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Abstract

Bent Bone Dysplasia-FGFR2 type is a relatively recently described bent bone phenotype with
diagnostic clinical, radiographic, and molecular characteristics. Here we report on 11 individuals,
including the original four patients plus seven new individuals with three longer-term survivors.
The prenatal phenotype included stillbirth, bending of the femora, and a high incidence of
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polyhydramnios, prematurity, and perinatal death in three of 11 patients in the series. The
survivors presented with characteristic radiographic findings that were observed among those with
lethality, including bent bones, distinctive (moustache-shaped) small clavicles, angel-shaped
metacarpals and phalanges, poor mineralization of the calvarium, and craniosynostosis.
Craniofacial abnormalities, hirsutism, hepatic abnormalities, and genitourinary abnormalities were
noted as well. Longer-term survivors all needed ventilator support. Heterozygosity for mutations
in the gene that encodes Fibroblast Growth Factor Receptor 2 (FGFR2) was identified in the nine
individuals with available DNA. Description of these patients expands the prenatal and post-natal
findings of Bent Bone Dysplasia—FGFR2 type and adds to the phenotypic spectrum among all
FGFRZ2disorders.

Keywords
skeletal dysplasia; FGFR2; craniosynostosis; bent bone dysplasia

INTRODUCTION

Fibroblast growth factor (FGF) signaling is mediated through FGF receptor tyrosine kinases
(FGFR1-4). The binding of FGF ligand to FGF receptors (FGFR) is mediated in part by
heparan sulfate glycosaminoglycans, induces receptor dimerization and tyrosine
transphosphorylation of the activation loop. Once FGFR is in the active conformation,
adaptor proteins, and other signaling molecules are recruited to propagate signals through
multiple transduction cascades that facilitate numerous processes involved in development
and tissue homeostasis.

Heterozygous mutations in FGFRZhave been identified in a wide spectrum of bone, skin,
and cancer pathologies. The FGFRZ2-related skeletal disorders vary widely in clinical
presentation, each with its distinct radiographic and clinical findings. Heterozygosity for
mutations in FGFRZhas been found in Apert (MIM 101200), craniosynostosis with cutis
gyrata (Beare-Stevenson, MIM 123790), Pfeiffer (MIM 101600), Jackson-Weiss (MIM
123150), Antley-Bixler (MIM 207410), and Crouzon (MIM 123500) syndromes [Moosa and
Wollnik, 2015]. While these autosomal dominant disorders share the common feature of
craniosynostosis, other facial and skeletal abnormalities, particularly affecting the hands and
feet, show varied involvement. The vast majority of FGFRZ mutations in these
craniosynostosis disorders are generally considered to have a “gain-of-function mechanism,
as they are largely localized in the immunoglobulin-like 111a and Illc loops in the
extracellular ligand-binding domain of the receptor and lead to enhanced ligand affinity,
ligand-binding promiscuity, or ligand-independent activation [Hatch, 2010]. Conversely,
mutations within the tyrosine kinase domain of FGFR2 that diminish receptor activity cause
Lacrimo-Auriculo-Dento-Digital (LADD syndrome, MIM 149730). Patients with LADD
syndrome present with underdeveloped lacrimal and salivary glands, hearing loss, peg-
shaped teeth, and facial dysmorphism [Rohmann et al., 2006; Shams et al., 2007]. Skeletal
abnormalities in LADD syndrome include short ulnae and radii, radio-ulnar fusions, and
variably penetrant digital features of the hand including fifth finger clinodactyly, duplication
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of the distal phalanx of the thumb, triphalangeal thumb, and cutaneous syndactyly [Hollister
etal., 1974].

The most recent addition to the FGFRZ2 spectrum of disorders is Bent Bone Dysplasia-
FGFR2 type, also known as Bent Bone Dysplasia with Distinctive (Moustache) Clavicles
and Angel-shaped Phalanges. Radiographic and clinical findings have firmly established this
disorder as a distinct dominant FGFRZ2disorder [Merrill et al., 2012; Scott et al., 2014;
Handa et al., 2016; Stichelbout et al., 2016]. This unique disorder results from FGFR2
dysfunction unlike that described in the craniosynostosis syndromes or LADD syndrome.
Instead, the bent bone dysplasia phenotype results from missense mutations that introduce
amino acids with charged side-chains into the hydrophobic transmembrane domain of
FGFR2. Subsequently, ligand-induced FGFR2 signaling at the cell surface is reduced and
the intracellular functions for the receptor in the nucleus are enhanced [Merrill et al., 2012;
Neben and Merrill, 2015].

