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ARTICLE INFO ABSTRACT

Keywords: We present a case report that entails prenatal ultrasonography, postnatal characteristics, and molecular genetic
Thanatophoric dysplasia analysis of a newborn who presented with thanatophoric dysplasia type I (TDI) with a mutation in the fibroblast
FGFR3 growth factor receptor 3 gene (FGFR3). A malformed newborn with tachypnea, delivered by caesarean at the
gﬁ:’zz‘t’;ssraphy gestational age of 39 weeks, was the first child of nonconsanguineous parents by a spontaneous pregnancy.

Features in prenatal ultrasonography and postnatal radiography were consistent with the diagnosis of TDI,
presenting with short body length (38 cm, < 3rd percentile), redundant skin folds, a narrow thorax with a bust
of 29.5 cm (3-5th percentile), and macrocephaly with a head circumference of 36 cm (> 97th percentile). The
proposita had postnatal dyspnea and unfortunately died of respiratory failure at the age of 13 days. Molecular
genetic analysis revealed a mutation of ¢.2419T > C (p. Ter807Arg) (X807R) in FGFR3. Live-born infants with
TDI are exceedingly rare, and we hereby report a newborn with a ¢.2419T > C mutation in FGFR3, empha-
sizing phenotype with clinical characteristics and ultrasonographic and X-ray findings, to raise awareness about

Genetic analysis

the heterogeneous patterns of TD.

1. Introduction

Thanatophoric dysplasia (TD) is a sporadic, autosomal-dominant
skeletal dysplasia caused by mutations in the fibroblast growth factor
receptor 3 gene (FGFR3). It has an estimated incidence of 1/35,000 to
1/50,000 births, and is characterized by short long bones, a narrow
thorax, macrocephaly, and flattened vertebral bodies (Wilcox et al.,
1998). TD has been further divided into types 1 (TDI) and 2 (TDII), with
TDI (MIM# 187600) being the most common subtype and character-
ized by curved femora and occasional cloverleaf skull; while cloverleaf
skull and short-but-straight femora are the characteristic of TDII (MIM#
187601) (Tavormina et al., 1995a). The anomaly results due to dif-
ferent mutations in the FGFR3 gene which lead to increased activation
of FGFR3, with the severity of the phenotype proportional to the ac-
tivity of the receptor. TDI is caused by FGFR3 missense, insertion, or
stop codon mutations (Table 1) (Tavormina et al., 1995a; Lindy et al.,
2016; Rousseau et al., 1996; Gomes et al., 2018; Pannier et al., 2009;
Xue et al.,, 2014; Chitty and Altman, 2002; Rousseau et al., 1995;
Wilcox et al., 1998; Brodie et al., 1998); whereas TDII is only caused by

