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Established Facts

o Autosomal dominant omodysplasia (OMOD?2) is a rare skeletal dysplasia, characterized by facial dys-
morphism and shortness of the upper extremities and first metacarpals.

o Recently, a nonsense mutation in the FZD2 gene has been described only in one family with OMOD?2,
and the authors claimed that FZD2 is responsible for this disease.

Novel Insights

o This is the second report which supports the findings of the first family and points out that heterozy-
gous FZD2 mutations may be disease-causing for OMOD?2.
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Abstract

We described a heterozygous de novo mutation (G434V) in
the frizzled class receptor 2 (FZD2) gene in a patient with dis-
tinct facial features including hypertelorism, bilateral cleft
lip/palate, short nose with a broad nasal bridge, microretro-
gnathia, and bilateral shortness of the upper limbs, first

metacarpal bones, and middle phalanges of the 5th digits.
The findings of our patient were compared to an autosomal
dominant omodysplasia (OMOD2) family with FZD2 muta-
tion reported in the literature. OMOD?2 is a rare skeletal dys-
plasia and characterized by facial dysmorphism and short-
ness of the upper extremities and first metacarpal bones.
This is the second report which supports the findings of the
first family described and points out that heterozygous FZD2
mutations may be disease-causing for OMOD?2.
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Fig. 1. Photographs of the patient. a Hyper-
telorism, bilateral cleft lip and palate, broad
nasal bridge, microretrognathia, short up-
per and lower limbs, and pes valgus of the
right foot at neonatal period. b Note café-
au-lait spots and freckling on the right side
of the trunk, short first and fifth fingers,
short arm, and toe anomalies at age 21.

Omodysplasia (OMOD) is a rare skeletal dysplasia
characterized by shortened limbs, especially the upper
extremities, and craniofacial dysmorphism, including
hypertelorism and a depressed nasal bridge with short
nose and a long philtrum. Both autosomal recessive
(OMOD1; OMIM 258315) and autosomal dominant in-
heritance (OMOD2; OMIM 164745) have been de-
scribed, thus suggesting genetic heterogeneity [Maro-
teaux et al., 1989; al Gazali and Abou al-Asaad, 1995;
Venditti et al., 2002; Elcioglu et al., 2004; Gordon et al.,
2014]. Homozygous or compound heterozygous muta-
tions in the heparan-sulfate proteoglycan glypican 6 gene
(GPC6) were shown to cause OMOD1 [Campos-Xavier
et al,, 2009]. Recently, next-generation whole exome se-
quencing of a proband and her affected daughter with
OMOD? revealed a de novo heterozygous nonsense mu-
tation (p.Trp548*) in the FZD2 gene. Further analysis of
the mutation showed a clear decrease in canonical Wnt
signaling as a result of the mutation [Saal et al., 2015].
This gene codes the Frizzled-2 protein which acts as a
Wnt receptor and is expressed during facial and skeletal
development in multiple model systems. Although the
heterozygous mutation in the FZD2 gene is identified in
one family as a novel cause for OMOD2 [Saal et al., 2015],
this condition has been included in the group of meso-
melic and rhizo-mesomelic dysplasias in the last nosol-
ogyand classification of skeletal genetic disorders [Bonafe
et al.,, 2015].
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Here, we present the clinical and molecular genetic
data of a Turkish patient with OMOD2 in whom whole
exome sequencing revealed a novel mutation in the FZD2
gene.

Clinical Report

The newborn girl was consulted due to short limbs and a cleft
lip and palate. She is the first child of unrelated healthy parents
aged 34 and 26. She was born at term, and her birth length and
weight were 52 cm and 3,200 g, respectively. There was no family
history of cleft lip/palate, short limbs, café-au-lait spots, or neuro-
fibromas. Physical examination showed dysmorphic facial features
including a large forehead, round face, hypertelorism, low-set ears,
bilateral cleft lip and palate, microretrognathia, rhizomelic and
mesomelic shortening of the upper extremities, bilateral ulnar de-
viation, mild shortening of lower extremities, and pes valgus of the
right foot (Fig. 1a). She had normal external genitalia. There was
no abnormality on her cranial and abdominal ultrasonography as
well as echocardiography. Chromosome analysis showed a normal
female karyotype.

While language and mental development were appropriate for
age, motor development was delayed on her follow-up. She under-
went recurrent surgical repair of cleft lip and palate as well as ex-
tension operations on the upper limbs until 12 years of age.

