
We report on a 3-year-old girl, from a 3-generation
family with an FGFR3 Pro250Arg mutation, who

in addition to craniosynostosis, had a laterality disor-
der and hepatoblastoma, following a pregnancy
complicated by maternal insulin-dependent diabetes.
The clinical features possibly result from the com-
bined effects of the maternal diabetes and the
familial FGFR3 mutation, thus representing a unique
gene–environment interaction that may have implica-
tions for the understanding of the phenotypes
described in this child.
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Clinical Report
The proband was referred for genetic consultation at
five months of age with bicoronal craniosynostosis. She
was the result of the second pregnancy to a non-consan-
guineous Australian Caucasian couple. Their first
pregnancy resulted in a first-trimester miscarriage.
Maternal age was 32 and the paternal age 33 years.
There was a 3-generation paternal family history con-
 sistent with an autosomal dominant syndromic
craniosynostosis predominantly affecting the coronal
sutures. The proband’s mother had insulin-dependent
diabetes mellitus, with a glycosylated hemoglobin of
6.8% ascertained during the pregnancy, suggesting rea-
sonable diabetic control; and her father had bicoronal
craniosynostosis, bilateral syndactyly of the first, second
and third toes and mild unilateral hearing loss. The
proband was delivered vaginally after a spontaneous
labour at 30 weeks gestation. Her birthweight was 1610
g (90th percentile), her birth length was 44 cm (above
the 90th percentile) and her birth head circumference
was 28.5 cm (75th percentile). Her newborn period was
complicated by post-hemorrhagic hydrocephalus,
requiring ventriculo-peritoneal shunt and a small bowel
perforation. Echocardiogram revealed an interrupted
inferior vena cava with drainage via the hemiazygous
vein and otherwise normal cardiac anatomy. Chest

 radiograph (Figure 1) and abdominal ultrasound
demonstrated a right-sided stomach, midline liver and
polysplenia. She developed oxygen dependency that
resolved spontaneously by 21 months of age without a
cause being ascertained. A chest CT was unremarkable
and a pulmonary wedge biopsy showed minor architec-
tural distortion of the alveolar lining, focal intramural
thickening, lymphatic dilatation and no interstitial
inflammation or fibrosis. Persistent feeding difficulties
necessitated nasogastric feeding and there was emerging
mild global developmental delay. Immunological investi-
gations revealed a low total IgG.

On examination she had a large anterior fontanelle,
proptosis, shallow orbits, hypertelorism, down-slanting
palpebral fissures, low-set posteriorly rotated ears, a
right convergent strabismus, a high palate, mild retrog-
nathia and hyperconvex finger nails. At 17 months of
age her length was 83cm (75th percentile), her weight
was 10.65 kg (50th percentile) and her head circumfer-
ence was 44.4 cm (2nd percentile). 

A cranial MRI, performed at five weeks of age, dis-
played grossly dilated lateral, third and fourth
ventricles with an evolving hematoma within the ven-
tricular system and the left ventricle, focal hemorrhage
in the frontal lobe with porencephaly on the left, as
well as further porencephaly extending into the left
parasagittal cerebral hemisphere.

As part of respiratory follow-up, a CT of the chest
and abdomen was performed at two and a half years
of age and demonstrated lesions consistent with a
multifocal hepatoblastoma (Figure 2); a serum beta
HCG was 19,000 kU/L and a liver biopsy was consis-
tent with an hepatoblastoma. She was managed for
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the hepatoblastoma, with adjuvant chemotherapy
prior to potential surgical resection.

Analysis of FGFR3 in the proband and her father,
by genomic DNA sequencing, revealed c.749 C>G
mutation consistent with the Pro250Arg mutation
(methods available on request). Normal genetic inves-
tigations of the proband included a G-banded
karyotype at the 550 band level, subtelomere MLPA
(P036 MRC Holland©), PITX2 analysis ((MLPA
(P054 MRC Holland©) and genomic DNA sequencing
of the coding region (methods available on request)).

PITX2 analysis was performed, concurrent with FGFR
analysis, as this gene is important for determination of
laterality in animal models (Ryan et al., 1998), and we
have previously ascertained a PITX2 mutation in a
child with craniosynostosis (unpublished observation).

Discussion
While the proband’s laterality disorder and hepato-
blastoma may be chance findings or be independently
related to the FGFR3 mutation and the maternal dia-
betes, we describe the first report of these phenotypes
occurring in a child with the FGFR3 Pro250Arg muta-
tion to postulate that these may be rare associations
occurring in a multifactorial manner in the context of
maternal diabetes.

FGFR3 (fibroblast growth factor receptor 3) is one
of a family of tyrosine kinase receptors (FGFR1–4)
with roles in many aspects of embryogenesis and
tissue homeostasis. The FGF signaling pathway regu-
lates a multitude of biological processes, including
proliferation, differentiation, migration and apoptosis
(Friesel & Maciag, 1995; Johnson & Williams, 1993).
It is also involved or implicated in developmental
genetic diseases and cancer (Grose & Dickson, 2005;
Ornitz & Marie, 2002).