1 FGFR3 missense mutation of p. Lys650Glu (K650E) (Tavormina et al.,
1995b; Lindy et al., 2016; Rousseau et al., 1996; Gomes et al., 2018;
Pannier et al., 2009; Xue et al., 2014; Wilcox et al., 1998; Brodie et al.,
1998). Although the most frequent mutations for TDI are p. Arg248Cys
and p. Tyr373Cys —which together contribute to about 90% of the
cases (Xue et al., 2014)—correlations between genotype and phenotype
are not apparent due to the limited number of cases (Jung and Park,
2017), and molecular genetic analysis must be used for confirmatory
purposes and genetic consultation. TD presents earlier in pregnancy
with short limbs, small chest, and other features; thus ultrasonographic
examination combined with a local biometric standard of the Chinese
population (Leung et al., 2008) is straightforward with respect to di-
agnosing TD. However, it is not always possible to differentiate TD from
other skeletal dysplasias by ultrasonography alone (Chitty et al., 2013;
Jung and Park, 2017). Therefore, molecular genetic analysis is indis-
pensable for TD diagnosis in the era of precision individualized medi-
cine. The mutation of ¢.2419T > C (p. Ter807Arg) (X807R) that
causes TDI has been reported without a detailed description of clinical
phenotype (Xue et al., 2014). We therefore reported here a full-term,
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Table 1
Different mutations in FGFR3 and amino acid change for thanatophoric dysplasia type I.
Nucleotide mutation Amino acid change Reference
c.742C > T p. Arg248Cys (Tavormina et al., 1995a)
c.746C > G p.- Ser249Cys (Tavormina et al., 1995a)
¢.742_743insTGT p. Arg248delinsLeuCys (Lindy et al., 2016)
¢.1108G > T p. Gly370Cys (Rousseau et al., 1996)
c.1111A > T p. Ser371Cys (Tavormina et al., 1995a)
c.1118A > G p. Tyr373Cys (Rousseau et al., 1996)
c.1130T > C;c.1138G > A p. Leu377Pro;Gly380Arg (Gomes et al., 2018)
¢c.1620C > A;c.1454A > G p. Asn540Lys;GIn485Arg (Pannier et al., 2009)
c.1949A > T p. Lys650Met (Xue et al., 2014)
c.2419T > A p. Ter807Arg (Rousseau et al., 1995)
c.2419T > C p. Ter807Arg (Xue et al., 2014)
c.2419T > G p. Ter807Gly (Wilcox et al., 1998)
¢.2420G > C p. Ter807Ser (Xue et al., 2014)
c.2420G > T p. Ter807Leu (Chitty and Altman, 2002)
c.2421A > C p. Ter807Cys (Chitty and Altman, 2002)
c.2421A > T p. Ter807Cys (Rousseau et al., 1995)
c.2421A > G p. Ter807Trp (Brodie et al., 1998)
Table 2 enrichment by polymerase chain reaction (PCR) on a HiSeq2500 se-
Ultrasonography monitor of the baby during the pregnancy. quencer according to the manufacturer's instructions (Illumina, San
GA(weeks) 1 17 25 39 Diego, CA); this resulted in 90—bP paired-end sequencing reads with at
least a 100-fold average sequencing depth for each sample. Clean reads
HC(cm) - 14.6 22.9 35.1 were aligned to the reference human genome (UCSC hgl9) using a
AC(cm) - 11.9 221 35.2 Burrows-Wheeler Aligner (BWA) (v.0.5.9-r16). Subsequent processing
BPD(cm) B 3.99 6.83 10.6 of sorting, merging, and removing duplication of the BAM files was
humerus length (cm) - 1.07 2.35 2.41 & & K & & . p .
ulna length (cm) 0.98 2.2 2.95 performed by using SAMtools and Picard (http://picard.sourceforge.
radius length (cm) 0.89 2.0 2.05 net/index.shtml). We obtained variant calls—which differed from the
femur length (cm) - 1.27 2.5 2.95 reference sequence—using a Genome Analysis ToolKit 4 (GATK4), and
tibia length (cm) - 1.01 2.0 221 variants with suboptimal quality scores were removed from con-
fibula length (cm) - 0.96 1.9 2.09 id . d th o . ith ANNO-VA d
nasal-bone length (cm) _ 0.39 0.61 0.92 sideration. We annotated the remaining var1anFs wit . -V. R an
mandible length (cm) _ 1.89 3.1 4.83 VEP software, and compared these computationally with the list of
AMN(cm) 3.0 33 8.3 12.8 reported pathogenic variations from the Human Gene Mutation
Piace“ta} acreage (mm) 11 18.8 22 27 Database (HGMD, professional version). Missense variants were as-
placental mature 0 0 0-I I . R : )
HR(n/min) 168 158 153 153 sessed w1.th SIFT, PolyPhen-2, and MutationTaster (Kumar et al., 2009;
PTD(mm) _ _ 11.3 _ Adzhubei et al., 2010; Schwarz et al., 2010).
CTR - - 0.54 0.74

GA: gestational age; HC: head circumference; AC: abdomen circumference;
BPD: biparietal diameter; HR: heart rate; AMN: amniotic fluid maximcon depth;
PTD: pulmonary transverse-diameter ; CTR:cardio-thoracic ratio; cm: cen-
timeter; mm: millimeter.

live infant born with TDI and this specific mutation by analyzing clin-
ical characteristics, ultrasonography, radiographs, and genetic se-
quence—as well as provided a short review of the literature.

2. Materials and methods
2.1. Study subjects

Members of the study family were included (consisting of the pro-
band, mother, and father), in agreement with Chinese law and fol-
lowing genetic counseling for the parents, and the parents' informed
consent was provided for genetic studies. The study protocol was ap-
proved by the Ethics Committee of Children's Hospital of Fudan
University, People's Republic of China.