Around 6 years of age, a spinal MRI was performed due to atax-
ia, and a lesion was detected at the level of C6 and C7. The lesion
was diagnosed as neurofibroma after pathological examination. At
the age of 14, a nontender and pigmented lesion was also detected
on the lumbar region of skin. This lesion was diagnosed as a neu-
rofibroma as well.
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Fig. 2. Skeletal radiographs showing short humerus and ulna and radial dislocation of the patient. a Neonatal
period. b 5 years old. c 21 years old. Note the short fibula with hypoplastic proximal parts (d), short first meta-
carpal bone of the left hand, short second phalanges of the fifth fingers bilaterally, and poorly formed radial and
ulnar metaphysis (e), short first metatarsal bone, and dislocation of the first proximal phalangeal joint of the right
foot and metatarsus adductus bilaterally (f) at the age of 21.

At the last examination, her stature was 145 cm (-3 SD) at age
21. She had normal intelligence. She started having menstrual cy-
cles at 14 years of age, and her cycles were regular. Physical exam-
ination showed a prominent forehead, hypertelorism, low-set ears,
broad nasal tip, operated cleft lip and palate, short upper limbs,
bilateral short thumbs and 5th fingers, ulnar deviation, limited
forearm pronation and supination, diffuse freckling of the skin and
4 café-au-lait spots larger than 15 mm only on the right side of the
trunk. She also had bilateral metatarsus adductus and a short first
toe which is overlapped by the second toe on the right foot (Fig. 1b).
Her eye and hearing examinations were normal.

Radiological Studies

The radiography of the upper extremities revealed short hu-
merus with narrowing diaphysis towards distal metaphysis, prox-
imal radial dislocation, short radius, and very short ulna at neona-
tal period (Fig. 2a) and at 5 years of age (Fig. 2b). Narrowing iliac
wings and mild subluxation of femoral heads as well as mild coxa
vara were observed in pelvic X-rays at the age of 1 year.

Skeletal surveys at her last examination showed bilateral radial
dislocation, short radius and very short ulna (Fig. 2c), short first
metacarpal bones and bilateral short middle phalanges of the 5th
fingers, poorly formed radial and ulnar metaphyses (Fig. 2d), short
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fibula with proximal hypoplasia (Fig. 2e), short first metatarsal
bones, and dislocation of the first proximal phalangeal joint of the
right foot and bilateral metatarsus adductus (Fig. 2f). Vertebral
and pelvic X-rays were normal.

Materials and Methods

Next-Generation Sequencing Analysis

Since no clinical diagnosis was established, genomic DNA was
isolated from peripheral blood samples of the patient and, follow-
ing Agilent SureSelect All Exon kit V4 enrichment, was subjected
to next-generation sequencing on Illumina’s HiSeq (paired-end
150 bp). Subsequently, a computational method termed Pheno-
typic Interpretation of eXomes (PhenIX), which evaluates variants
based on population frequency and predicted pathogenicity and
then ranks the genes according to variant score and a clinical rel-
evance score, was used to prioritize candidate genes [Zemojtel et
al., 2014]. To calculate the clinical relevance score, we entered the
following human phenotype ontology terms HP0005792 (humer-
al hypoplasia, short upper arms, humeral shortening, hypoplastic
humerus, and short humeri) [Robinson et al., 2008].
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Fig. 3. In silico modeling of the G434V mu-
tation in FDZ2. In the wild type, the Gly434
is represented as red spheres in the TM5
helix (orange). The sterically least prob-
lematic configuration shows steric hin-
drances of Val434 with the neighboring he-

4 sterically least
~\ problematic configuration

lix (yellow).

Sanger Sequencing Analysis

Genomic DNA from the patient and his parents was extracted
from peripheral blood leukocytes using standard protocols. The
coding region and flanking intronic sequences of exon 1 of the
FZD?2 gene were amplified and sequenced using standard proto-
cols. Primers and PCR conditions are available upon request. The
sequencing results were processed with the 4Peaks software.

Mutation Modeling

The model of FZD2 was generated by I-TASSER and RaptorX
using the NMR structure of the smoothened receptor (SMO; class
frizzled (class F) G-protein-coupled receptor; PDB-ID 4JKV)
[Zhang, 2008; Roy et al., 2010; Killberg et al., 2012; Yang and
Zhang, 2015; Yang et al,, 2015]. The sequence homology between
SMO and FZD2 is 23% identical overall and 60% in the transmem-
brane helix 5. The glycine (G) residue is highly conserved in SMOs
in the FLxxG motif in the transmembrane helix 5. The glycine to
valine mutation was modeled with PyMol v1.3.

