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Table 1 Continued

Patients NS223 NS231 NS239 NS248 NS254 NS263 NS299 NS318 NS324 Total
Gender F F M M F M F F F
Age 6 months 5 months 18 years 5 years 2 months 1 month 3 years 1 month 1 year 6 months
Paternal age 34 27 27 NA 37 35 34y 33 33
at birth (years)
Maternal age at 36 27 26 30 34 36 35y 32 33
birth (years)
Growth and development
Postnatal failure to thrive + + + + + + + 21/21
Mental retardation + + + NA + + + + 20/20
Craniofacial characteristics
Relative macrocephaly - + + - + + - - + 17/21
Coarse facial appearance + + + + + + + + + 21/21
Muscloskeltal characteristics
Short neck - + NA NA + + + - — 14/19
Hyperextensive fingers - + - + + - - + + 13/21
Tight Achilles tendon + NA - + - - - + + 10/20
Abnormal foot position — - NA NA NA - - + + 9/16
Skin characteristics
Curly, sparse hair + Curly Curly + + + Curly + Curly 21/21
Soft, loose skin - + + + + + - + + 18/21
Deep palmer/planter + - + + + + + + + 20/21
creases
Cardiac defect
Hypertrophic + - + + + + + + + 14/20
cardiomyopathy
Other PAC PVC - - - - - PAC PAC
Neoplasia
Papillomata + — + - - - - - — 6/20
Other tumors
Others
Prabastatin Laryngomalasia, ~ GH deficiency, Arnold ~ Empty sella, GH deficiency, Hyperinsulinemia Laryngomalasia Laryngomalasia
administration hydrocephallus Chiari, scoliosis hypothyroidism, hypogonadism, seizure
syringomyelia
HRAS mutation
Nucleotide substitution ¢.34G>T c.35G>A c.34G>A c.34G>A c.34G>A c.35G>C c.34G>A ¢.35G>C c.34G>A
Amino acid substitution p.Gl2C p.G12D p.G12S p.G12S p.G12S p.G12A p.G12S p.G12A p.G12S

Abbreviations: —, absent; +, present; ASD, atrial septal defect; F, female; GER, gastroesophageal relfux; GH, growth hormone; GSDIII, glycogen storage disease 11; M, male; NA, not available; PAC, premature atrial contraction; PS, pulmonic stenosis; PSVT,
paroxysmal supraventricular tachycardia; PVC, premature ventricular contraction; VSD, ventricular septal defect.
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Figure 1 Functional characterization of HRAS mutants. (a) Ras-guanosine triph
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osphate (GTP) in NIH 3T3 cells transfected with wild-type or mutant HRAS

wpE sE sy

constructs. HRAS protein levels were similar in NIH3T3 cells expressing each protein and were subsequently used as a loading control. (b, ¢) Stimulation of

ELK (b) and c-Jun (c) transcription by HRAS mutants. The ELK-and c-Jun
co-transfected with various HRAS constructs into unstimulated NIH 3T3 cel

-GAL4 vectors and GAL4-luciferase trans-reporter vector were transiently
Is. Relative luciferase activity (RLA) was normalized to the activity of a

co-transfected control vector (phRLnull-luc) expressing Renilla reniformis luciferase. The results are expressed as the means and s.d. from triplicate samples.
MEK1 and MEKK were used as positive controls. WT, wild type. *P<0.05; **P<0.01 compared with WT.

associated B-galactosidase staining confirmed that these cells showed
cellular senescence.

Two downstream signaling pathways, p53 and Rb-p16, are activated
during cellular senescence. To examine oncogene induced cellular
senescence at the molecular level, we assessed senescence markers,
including phosphorylated extracellular signal-regulated kinase, phos-
phorylated p53 and pl16, in cells expressing HRAS mutant proteins
(Figure 2b). As expected, phosphorylated p53 (Ser15) and pl6 levels,
as well as phospho-extracellular signal-regulated kinase levels, were
significantly increased in the cells transfected with HRAS mutants
relative to cells transfected with mock vector or wild-type HRAS.
These results demonstrate that not only p.G12V, but also the other
eight CS-related HRAS mutants, can cause OIS.