In this study, we describe 11 individuals with this disorder, including the four previously
published patients and seven newly described individuals that include three longer-term
survivors. In addition to our cohort, three other patients with similar radiographic findings
have been reported, one recognized in the prenatal period [Handa et al., 2016], one in which
there was a neonatal death [Stichelbout et al., 2016], and one longer-term survivor [Scott et
al., 2014]. The patients in our series showed findings diagnostic for Bent Bone Dysplasia-
FGFR2 type and include expanded clinical and radiographic features. Similar to other
FGFRZdisorders, phenotypic variability was noted even among individuals with identical
mutations.

MATERIALS AND METHODS

RESULTS

Patients were recruited through the International Skeletal Dysplasia Registry under an
approved human subjects protocol. Clinical information, including prenatal and postnatal
clinical data and imaging studies were collected. DNA was extracted either from blood or
cultured fibroblasts by established protocols (Qiagen, Carlsbad, CA). Serum Fibroblast
Growth Factor 23 (FGF23) levels were measured by a commercial laboratory (Mayo Clinic
Laboratories).

To confirm the diagnosis of BBD-FGFR2 type, the 17 coding exons of FGFRZ2 were
amplified by PCR from genomic DNA, and underwent bi-directional Sanger sequence
analysis [Merrill et al., 2012]. Sequences were compared with the FGFRZ2 reference
sequence [NM_000141.4] using Sequencher (Gene Codes, Ann Arbor, Ml).

Prenatal Findings

Prenatal abnormalities were noted in all affected patients. The prenatal findings are
summarized in Table I. Two of the eleven individuals (International Skeletal Dysplasia
Registry (ISDR) reference numbers R07-513 and R06-374) underwent termination of
pregnancy for severe skeletal findings identified at 18 and 22 weeks, respectively (Table I).

Am J Med Genet A. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Krakow et al.

Page 4

In one patient an increased nuchal translucency in the first trimester was noted. Consistent
ultrasound findings included small for gestational age by ultrasound parameters, short bent
femora and other appendicular bones, micrognathia, acrocephaly, short umbilical cord, and
frequently, polyhydramnios (4/11). For three of the 11 individuals, the fetuses delivered
stillborn in the third trimester.

Postnatal and Radiographic Findings in Neonatal Survivors

In the original description of this disorder, the phenotype was uniformly lethal, but three
newly described individuals survived the newborn period. One longer-term survivor
(R11-114), who was heterozygous for an FGFR2¢.1141T>G mutation that implied a
p.Tyr381Asp substitution, was born prematurely at 30 weeks gestation. Polyhydramnios was
noted prenatally. Apgars were 4 and 7 at 1 and 5 min, respectively. Review of delivery
records noted a subjectively short umbilical cord. Birth weight was 1,500 g (50th centile),
birth length 37 cm (3rd centile), and OFC 28 cm (25th-50th centile) (Table I). At birth she
had blue-tinged sclera, proptosis, dysmorphic features, and bowing of all extremities with
greater involvement of the lower limbs (Fig. 1) (Table I). Her neonatal course was
complicated by progressive intracranial ventricular dilation requiring drainage. She
developed multiple suture craniosynostosis and underwent surgery for worsening
hydrocephaly and an Arnold-Chiari malformation. Neurosurgical procedures included
sagittal suture release, suboccipital craniotomy, and C1 laminectomy. Post operatively she
had an episode of self-extubation lasting 45 min because of difficult reintubation, with a
probable anoxic injury. Laryngoscopy showed edema of the laryngeal outlet with edematous
arytenoid and interarytenoid areas. During this time, tracheostomy and gastrostomy tubes
(G-tube) were placed. She was noted to have bilateral medullary nephrocalcinosis without
hypercalciuria.