2.2. Whole exon sequencing

Genomic DNA fragments from study subjects were enriched for
whole exon sequencing (WES) using an Agilent (Santa Clara, CA, USA)
SureSelectXT Human All Exon 50-Mb kit. For all samples, we created
DNA fragments ligated with adaptors and two paired-end DNA li-
braries, with an insert size of 500 bp. We sequenced DNA libraries after

3. Case Report
3.1. Ultrasonographic analyses

A 25-year-old woman was referred for genetic counseling at
25 weeks of gestation because of abnormal prenatal ultrasonographic
findings (Table 2). At 17 gestational weeks, ultrasonography of the
fetus indicated macrocephaly, a narrow chest, and short limbs. We
performed a comprehensive fetal biometric analysis by two-dimen-
sional (2D) ultrasonography at 25 weeks (Fig. 1 A-E). The head and
abdominal circumferences were 22.9 and 22.1 cm, respectively, which
were both > 97th percentile; and all long-bone measurements were
below the 5th percentile relative to normal biometry, as femoral length
measured 2.5 cm, tibial length 2.0 cm, fibular length 1.9 cm, humeral
length 2.35cm, ulnar length 2. 2cm, and radius length 2.0 cm. We
quantified a severely narrowed thorax with pulmonary hypoplasia as a
pulmonary transverse-diameter (PTD) of 11.3mm (< 5th percentile)
and a cardio-thoracic proportion of 0.54. We suspected a clinical di-
agnosis of thanatophoric dysplasia (TD), and suggested terminating
pregnancy, which was refused by the primigravida and her husband for
religious reasons as the couple was Christian. The couple had been
healthy and not in contact with medical staff until the wife was in labor.
Prior to the caesarean, we conducted three-dimensional (3D) ultra-
sonography of the fetus at 39 weeks (Fig. 1 F—H) and showed facial
dysmorphism with frontal bossing, a depressed nasal bridge, short and
bowing femurs, and increased subcutaneous tissues in the digits and
limbs; fetal structural abnormalities had also previously been visualized
by 2D ultrasonography at 25weeks. Polyhydramnios was a
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Fig. 1. Prenatal ultrasonography of fetus at 25 (A-E) and 39 weeks (F-H) of gestation revealed macrocephaly, short and curved limbs, and a narrow, bell-shaped
thorax. (A) Macrocephaly with a head circumference > 97th percentile; (B) short arms with a humeral length of 2.35 cm, ulnar length of 2.2 cm and radius length of
2.0 cm (< 5th percentile); (C) short and curved legs with a femoral length measuring 2.5 cm, tibial length of 2.0 cm, and fibular length of 1.9 cm (< 5th percentile);
(D) pulmonary hypoplasia with a pulmonary transverse-diameter (PTD) of 11.3 mm (< 5th percentile); (E) a narrow chest and protrusion of the abdomen; (F) a
depressed nasal bridge; (G) facial dysmorphism with frontal bossing; and (H) short and bowing femurs.

distinguishing feature throughout pregnancy, and the maximal am-
niotic fluid depth was 128 mm at 39 weeks.

4. Clinical characteristics

The malformed infant was delivered by caesarean section at 39
gestational weeks, with Apgar scores of 9 and 10 at 1 and 5min, re-
spectively. The baby girl weighed 3000 g (50th percentile), had a head
circumference of 36 cm (> 97th percentile), a thoracic circumference
of 28 cm (< 3rd percentile), a body length of only 38 cm (< 3rd per-
centile), a short nose with depressed nasal bridge, protuberant ab-
domen, and micromelia with short stubby fingers and deep skin creases

(|

Fig. 2. Malformed female infant with thanatophoric dysplasia I. (A): Clinical
photograph of the entire body on the 1st day of life showing macrocephaly
(head circumference 36 cm [ > 97th percentile]), narrow thorax (thoracic cir-
cumference of 28 cm), and short limbs. (B) Radiograph on the 1st day of life
demonstrating a small thorax, bowing of the femora, and severe platyspondyly
with H-shaped vertebrae.