DISCUSSION

In this study, we identified four HRAS mutations in 21 patients with
CS and evaluated their detailed clinical manifestations of the disease in
these patients. Biochemical analyses, including a GTP binding assay
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and luciferase assays to detect ELK and c-Jun trans-activation, showed
that there were no significant differences among the analyzed muta-
tions in codon 12/13. The p.A146T mutant demonstrated the weakest
Raf binding activity, and the p.K117R and p.A146T mutants had
weaker effects on downstream c-Jun N-terminal kinase signaling than
mutants in codon 12 or 13. Our results indicated that all HRAS
mutants detected in CS patients were able to cause OIS.

Our study is the first to demonstrate that HRAS mutants other than
p.G12V can induce senescence when they are overexpressed in human
fibroblasts. The symptoms of CS seem to be caused by either
hyperproliferation or hypoproliferation, coupled with growth factor
resistance, which may be ascribable to DNA damage response or OIS.
Postnatal cerebellar tonsillar herniation, Chiari 1 malformation,?
deep palmar and plantar creases and papillomata may all be caused
by hyperproliferation. In contrast, the poor weight gain, short stature
and endocrine dysfunction observed in CS patients***> might be
caused by hypoproliferation. Adult brain and heart progenitor cells in
a zebrafish CS model with a homozygous HRAS p.G12V mutation
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Figure 2 Effect of Costello syndrome (CS)-associated HRAS mutants on primary fibroblasts. (a) BJ cells transduced with retroviruses expressing wild-type or
mutant HRAS. Images in the lowest tier show senescence-associated B-galactosidase staining. (b) Immunoblots of cellular lysates from BJ cells transduced
with empty vector (pBabe) or with wild-type or mutant HRAS retroviruses.
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exhibited cellular senescence, suggesting that the age-related worsening
of the Costello phenotype®® might occur, because the replicative
capability of adult progenitor cells is exhausted. Osteoporosis has
frequently been found in adult patients with CS,%” suggesting that
cellular senescence affects osteogenesis. However, further studies will
be needed to determine whether OIS indeed contributes to the
pathogenesis in patients with CS.

It has been suggested that clinical symptoms vary among patients
with mutations in codon 12 or 13. In previous studies, a total of 19 CS
patients have been reported to die from severe cardiomyopathy,
cardiac arrhysmia, rhabdomyosarcoma, respiratory failure, multi-
organ failure or sepsis. The number of fatal cases was 5/138
patients with p.G12S, 4/6 with p.G12C, 3/17 with p.G12A, 3/4 with
p-G12D, 2/2 with p.G12V, 1/1 with p.GI12E and 1/1 with p.E63K.>>23
The mortality of patients with p.G12C or p.G12D was significantly
higher than that of the patients with the more common p.G12S
(P=0.026 by Fisher’s exact test). Previous studies have shown that
the p.G12V substitution has the highest transformative potential
(p.G12V>p.GI124A, p.G12S, p.G12C, p.G12D>p.G13D) and is the
most frequently found mutation in human tumors.*¥4° However, our
Ras activity assays and luciferase assays did not show any differences
among HRAS codon 12/13 mutants. This may be due to the extremely
high expression level of HRAS protein in our transient transfection
study, which could make it difficult to detect subtle differences
between mutants. Further studies will be necessary to clarify whether
the high mortality in patients with p.G12C or p.G12D is due to
functional differences in these mutants or due to bias because of our
small sample size of patients.

Mutations at codons 117 and 146 are rare in CS and somatic
cancers. Meanwhile, mutations at codons G12, G13 and Q61 have
been shown to impair intrinsic and GTPase activating protein-
mediated GTP hydrolysis, leading to elevated levels of cellular RAS-
GTP. It has been reported that the nucleotide exchange rate of both
p.K117R and p.A146V HRAS is increased, relative to wild type.1327:28
However, the transformational potential of p.A146V HRAS is partially
activated,?” whereas that of p.K117R-HRAS is not; its transformational
activity is instead similar to that of GTPase impaired mutants.?® Our
results and those of other reports suggest that p.K117R and p.A146T
have milder effects on downstream effectors than do mutations in
codon 12/13.

The clinical manifestations of CS in patients with p.K117R or
p-A146V mutations suggest that these alleles have distinct effects,
compared with mutations in codon 12/13. Of two CS patients with a
p.K117R mutation, one patient had an atypical phenotype such as
microretrognatism and slightly less-pronounced plantar and palmar
creases.” The other patient had mild craniofacial manifestations of
CS.13 One patient with the p.A146V mutation showed a mildly coarse
face and did not have deep palmar creases.® These atypical phenotypes
might be attributed to the mild effects of p.K117R or p.A146V
compared with codon 12/13 mutants.