Results

We identified a heterozygous missense mutation
(c.1301G>T) in exon 1 of the FZD2 gene converting gly-
cine at position 434 to valine (G434V). The mutation was
de novo and was not present in the parents. The variant
is predicted to cause a p.Gly434Val alteration to the pro-
tein sequence at a highly conserved position (Fig. 3) and
is not present at any frequency in the NHLBI Exome Se-
quencing Project Exome Variant Server (EVS), 1000 Ge-
nomes (version 3), or 274 in-house exomes of mixed an-
cestry. This mutation was validated by Sanger sequenc-
ing. Bioinformatics programs (PolyPhen-2, SIFT, and
MutationTaster) predicted the mutation to be deleteri-
ous.

The G434V substitution resides in the 5th transmem-
brane helix pointing inwards. Figure 3 shows a NMR-de-
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rived structure of the FZD2 gene. The in silico introduc-
tion of the G434V mutation, a relatively large hydropho-
bic amino acid, resulted in severe steric problems and
shows the mutated protein configuration with the least
steric hindrances.

There was no pathogenic variant after the reexamina-
tion of the exome data, focusing on both NFI and NF2
genes.

Discussion

The bone morphogenetic protein (BMP), wingless-in-
tegrated (Wnt), sonic hedgehog (Shh), and fibroblast
growth factor (FGF) pathways play a critical role in em-
bryonic bone formation [Berendsen and Olsen, 2015].
Glypicans are proteoglycans located on the cell surface,
where they regulate the activity of the signaling by ligands
of the BMP, FGF, Shh, and Wnt pathways, through pro-
tein-protein and protein-carbohydrate interactions [Fil-
mus and Capurro, 2014]. Wnt proteins constitute a large
family of secreted ligands that control developmental
processes in animals [Logan and Nusse, 2004]. Heterozy-
gous mutations in the WNT5A gene cause autosomal
dominant Robinow syndrome, characterized by meso-
melic shortening, short stature, genital anomalies, and fa-
cial dysmorphism - including hypertelorism, upslanting
palpebral fissures, and a short upturned nose with broad
nasal bridge [Person et al., 2010]. Homozygous mutations
in the GPC6 gene were shown to cause OMODI [Cam-
pos-Xavier et al., 2009]. Recently, Saal et al. [2015] dem-
onstrated an autosomal dominant form of omodysplasia,
which is caused by mutations in the FZD2 gene and is also
important for the Wnt5a signaling. Wnt5a regulates mul-
tiple intracellular signaling pathways by binding to the
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Table 1. Comparison of the clinical and radiological findings of the present patient with those of reported patients

Features Present patient ~ Saal et al. (2015) Gordon et al. Venditti et al. (2002) Maroteaux et al. (1998)
patient 1 patient 2 (2014) patient1  patient 2 patient 1  patient2 patient 3

Age of last examination 21 years 25years 6 years 48 years 25 years 1 month newborn 27 years 10 years
Gender F F M F F M M F F
Height, percentile <5 10 <5 <5 25 25 5 10 10
Facial features

Round face + + + - + NA + NA +

Prominent forehead + + + + + + - - +

Hypertelorism + - - - + + + + _

Broad nasal bridge + + + + + + + -

Small nose with broad

nasal tip - + + + + + + +

Long philtrum - + + + + + - _

Microretrognathia + + + + - + - - _

Cleft lip/palate + + - - - - - - _
Skeletal features

Short humeri + + + + + + + + +

Radial dislocation + + + + + + + + +

Limited elbow joints + + + + - NA + + +

Short ulnae + NA + - + + + + +

Short first metacarpal

bones + NA + + + + +

Short fibulae + NA + - - - - - -
Genital anomalies - + - + + + _ _
FZD2 mutation c.1301G>T c.1644G>A NA NA NA

(p-Gln434Val) (p-Trp548*)

NA, not assessed. +, present; —, absent.

Frizzled-2 protein. The causal p.Trp548* mutation in the
published family by Saal et al. [2015] is predicted to result
in a truncation of the Frizzled-2 protein at the periphery
of the canonical Dishevelled interaction domain, which
may have significant consequences for canonical signal-
ing. In canonical Wnt signaling, Frizzled binding to Di-
shevelled requires a conserved motif, KTxxxW, in the in-
tracellular portion of the Frizzled receptor. The trypto-
phan residue (W) in the KTxxxW motif is the site of the
nonsense mutation in their patients. The G434V substitu-
tion identified in our patient is located in the highly con-
served transmembrane helix 5 and probably severely im-
pairs the correct folding and assembly of the neighboring
transmembrane domains and thereby inhibits correct an-
choring of FZD2 in the cell membrane [Tauriello et al.,
2012].