The patient was re-evaluated at 7 months. Developmentally, she was able to sit with support.
She smiled and rolled over at 4 months of age and had head control despite her relative
macrocephaly. Her parents reported that one of her globes spontaneously popped out and
was subsequently massaged back into place. Her parents reported episodes of vomiting and
an enlarging OFC. On examination, her length was 57.2 cm (-3.5 SD), weight was 5.02 kg
(-3.5 SD), and OFC was 40 cm (5th—10th centile), enlarging out of proportion to the rest of
her growth. Her metopic suture was wide open with a tense fontanelle and ridging of her
coronal sutures. A CT scan of the brain showed a significant increase in ventricular dilation
and compression of the superior sagittal sinus, and a ventriculoperitoneal shunt was placed.
At her 10-month visit, her hydrocephalus had significantly decreased. At that visit her length
was 59.7 cm (—4.5 SD) and weight was 4.9 kg (-5.5 SD). Her parents noted that she was no
longer able to hold her head up. She was still able to sit with support and move her arms
toward objects, but without any purposeful grasp. At last contact, she was alive at 13 months
of age.

The second longer-term survivor (R15-166), who was heterozygous for a ¢.1141T>G,
mutation implying a p.Tyr381Asp substitution mutation, presented prenatally with
abnormalities of the skeleton and polyhydramnios (Table I). She was delivered at 35 weeks
gestation by Cesarean for breech presentation, was floppy on delivery with no respiratory
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effort, and Apgars were 1, 1, and 3 at 1, 5, and 20 min. Intubation was performed at delivery
and was reported as difficult. She presented with a cloverleaf-shaped skull, proptosis, and
other characteristic dysmorphic features (Fig. 1). Tracheostomy was performed due to a
small chest and chronic respiratory failure with hypoxia, and she was ventilator dependent.
At her last evaluation at 5 months of age her height was 55.5 cm (=3 SD), weight 6.78 kg
(50th centile) and OFC 45.8 cm (>90th centile). Her clinical exam showed characteristic
features of BBD-FGFR2 type that included severe midface hypoplasia, a cloverleaf-shaped
skull, proptosis, a protruding tongue, no organomegaly, shortening of all appendicular
segments, ligamentous laxity and severe brachymetacarpia, and brachydactyly. In addition,
she was globally developmentally delayed and could not roll over. At this time, serum
FGF23 levels were found to be elevated at 278 RU/mI (NL = <230 RU/ml).

The features of the third longer-term survivor, R11-456, who was heterozygous for the
substitution mutation ¢.1141T>G, mutation implying a p.Tyr381Asp substitution, are
delineated in Table I. A skeletal dysplasia was suspected at the 23 week ultrasound, which
showed IUGR and bent femora. Micrognathia was identified at the 27 week ultrasound. The
affected male infant was delivered after spontaneous labor at 31 weeks gestation. Apgar
scores were 1, 6, and 6 at 10 min. Resuscitation was difficult, the patient was intubated and
epinephrine was administered.

Birth height, weight, and OFC were appropriate for gestational age. The physical exam
showed a prominent glabella and forehead, a broad, depressed nasal bridge, proptosis,
anteverted nares, micrognathia, a protuberant tongue, a prominent xiphoid, and
hypertrichosis (Fig. 1). The patient was maintained on a high frequency oscillatory ventilator
for 2 weeks and subsequently transitioned to conventional mechanical ventilation. A
tracheostomy was performed at 2 weeks of age. A gastrostomy tube was placed and Nissen
fundoplication performed at 2 months of age. Efforts to transition to CPAP were
unsuccessful. A MRI of the brain performed at 2 months was reported as normal. At 3
months of age he was on full G-tube feeding regimen and stable on conventional ventilation.
At that time his family elected palliative care and withdrawal of ventilator support. At the
time of passing the patient continued to have a large anterior fontanel and widely patent
metopic sutures. His head had taken on a scaphocephalic appearance as well, and his cheeks
were increasingly full. Prominent infraorbital creases and micrognathia were noted.