Inhibitors of the RAS/MAPK pathway could provide benefits for
patients with RAS/MAPK syndromes. Statins are 3-hydroxy-3-methyl-
glutaryl-CoA reductase inhibitors that result in decreased isoprenyla-
tion of RAS® and are now widely used for the treatment of
hyperlipidemia. Statins have been used to modify the clinical mani-
festation of neurofibromatosis type I, which is caused by a genetic
defect in a negative regulator of the RAS/MAPK pathway. Studies
using mouse models of NF1 (Nfl mice) have shown that treatment
with a statin reverses the cognitive deficits of these mice.!
A randomized control trial for neurofibromatosis type I treatment
with simvastatin had a negative outcome.’? Furthermore, statins have
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displayed antitumor activity in experimental tumor models, though
clinical antitumor effects of statins have not been established.>> Well-
designed clinical studies will be needed to determine the effects of
statins or other RAS inhibitors on manifestations of CS.

In conclusion, we identified HRAS mutations in 21 patients and
examined the clinical manifestations of mutation-positive patients.
Functional analysis revealed that CS-causing mutant HRAS proteins
caused OIS in human fibroblasts. These findings may help enable
more accurate prognoses for patients with HRAS mutations and
contribute to our understanding of the mechanism underlying CS
pathogenesis.
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Craniofacial and dental malformations in Costello syndrome: A detailed
evaluation using multi-detector row computed tomography
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ABSTRACT Costello syndrome is a rare multiple congeni-
tal anomaly syndrome caused by heterozygous germline HRAS
mutations, which is characterized by intellectual disability,
growth retardation, distinctive facies, loose skin, cardiomyopa-
thy and a preposition to malignancies. Although teeth abnor-
malities have been encountered in nearly two-thirds of the
patients in literature, the evaluation tended to be limited to the
extent which can be obtained from physical examination. We
investigated detailed craniofacial, oral and dental findings in
four patients with Costello syndrome. In this study, images
reconstructed by multi-detector row computed tomography
(MDCT) were used as substitutes for dental cast study and
panoramic and lateral cephalometric radiograph studies to
evaluate dental arches, tooth size, relationships between cranio-
facial and dental structures, and hypodontia. All four patients
showed true/relative macrocephaly with facial bone hypoplasia
and gingival hypertrophy. Occlusal attrition, malocclusion,
small dental arches, microdontia, and convex face were noted in
three patients. In addition, one patient showed dental caries,
conic tooth and gingivitis, and another patient showed hypo-
dontia. Our study suggests that craniofacial and dental
abnormalities are common in Costello syndrome patients and
comprehensive dental care should be provided from early
infancy. To our knowledge, this is the first study of thorough
craniofacial and dental evaluation by using MDCT in Costello
syndrome. MDCT is a useful tool for precise evaluation of
craniofacial and oral manifestations in patients with congenital
anomaly/intellectual disability syndromes.

Key Words: cephalometric analysis, Costello syndrome, multi-
detector row computed tomography, small dental arch,
malocclusion

INTRODUCTION

Costello syndrome is a rare multiple congenital anomaly syndrome
characterized by intellectual disability, growth retardation, distinc-
tive facies, loose skin, cardiomyopathy and a preposition to malig-
nancies (Hennekam 2003), the prevalence of which is estimated to
be 1 in 1 290 000 (Abe et al. 2012). Costello syndrome is caused by
heterozygous germline HRAS mutations (Aoki et al. 2005) and is
listed as one of the RASopathies, a group of related disorders
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caused by germline mutations in the Ras/mitogen-activated protein
kinase pathway, which includes Noonan syndrome, cardio-facio-
cutaneous (CFC) syndrome, and Costello syndrome, with consid-
erable phenotypic overlap among these disorders (Rauen et al.
2010).