(Fig. 2A). She was sent to the neonatal intensive care unit for dyspnea
20 min after birth. After 10 days of respiratory support by a high flow
nasal cannula (FiO2 range, 45%-30%; flow rates, 5-4 L/min), the
dyspnea was relieved and alleviated by nasal oxygen (flow rates,
1-2.5 L/min; FiO2 range, 21%—-25%). The infant had difficulty suckling
and required tube feeding. After 3 days of nasal oxygen, respiratory
failure ensued, resulting in a bout of pneumonia. As her parents refused
the more aggressive actions of tracheal intubation and mechanical
ventilation, the girl died of respiratory failure at 13 days of age. An
autopsy was declined, so histologic analyses were not available. A
skeletal radiograph (Fig. 2B) showed severe rhizomelic shortness of the
long bones and bowing of the femora. The thorax was small with a
cardio-thoracic ratio of 0.75, and the iliac bones were short and wide.
Macrocrania and frontal bossing were observed, but without a clo-
verleaf skull. Cranial ultrasonography displayed bilateral ven-
triculomegaly, while echocardiography manifested no anomalies. These
clinical and radiologic findings are consistent with TDI.

5. Mutational analyses

Molecular genetic analysis using WES demonstrated a de novo
2419 T > C (p. Ter807Arg) mutation in the FGFR3 gene caused by a
T > C transition at nucleotide 2419 on exon 19, leading to a
Stop807Arg (TGA > CGA) substitution for the proband; while the
proband's parents did not carry the mutation (Fig. 3A). This mutation in
the chain termination stop codon for FGFR3 is expected to give rise to a
protein elongation of 101 amino acids (NM_000142.4: exonl9:
c.2419T > C(p.X807RfsTer102); the nucleotide and predicted amino
acid sequences are depicted in Fig. 3B.

6. Discussion

We present herein a rare case of TDI with a ¢.2419T > C (p.
Ter807Arg) (X807R) mutation in the FGFR3. At least 18 different cDNA
nucleotide changes in the FGFR3 gene have now been reported, re-
presenting different protein sequence changes associated with TDI
(Table 1). Of these, Arg248Cys and Tyr373Cys account for
55.1%-66.5% and 21.6%-23.7% of TD1, respectively (Xue et al., 2014;
Chen et al., 2017). Nine stop codon loss mutations on Exon 19—such as
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A
Proband
|eo 155 170 175 180 |s5 190
Father |leou@i@@iu@uapuntafelumius RN LN DR GRS e - [0 B TN DI USN  PUIRY N0 UGN (S SO RN (A y ST SO R S At
AAANAAANTA AN A AN IS
———————————————————————————————————————————————————————————— 170
Mother |...8... 6 8. &% K ¢ T ¢ 6 C 6. 68 A € 6] T :
B
Wild Nucleotide 2401 AGTGGGGGCTCGCGGACGTGAAGGGCCACTGGTCCCCAACAATGTGAGGGGTCCCTAGCA
P pminoaid 801§ G 6 S R T B3
[re
Nucleotide 2401 AGTGGGGGCTCGCGGACGCGAAGGGCCACTGGTCCCCAACAATGTGAGGGGTCCCTAGCA
Mutant
Aminoacid 81 S G G S R T R R A TG PQQ C E GS LA

2461 GCCCACCCTGCTGCTGGTGCACAGCCACTCCCCGGCATGAGACTCAGTGCAGATGGAGAG

21°A H P AAGAOQPL P GMRL S ADG E
2521 ACAGCTACACAGAGCTTTGGTCTGTGTGTGTGTGTGTGCGTGTGTGTGTGTGTGTGTGCA
MTATaQ SF GLCV CVCV CVCV CA
2581 CATCCGCGTGTGCCTGTGTGCGTGCGCATCTTGCCTCCAGGTGCAGAGGTACCCTGGGTG
81 H P RV P VCVRTILPPG A EV P WUV
2641 TCCCCGCTGCTGTGCAACGGTCTCCTGACTGGTGCTGCAGCACCGAGGGGCCTTTGTTCT
S P L LC NGLL TGAA APR G LCS
2701 GGGGGGACCCAGTGCAGAATGTAAGTG