Radiographic findings—AlI 11 individuals shared a distinct radiographic phenotype that
included poor mineralization of the calvarium with multi-sutural craniosynostosis, midface
hypoplasia, mandibular hypoplasia, small abnormal teeth (Fig. 2), small moustache-shaped
clavicles (with only the medial portion present), a small bell shaped chest with wavy ribs in
some patients, 11 ribs in some patients (Fig. 3), a narrowed ileum with deficient acetabular
roofs, bent bones particularly involving the femora (Fig. 4), and metacarpal/phalangeal
bones with unusual, irregular shaped cortical excrescences, making them appear “angel-
shaped” (Fig. 5 and Table II). Thus all had the constellation of diagnostic radiographic
findings of bent bones, distinctive (moustache-shaped) clavicles, and angel-shaped
metacarpals and phalanges.
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Molecular analyses—In the nine probands for which DNA was available, heterozygosity
for a mutation in FGFRZ2was identified. In all cases, either of two FGFRZ2codons was
mutated; c. 1172T>G implying that the methionine codon at 391 was mutated to arginine
(p.Met391Arg) in three cases; tyrosine codon 381 was mutated to aspartic acid
(p.Tyr381Asp) in six cases. For patients for which parental bloods (three of nine) were
available, all mutations were apparently de novo. In all nine individuals with molecular
diagnoses, a hydrophobic residue in the transmembrane domain of the protein was replaced
by an amino acid containing a charged side chain.

DISCUSSION

Commonly observed prenatal findings in the 11 individuals reported here included
polyhydramnios and bent femora, similar to the patient described by Stichelbout et al.
[2016]. Handa et al. [2016] described an affected 21 week fetus with a protuberant abdomen,
natal teeth, anterior-posterior shortening of the vertebrae, and bilateral femoral fractures.
Femoral fractures occurred in one patient reported here. Shared abnormal clinical findings
associated with the phenotype included a wide-open fontanel, midface hypoplasia, proptosis,
hypertelorism, a short nose with a depressed nasal bridge, a protruding tongue, and
micrognathia. More variable clinical findings included low set ears, natal or abnormal teeth,
clitoromegaly, hypertrichosis, hepatosplenomegaly with extramedullary hematopoiesis,
Arnold-Chiari malformation, and nephrocalcinosis without hypercalciuria. Other findings
seen in the patient report by Stichelbout et al. [2016] including atrial septal defect, optic
nerve atrophy, and auditory evoked potentials, were not observed in the patients described
here.

All three longer-term survivors described here and an additional individual reported in the
literature [Scott et al., 2014] had a consistent clinical and radiographic phenotype. The
affected individuals developed multisutural craniosynostosis necessitating craniotomy and
ventriculoperitoneal shunting to relieve increased intracranial pressure. Other complications
included the need for Nissen fundoplication and tracheostomy with mechanical ventilation.
Three of the four individuals showed marked delay in achieving developmental milestones,
but the etiology of the developmental delay is unclear. In one of the patients, MRI done at 2
months did not show any structural abnormalities of the brain. However, it is possible that
progressive multi-suture craniosynostosis and subsequent hydrocephalus contributed to
neurological decline. Interestingly, brain anomalies have been described in Pfeiffer, Apert,
and Beare-Stevenson syndromes, other autosomal dominant FGFRZ disorders, in which the
brain abnormalities included simplified gyral patterns, abnormal posterior fossae,
megalencephaly, midline defects, fused thalami, amygdala and hippocampus malformations,
and/or ventricular wall alterations [Barge-Schaapveld et al., 2011; Khonsari et al., 2012;
Ludwig et al., 2012]. Further evaluation of the brain morphology in BBD-FGFR2 type may
lead to greater insight into the role of FGFR2 signaling in abnormal and normal brain
development and its connection with the development of the overlying calvaria.

It is unclear if there is a consistent relationship between genotype and phenotype in this
disorder. Individuals with the p.Met391Arg mutation were all stillborn at or before 31 weeks
gestation [Merrill et al., 2012]. Among the longer-term survivors, all showed heterozygosity
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for a missense mutation at tyrosine residue 381. The three longest term survivors had the
p.Tyr381Asp substitution but that mutation was also seen in two patients with neonatal
death. Prematurity was common. The difference in outcome may reflect the extent of
medical intervention but could be related to some variability in phenotypic expression.
Regardless of the gestational age at the time of delivery, the radiographic phenotype is
pathognomonic for the disorder and includes poor ossification of the calvarium,
craniostenosis, small clavicles, bent appendicular bones, and angel shaped metacarpal/
metatarsal phalangeal bones. Based on the outcomes and findings in our longer-term
survivors, the data suggests that the prognosis for this disorder is guarded.