Craniofacial and oral features previously reported in Costello
syndrome include macrocephaly, prominent forehead, high-arched
palate, macroglossia, gingival hypertrophy, malocclusion, enamel
hypoplasia and caries (Der Kaloustian et al. 1991; Di Rocco et al.
1993; Teebi and Shaabani 1993; Zampino et al. 1993; Johnson et al.
1998; van Eeghen et al. 1999; Delrue et al. 2003; Hennekam 2003;
Kawame et al. 2003). Although teeth abnormalities were encoun-
tered in nearly two-thirds of the patients in the comprehensive review
by Hennekam et al. (2003), the evaluation tended to be limited to the
extent that can be obtained from physical examination. We here
report on the result of our investigation of detailed craniofacial, oral
and dental findings in four patients with Costello syndrome by using
multi-detector row computed tomography (MDCT).

MATERIALS AND METHODS

Patients

A total of four patients with Costello syndrome, two male and two
female, ranging in age between 5 and 7 years, were included in this
study. All four patients were identified as having a missense muta-
tion in the HRAS gene; ¢.34G>A (p.Gly12Ser) in patients 1, 2 and
3, and ¢.38G>A (p.Gly13Asp) in patient 4, either in exon 2. Clinical
manifestations of the four patients are shown in Table 1. This study
protocol was approved by the Ethics Committee of Saitama Chil-
dren’s Medical Center and proper informed consent was obtained
from the legal guardians of patients.

Oral, dental, and craniofacial studies

Intraoral features such as palatal morphology, tooth calcification,
occlusion and tooth eruption status were evaluated on physical
examination. In addition, images reconstructed by MDCT were
used as substitutes for dental cast study and panoramic and lateral
cephalometric radiograph studies to evaluate the dental arches,
tooth size, relationships between craniofacial and dental structures,
and hypodontia. The following MDCT imaging conditions were
used: window width, 1500; and window level, 450 (Hirai et al.
2010, 2011; Yamauchi et al. 2010). Crown and dental arch sizes
were measured using Image J with a resolution accuracy of 0.1 mm.
Lateral cephalometric analysis was performed based on the method
developed by lizuka and Ishikawa (1957). To perform cephalomet-
ric measurements, we made adjustments by rotating the mandibular
bone image toward the expected actual intercuspal position. All
measured data in this study were compared with standard values for

© 2012 The Authors
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Table 1 Clinical manifestations of four patients with Costello syndrome

Patients 1 2 3 4
Gender M M F F

Age (years) 5 6 6 7
Intellectual disability + (Severe) + + +

Height (SD) —6.8 -5.9 -4.9 =27

Head circumference (SD) ~2.5 +0.27 +0.29 +2.9
Distinctive facies + + + +

Cardiac defect HCM, AT HCM, AT, VSD, MR - HCM, AT
Skeletal abnormality HD, FD HD, FD HD, FD FD
Neoplasia - - - -

Other Tracheomalacia Inguinal hernia Exotropia GHD
HRAS mutation ¢.34G>A (p.G12S) c.34G>A (p.G12S) ¢.34G>A (p.G12S) ¢.38G>A (p.13G>D)

+, present; —, absent; AT, atrial tachycardia; F, female; FD, foot deformity; GHD, growth hormone deficiency; HCM, hypertrophic
cardiomyopathy; HD, hip dislocation; M, male; MR, mitral regurgitation; VSD, ventricular septal defect.

Japanese individuals (lizuka and Ishikawa 1957; Otsubo 1964; Kato
1979; Fukawa 2008).

RESULTS

Oral and dental features noted in four patients are summarized in
Table 2. On physical examination, all four patients had open mouth,
thick lips and gingival hypertrophy. Other common features noted
in all but one patient were occlusal attrition (patients 1, 2, 3),
high-arched palate (patients 2,3,4) and malocclusion (patients 1 and
4 exhibited open bite, and patient 3 cross bite). In addition, one
patient (patient 4) exhibited dental caries in a single tooth, a single
conic tooth, and gingivitis. Enamel hypoplasia, an occasionally
reported feature in patients with Costello syndrome, was not appar-
ent in any of our patients (Fig. 1). Crowding of teeth was also not
observed in the four patients. Panolamic images reconstructed with
MDCT revealed a congenital tooth defect (mandibular left second
premolar) in one patient (patient 3; Fig. 2).

Small dental arch was present in all patients except patient 1
(Table 3). Morphological categorization of small dental arches in
the three patients were as follows: one patient (patient 2) exhibited
U-shaped dental arch in the maxilla and narrow dental arch in the
mandible; and two patients (patients 3 and 4) showed narrow dental
arch in the maxilla and rectangular dental arch in the mandible
(Fig. 3).