¢ G 6TQ CRMMA

Fig. 3. Whole exon sequencing of the study family, with the nucleotide sequence and predicted amino acid sequence resulting from the X807R mutation. (A): Sanger
sequencing demonstrated a mutation in the FGFR3 gene caused by a T > C transition at nucleotide 2419, leading to a Stop807Arg (TGA > CGA) substitution for the
proband, while the parents did not carry the mutation. (B): Predicted sequence of the mutated protein with elongation of 101 amino acids (NM_000142.4: exon18:

c.2419T > C (p.X807RfsTer102).

c.2418G > T (Ter807Leu), c.2419T > G (Ter807Gly), c¢.2419T > C
(Ter807Arg), c.2419T > A (Ter807Arg), c.2420G > T (Ter807Leu),
c.2420G > C (Ter807Ser), c.2421A > T (Ter807Cys), c.2421A > C
(Ter807Cys), and c.2421A > G (Ter807Trp)—have resulted in six
different protein sequence extensions and an elongated coding frame
caused by mutations in the chain termination stop codon. In contrast to
TDI, only the p. Lys650Glu mutation in FGFR3 has been found for TDII.
To our knowledge, there is no published detailed description of the
clinical characteristics of TDI with the ¢.2419T > C (p. Ter807Arg)
mutation. The present case therefore appears to be the first report on
the clinical phenotype of TDI with the mutation ¢.2419T > C (p.
Ter807Arg), which results in a protein elongation of 101 amino acids
(NM_000142.4: exonl9: ¢.2419T > C(p.X807RfsTerl02); and is ver-
ified to impair signal transduction and lead to ligand-independent,
constitutive activation of the FGFR3 receptor, inhibition of chondrocyte
proliferation, and premature bone maturation (Bonaventure et al.,
2007; Del-Piccolo et al., 2015).

Thanatophoric dysplasia is one type of skeletal dysplasia, and as the
name “thanatophori” suggests, the condition is frequently lethal in utero
or shortly after birth; with severe disturbances in bodily proportions,
shortening and deformation of the long bones, and maldevelopment of
the chest, leading to severe respiratory failure and early death. Almost
all neonates with TD require oxygen therapy or mechanical ventilation;
and although most patients die of respiratory failure within about one
month (Sahin et al., 2016), 4-9-year survivals have been reported
(Baker et al., 1997). Our proband also died of respiratory failure at the
age of 13 days, caused by narrowing of the thorax and pulmonary hy-
poplasia. Respiratory insufficiency may have been secondary to the
narrowed chest cavity—with a cardio-thoracic proportion of 0.54, and
hypoplastic lungs with a PTD of 11.3mm (< 5th percentile) at

25 weeks—or due to brain stem compression because of the narrowed
foramen magnum, or a combination of both. Cranial ultrasonography of
the proband displayed bilateral ventriculomegaly and the baby had
difficulty in suckling, indicating that the brains of infants with TD
possess developmental alterations that significantly affect cerebral
cortical structure and function (Foldynova-Trantirkova et al., 2012).

During pregnancy in this study, the ultrasonogram showed a fetus
with apparent polyhydramnios, macrocephaly, a depressed nasal
bridge, chest narrowing, and femoral bowing using 2D ultra-
sonography. With 3D ultrasonography, we additionally visualized the
fetal structural abnormalities. Therefore, we believe that 3D is a useful
adjunct to 2D ultrasonography in third-trimester prenatal diagnosis and
parental counseling regarding TDI. Although TDI is likely a preliminary
diagnosis, even patients with the same FGFR3 mutation may exhibit
phenotypic differences (Chitty et al., 2013). The TD variants occa-
sionally lack typical characteristics, such as facial deformation or dif-
ferent degrees of femoral bowing. We therefore also assert that mole-
cular genetic analysis is beneficial to confirming diagnosis and
recommend its use prior to genetic counseling.

In conclusion, our case shows that a stop codon mutation of
c.2419T > C (p. Ter807Arg) (X807R) engenders typical features of
TDI. We suggest that prenatal diagnosis of TDI include ultrasonography
and a molecular genetic analysis of FGFR3 to elucidate the molecular
pathogenesis and the genetic predisposition for the disease, thereby
providing important information for genetic counseling.
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