bone level, and extensive
bone infection with condensing osteitis (Fig. 1g). The den-
tal features suggest hypoplastic amelogenesis imperfecta.
Her intellectual development was normal. The proband’s
siblings and parents were healthy and did not have dental
anomalies.

Fig.3 The pedigree of Family
2 and characteristics of the
proband. a Family pedigree. b, ¢
The proband at age of 24 years
showed short stature. Her facial
features presented bulbous nose
and long philtrum. d—f Oral
examination revealed severe
destructive dentition, yellow-
ish hypoplastic enamel, several
retained roots, and resorbed
mandibular alveolar ridge. g
The panoramic radiograph
showed that the enamel had
reduced radiopacity similar to
the dentine. Several infections
in the jaw bones with condens-
ing osteitis were detected. The
level of alveolar bone was
irregular indicated by yellow
dotted line. (Color figure online)

Mutation analyses

For patient 1, the variants passed the filtering criteria were
screened using the lists of genes associated with short
stature (Supplementary Table 1). Two missense variants
passed the criteria (Supplementary Table 2). They were
in LTBP3 and PLEC, previously known to be associated
with skeletal dysplasia and epidermolysis bullosa simplex,
respectively. Since the patient had skeletal dysplasia, we
therefore focused on the one in LTBP3. It is a heterozy-
gous missense mutation, ¢.2017G>T (p.Gly673Cys) in
exon 14 of LTBP3 (NM_001130144.2). Mutations in this
gene have been reported in patients with acromicric dys-
plasia, which was consistent with the patient’s character-
istics. The p.Gly673Cys was predicted to be deleterious
(SIFT, 0) (Ng and Henikoff 2003), probably damaging
(PolyPhen-2 score, 0.999) (Adzhubei et al. 2010), and pos-
sibly pathogenic (M-CAP score, 0.450) (Jagadeesh et al.
2016). The amino acid changed from glycine to cysteine at
position 673 situated within a calcium-binding EGF-like
domain (Fig. 4c, d). It was highly conserved in various
species including human, mouse, opossum, bird, chame-
leon, and frog (Fig. 4e). Visualization of the predicted 3-D
structure of LTBP3 suggested that the mutant residue was
bigger, more hydrophobic, and less flexible than the wild
type. The mutation was expected to disturb the calcium
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Flycatcher LTBP3 KGLRTCADIDECAKGDVCGDGGTCTNVPGHYKCEC
SGKRSCSDINECLNTEICGVGGQCINQQGSYKCEC
KGVRSCMDIDECAKPNTCGEGGSCINFPGSYKCDC

Zebrafish LTBP3
Anole LTBP3

binding domain, produce an unusual angle of backbone
conformation, and impact protein function (Venselaar
et al. 2010) (Fig. 4f). This variant was not observed in his
mother (Fig. 4a). The proband’s biological father’s blood
was not available. The mutation has never been previously
described.
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For patient 2, we performed trio-based WES analyses.
The variants identified are shown in Supplementary Table 3.
A novel homozygous splice site mutation, c.1721-2A>G, in
splice site acceptor (SSA) region before exon 12 of LTBP3
matched with the patient’s features of dental anomalies and
short stature (DASS). Her parents were heterozygous for the
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«Fig. 4 Genetic analyses. a Sequence chromatograms illustrated the
heterozygous missense mutation, ¢.2017G>T (p.Gly673Cys) in the
LTBP3 gene (NM_001130144.2) in patient 1, which is absent in his
mother. b Sequence chromatograms showed the homozygous splice
site mutation, ¢.1721-2A>G in SSA region of LTBP3 in patient 2,
which is present in the heterozygous form in the parents. ¢, d Sche-
matic diagrams of the LTBP3 gene and structural domains of LTBP3
proteins. The identified mutations were indicated above (DASS, tri-
angle) and under (ACMICD, circle and GPHYSD3, square) the exons
of the gene and structural domains of the protein. The mutation iden-
tified in this study was underlined. e Sequence alignment of partial
amino acid sequences of LTBP3 protein among human and different
species. Conservation of the codon 673 of LTBP3 across species was
covered by a box. f Three-dimensional diagram showed the change
of glycine (red color) to cysteine (yellow color) at amino acid residua
673 in the EGF-like domain (green colour) of LTBP3. Differences
in size and structure were observed between wild-type and mutant.
EGF-like domain, epidermal growth factor like domain; TB domain,
transforming growth factor f-binding protein-like domain. The muta-
tions numbered 1, 6, 9 were identified in Guo et al. (2018); 2, 3, 7, 8,
11 in Huckert et al. (2015); 5 in Dugan et al. (2015); 10 in Noor et al.
(2009); 13, 14, 15 in Mclnerney-Leo et al. (2016); and 4, 12 in our
study. (Color figure online)

mutation (Fig. 4b—d). The splice site mutation was expected
to alter the acceptor site causing pre-mRNA splicing and
exon skipping which could result in nonsense-mediated
mRNA decay (Hug et al. 2016; Nagy and Maquat 1998).