OMODI1 associated with severe short stature and de-
velopmental delay differs clinically from the dominant
form presenting with normal or mild short stature and
normal intelligence. OMOD?2 is a very rare condition and
characterized by short upper extremities, hypoplastic dis-
tal humeri, dislocated radial head, limited elbow flexion/
extension, short first metacarpal bones, variable degrees
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of genital anomalies, and distinct facies including hyper-
telorism, a short nose with broad nasal bridge and tip, and
microretrognathia. Only 8 patients from 4 families were
diagnosed as OMOD2 until today [Maroteaux etal., 1989;
Venditti et al., 2002; Gordon et al., 2014; Saal et al., 2015].
Venditti et al. [2002] emphasized that the facial and skel-
etal features of this rare disorder were similar to autoso-
mal dominant Robinow syndrome, and the patients with
OMOD?2 may have been diagnosed previously as autoso-
mal dominant Robinow syndrome.

We compared the clinical and radiological findings of
our patient with those reported patients in Table 1. The
patient presented here shares clinical features with the
family carrying the FZD2 mutation (proband and her
daughter) [Saal et al., 2015], such as a short humerus, ra-
dial dislocation, short ulna and first metacarpal bone,
short fibula, and typical facial features including hyper-
telorism, a prominent forehead, short nose with a broad
nasal bridge, and cleft lip and palate.

Unlike other reported patients who had no molecular
studies, both our patient and patient 1 described by Saal
et al. [2015] had bilateral cleft lip/palate as a common
finding. They considered that this finding was not likely
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a part of the OMOD?2 phenotype, and they had reexam-
ined the exome data focusing on genes of the Wnt signals
which were crucial for craniofacial development [Geetha-
Loganathan et al., 2009; Sisson and Topczewski, 2009;
Yao et al., 2011]. Although they had found 7 variants in 5
WNT genes, none of these variants in the WNT genes
were predicted to have an impact on the bioinformatics
analysis. However, the presence of a cleft lip and palate in
our patient suggests that this finding may be a symptom
of OMOD2.

Although it has been reported that OMOD?2 patients
have rhizomelic shortness of the upper limbs, our patient
and patients reported by Saal et al. [2015] also have rhizo-
mesomelic shortening. The radiography of the upper ex-
tremities revealed short humerus with narrowing diaphy-
sis towards distal metaphysis, proximal radial dislocation,
and short radius and ulna. Short humerus with the above-
mentioned narrowing is a typical radiological finding in
this disorder. Mild lower-limb involvement was reported
in some cases. Our patient also had short fibula with hy-
poplastic proximal parts. Final statures were reported to
below-normal and normal in 4 patients [Maroteaux et al.,
1989; Venditti et al., 2002; Gordon et al., 2014; Saal et al.,
2015]. Our patient reached a final height of 145 cm (-3
SD). A short first metacarpal bone is a typical finding in
this syndrome. We observed a short first metacarpal bone
and short middle phalanges of the 5th fingers in our pa-
tient; the latter has been reported in a patient by Venditti
et al. [2002].

Genital hypoplasia was reported in 5 out of 8 patients
[Maroteaux et al., 1989; Venditti et al., 2002; Gordon et
al., 2014; Saal et al., 2015]. Our patient had normal geni-
talia.

Although a cleft lip and palate as well as genital hypo-
plasia had been observed in patient 1 by Saal et al. [2015],

the daughter, who had no cleft lip/palate and normal gen-
italia, had the same mutation in the FZD2 gene. These
findings were considered as an intrafamilial variability in
this disorder.

The patient presented here also developed a plexiform
neurofibroma at the level of C6/7 in the medulla spinalis
and segmental neurofibromatosis with diffuse freckling
and 4 café-au-lait spots. The spots were larger than 15
mm and appeared only on the upper right side of the
trunk after 6 years of age. This finding was not reported
in patients with either OMOD1 or OMOD?2. We consid-
er that there may be a second independent disorder, but
we have not found any pathogenic variants in the NFI
and NF2 genes in exome analysis.

In conclusion, the triad of (1) short upper limbs with
dislocated radial head and limited elbow flexion/exten-
sion, (2) short first metacarpal bones, and (3) typical fa-
cial gestalt including a prominent forehead, short nose
with a depressed broad nasal bridge with or without cleft
lip and palate is suggestive for OMOD?2. Additional fea-
tures include short fibulae, short middle phalanges of the
5th fingers, and genitourinary anomalies. Our data sup-
port the notion that OMOD2 is a distinct clinical entity
caused by mutations in the FZD2 gene.
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