Germline FGFR3 mutations are associated with a
variety of autosomal dominant skeletal disorders
including craniosynostoses and chondrodysplasias
(Muenke et al., 1997; Passos-Bueno et al., 1999;
Rousseau et al., 1994; Webster & Donoghue, 1997.).
The mutations causing these disorders create auto-acti-
vated receptors (Ornitz & Marie, 2002; Passos-Bueno,
et al., 1999). Murine in-vitro chondrocyte studies and
loss- and gain-of-function experiments suggest that
activated FGFR3c inhibits bone growth by impairing
chondrocyte proliferation and modulating differentia-
tion by triggering premature epiphyseal apoptosis
(Ornitz & Marie, 2002). Contrary to this inhibitory
role in bone growth, is a proposed pro-oncogenic role
of mutated FGFR3. The same activating mutations
causing FGFR3-associated chondrodysplasias have
been identified in a variety of tumors, including hema-
tological cancers, multiple myeloma, and carcinomas
of the bladder and cervix (Cappellen et al., 1999; Chesi
et al., 1997; Richelda et al., 1997). Additionally,
studies of activating mutations in FGFR3 support a
shared genetic origin of congenital disorders and testic-
ular tumors (Goriely et al., 2009).

Furthermore, a role for FGFR3 in hepatic carcino-
genesis has been suggested by the finding of its
over-expression in hepatocellular carcinoma (Qiu et
al., 2005) In this context, in our patient it is tempting
to speculate that, as diabetes is a risk factor for hepato-
cellular carcinoma (Schutte et al., 2009), the maternal
diabetes may have contributed to the pathogenesis of
the hepatoblastoma. We acknowledge that FGFR3-
related craniosynostosis syndromes in general have not
previously been associated with malignancies, and the
hepatoblastoma could be a coincidental finding. There
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Figure 1
A chest x-ray demonstrating a left-sided liver and a right-sided
stomach.

Figure 2
Abdominal computed tomography demonstrating an hepatoblastoma
(white arrow) in the malpositioned liver.

https://doi.org/10.1375/twin.13.4.297 Published online by Cambridge University Press

https://doi.org/10.1375/twin.13.4.297


are many other genes in which germline mutations are
associated with genetic disorders and in which muta-
tions have been identified in tumors. For most of these
there is no evidence of a tumor predisposition in
people with the relevant syndrome, however, excep-
tions have been reported (Gripp et al., 2006).

Laterality disorders are etiologically heterogeneous
with monogenic, polygenic or multifactorial causes
(Peeters & Devriendt, 2006). Maternal diabetes is one
established cause of laterality disorders (Aylsworth,
2001) and in murine models the induction of laterality
phenotypes by maternal diabetes is influenced by fetal
genotype (Morishima et al., 1996). The possibility
that the FGFR3 mutation may be causally associated
with this patient’s laterality disorder, potentially via an
interaction with the effects of maternal diabetes, is
supported by the following: First, animal experiments
have demonstrated that FGF signaling is important to
body patterning and establishment of left-right asym-
metry (Carl & Wittbrodt, 1999; Hong & Dawid,
2009; Tanaka et al., 2005); Second, molecules in the
FGF signaling pathway have been implicated in cilio-
genesis (Hong & Dawid, 2009; Neugebauer et al.,
2009) and ciliary dysfunction is a known cause of
human laterality disorders (Sutherland & Ware, 2009);
Third, facial asymmetry can be seen in Saethre-Chotzen
syndrome, and in one study approximately 20% of
patients had the FGFR3 Pro250Arg mutation,
(Paznekas et al., 1998) and it can also be seen in the cil-
iopathy oralfacialdigital syndrome type 1 (Prattichizzo
et al., 2008). Further support for this postulated gene–
environment interaction is that the Sonic Hedgehog
(SHH) gene is important for laterality regulation
(Cohen, 2001), SHH interacts with FGF signaling
pathways (Fogarty et al., 2007) and SHH signaling in
human macrophages was negatively affected by dia-
betes. Therefore, it is possible that the interaction
effects of the FGFR mutation and the maternal dia-
betes on the laterality phenotype may converge at
SHH-related  signaling pathways.

As the phenotypic expression of the FGFR3
Pro250Arg mutation (Doherty & Muenke, 2009) and
laterality disorders can be highly variable or subclini-
cal, it is possible that investigation for mutations in
this gene have not been considered in the setting of
laterality phenotypes.

In conclusion, we describe the first reported associ-
ations of a laterality disorder and hepatoblastoma in a
child with the FGFR3 Pro250Arg mutation, and pos-
tulate that the associated features are related to an
interaction of the inherited mutation with exposure to
maternal diabetes.
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