Discussion

In this study, we identified the first two East Asian patients
having LTBP3 mutations expanding phenotypic and gen-
otypic spectrum of LTBP3-related disorders. Our first
proband had typical ACMICD features including short stat-
ure, brachydactyly, short limbs, limited joint extension, and
dysmorphic facial features without hepatomegaly and respir-
atory/cardiac involvements. Multiple unerupted teeth, high-
arched palate, and microstomia were observed, suggesting
the disturbance of orodental structure. However, the mineral
density of the teeth was not affected. To date, a single mis-
sense mutation in LTBP3 has been reported in ACMICD
(MclInerney-Leo et al. 2016). We identified a novel het-
erozygous missense mutation, c.2017G>T (p.Gly673Cys)
in LTBP3 associated with ACMICD. This finding strongly
supports the causative role of LTBP3 for ACMICD. Several
lines of evidences showed that p.Gly673Cys was pathogenic.
First, it was absent in HGMD, gnomAD, and our in-house
exome databases. Second, in silico analyses demonstrated
that the p.Gly673Cys was damaging and pathogenic. Third,
the introduction of cysteine in place of glycine which is the
most flexible amino acid resulted in the bigger size, more
hydrophobicity, and less flexibility of the mutant protein
compared to the wild type (Fig. 4f). These could alter con-
formation and function of LTBP3. Importantly, the muta-
tion was located in the EGF-like calcium-binding domain

and highly conserved in several species. Previous mutations
particularly anchored to this EGF-like domain were shown
to disrupt LTBP3 levels resulting in aortic or cardiac defects
(Dugan et al. 2015; Guo et al. 2018; MclInerney-Leo et al.
2016). The Cys may specifically result in intra- or inter-
molecule disulfide bonds so that another missense muta-
tion in the EGF-like calcium domain may have a different
effect. Of note, the missense mutation of our patient was
located adjacent to a single reported missense variant in the
EGF-like calcium-binding domain of LTBP3 associated with
ACMICD, supporting a genotype—phenotype correlation.

Our patient with DASS was found to harbor the homozy-
gous splice site acceptor mutation, ¢.1721-2A>G, in LTBP3.
The change of sequence from “CAG” to “CGG” at consti-
tutive acceptor splice site in the intron 12 of LTBP3 gene
was expected to alter the constitutive SSA causing an exon
skipping or intron retention (Mora et al. 2014; Souma et al.
2016; Verselis et al. 2000). These could result in nonsense-
mediated mRNA decay and reduced protein levels (Hug
et al. 2016; Nagy and Maquat 1998).

DASS is caused by homozygous or compound heterozy-
gous mutations in LTBP3. It is characterized by short stat-
ure, brachyolmia, and hypoplastic amelogenesis imperfecta
showing inter- and intrafamilial variability (Huckert et al.
2015). Some DASS patients exhibited tooth agenesis or oli-
godontia (Dugan et al. 2015; Noor et al. 2009). It was also
proposed that homozygous LTBP3 variants could predis-
pose individuals to later onset of thoracic aortic aneurysms
and dissections, along with skeletal and dental anomalies
(Guo et al. 2018). The enlarged aortic root and ascending
aorta were observed in Ltbp3~'~ mice (Guo et al. 2018).
The LTBP3 was expressed in several tissues including
heart, bone, and teeth (Huckert et al. 2015). These sug-
gest that LTBP3 mutations could result in a broad range of
phenotypes.

A comprehensive summary of all reported disorders with
LTBP3 mutations is demonstrated in Table 1 and Fig. 4c,
d. We observed that biallelic loss-of-function mutations
including splice site, out-of-frame, and nonsense mutations
were particularly found in “DASS” while monoallelic mis-
sense gain-of-function or dominant negative mutations in the
highly conserved EGF-like calcium-binding domain were
associated with “ACMICD” and monoallelic stop-loss or
splicing mutations with “GPHYSD3”. Majority of DASS
parents who harbored monoallelic hypomorphic LTBP3
mutations were healthy and did not have dental anomalies,
indicating haplosufficiency and that one normal allele of
LTBP3 is sufficient for normal development. Contrarily,
the monoallelic LTBP3 mutations causing ACMICD or
GPHYSD3 could be either gain-of-function (hypermor-
phic) or dominant negative effects (antimorphic). These
propose that different modes of inheritance and natures of
LTBP3 mutations contribute to different syndromes. Further,
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ACMICD and GPHYSD3 can be considered the diseases in
the same spectrum. While ACMICD is on the milder end,
GPHYSD3 is on the more severe end.

Our study expands phenotypic and genotypic spectra of
LTBP3-associated disorders, supports the etiologic role of
LTBP3 for ACMICD, and proposes for the first time pheno-
type—genotype correlation of LTBP3 mutations. This corre-
lation can assist in the diagnostic and prognostic counseling
and clinical management of the patients with LTBP3 related
disorders. Further functional studies will be useful to clarify
pathomechanism of the disorders in association with LTBP3
variants.
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