All FGFRs have a similar protein structure comprised of three extracellular
immunoglobulin-like domains, a single membrane-spanning segment, and a cytoplasmic
tyrosine kinase domain. The transmembrane (TM) helix of FGFR2 allows for receptor
integration into the lipid bilayer upon translation at the rough endoplasmic reticulum. The
missense mutations observed in our series predict either substitution of a highly conserved
hydrophobic residue with a positively (p.Met391Arg) or a negatively charged polar amino
acid (p.Tyr381Asp or p.Tyr381Arg) in the TM helix. As previously reported [Merrill et al.,
2012], levels of the fully glycosylated receptor were reduced in cultured cells from affected
individuals, resulting in reduced FGFR2 levels at the membrane and enhanced FGFR2
localization to the nucleus. Cells inform us that patients with BBD-FGFR2 were shown to
have reduced responsiveness to extracellular FGFs and increased responsiveness to
intracellular FGFs [Merrill et al., 2012; Neben and Merrill, 2015]. While nuclear trafficking
routes for FGFR2 are not yet completely understood, these results suggest altered receptor
trafficking from the endoplasmic reticulum [Merrill et al., 2012].

The FGFR2 protein plays a critical role in the maturation and differentiation of osteoblasts.
In developing bone, FGFR2 is predominantly localized to perichondrial and periosteal
tissues. In cranial sutures, FGFR2 is mainly expressed in osteoprogenitor cells and
differentiating osteoblasts. How these mutations affect the perichondrium and periosteum
merits further investigation. Nevertheless, previous work shows that the mutations, by
enhancing nuclear FGFR2 signaling, promote proliferation at the expense of differentiation
in skeletal progenitor cells [Merrill et al., 2012; Neben and Merrill, 2015]. Our finding here
of increased FGF23 serum levels in one of the longer-term survivors might shed further light
on this mechanism. Recently, it was shown that nuclear FGFR1 promotes transcription of
FGF23in osteoblasts to regulate phosphate homeostasis [Han et al., 2015]. Thus, it is
possible that increased FGF23 levels in patients BBD-FGFR2 type results from enhanced
activity of nuclear FGFR2 signaling. Beyond uncovering a role for FGFR2 in the nucleus of
skeletal progenitor cells, the identification of this rare disorder, with a distinct clinical and
radiographic phenotype, will likely continue to shed new insight on FGFR2 signaling by
mechanisms that might not have been predicted from the outset and deepening our
understanding of the interconnected pathways that regulate skeletogenesis.
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FIG. 1.
Facial photographs in three long-term survivors with bent bone dysplasia-FGFR2 type

showing frontal bossing, severe midface hypoplasia, proptosis, small nose, and protruding
tongue.
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Lateral and Anterior/Posterior radiographs showing poorly mineralized calvaria and arrows

point to areas of craniosynostosis. Small teeth are seen in B, C, E, and F.
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R08-041
E

R05-427

FIG. 3.
Series of radiographs from affected individuals showing the “moustached-shaped” small

clavicles (arrows) and varying degrees of small chests with thin ribs (C and D).

Am J Med Genet A. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Krakow et al.

Page 12

R05-427
F

R15-166

FIG. 4.
Radiographs demonstrate the varying degree of bending in the appendicular skeleton (bent

bones), particularly in the lower extremities. Bilateral fractures are seen in F.
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FIG.5.
Anterior/Posterior hand and feet radiographs showing the metacarpal, metatarsal, and

phalangeal excrescences giving rise to the appearance of “Angel-shaped phalanges.” Arrows
point to “Angel-shaped” metacarpals, metatarsals, and/or phalanges. Boxed area in B shows
expanded details of the “Angel-shaped” phalanges in E.
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