In terms of tooth size, maxillary teeth, especially lateral incisors
and first and second molars in primary teeth and first molar in
permanent teeth, tend to be small in these patients studied (Table 4).
The degree of smallness of the maxillary teeth was most marked in
the second molars in primary teeth of the two male patients
(patients 1 and 2).

Cephalometric analysis (Table 5) revealed that, among the four
patients studied, a convex face (increased facial convexity) was
present in three patients (patients 1, 2 and 3), associated with
maxillary overhang (increased SNA angle) observed in one patient
(Patient 1), and with mandibular retrusion (decreased SNB angle) in
two patients (patients 2 and 3).

Three-dimensional reconstructed images by MDCT also demon-
strated the craniofacial manifestations shared by all four patients
such as true/relative macrocephaly with maxillofacial hypoplasia,
dolichocephaly, and mandibular anomalies characterized by thick

© 2012 The Authors
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Table 2 Oral and dental features in four patients with Costello

syndrome
Patient
1 2 3 4 Total
Open mouth + + + + 4/4
Thick lips + + + + 4/4
Gingival hypertrophy + + + + 4/4
Gingivitis - - - + 1/4
Dental caries - - - + 1/4
Occlusal attrition + + + - 3/4
Relative macrocephaly + + + + 4/4
with facial bone
hypoplasia

High-arched palate - + + + 3/4
Convex face + + + - 3/4

Maxillary overhang + - - - 1/4

Mandibular retrusion - + + - 2/4
Malocclusion (¢ - C 0] 3/4
Small dental arch - + + + 3/4

Maxilla U U N N

Mandible U N R R
Hypodontia - - + — 1/4
Conic teeth - - - + 1/4

+, present; —, absent; C, cross bite; O, open bite; N, narrow dental
arch; R, rectangle dental arch; U, U-shaped dental arch.

and flat head of the condylar process, short condylar neck, narrow
mandibular notch, and antegonial notching (Fig. 4). Calcified falx
cerebri were also noted in all patients.

DISCUSSION

We performed thorough evaluation of craniofacial and dental
features in four patients with Costello syndrome. As previously
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Table 3 Dental arch measurements in four patients

Patient 1 2 3 4
L1 L2 L1 L2 L1 L2 L1 L2
Maxilla 1.25 -0.67 -2.06 -2.90 -1.61 -2.52 -0.91 -1.04
Mandibular 0.79 -0.38 2.50 —-0.06 -3.30 -1.98 -3.86 -2.42
wC WE wC WE wC WE wC WE
Maxilla 0.97 -0.02 ~1.31 -2.88 -4.14 -2.80 —1.45 -1.52
Mandibular 0.97 0.51 -2.98 -1.49 —-1.66 -0.24 -3.02 -2.53

WC and WE represent the distance between the primary cuspids (the cuspids), and the primary second molars, respectively. L1 represents
the distance between the central point of the incisors and the line connecting the primary cuspids of both sides, and L2 represents the distance
between the central point of the incisors and the line connecting the primary second molars of both sides. Unit, S.D.

Patient 3

Patient 2

Patient 1

Multi-detector row computed tomography (MDCT)-synthesized
panoramic radiograph of Patient 3 at 6 years of age. Note the
missing lower second premolar on left side (arrow).

reported, our patients showed true/relative macrocephaly and gin-
gival hypertrophy (all patients). In addition, they exhibited maloc-
clusion, occlusal attrition, small dental arches, microdontia, and
convex face (three patients). Dental caries, conic tooth and gingi-
vitis were noted in one patient, and hypodontia was noted in another

Patient 4

Fig.1 Oral photographs of four patients.
Patients 2, 3 and 4 showed occlusal attri-
tion, high-arched palate and small dental
arch. Patient 4 showed dental caries,
gingivitis and conic teeth.

patient. Enamel hypoplasia, an occasionally reported feature in
patients with Costello syndrome, was not apparent in any of our
patients.

True/relative macrocephaly is a well-known feature of patients
with Costello syndrome. In this study, MDCT images showed mac-
rocephalic skull in all four patients. In addition, facial bone hypo-
plasia was also evident which was associated with malformed
mandible characterized by thick and flat head of the condylar
process, short condylar neck, narrow mandibular notch, and ante-
gonial notching on MDCT (Fig. 4). Antegonial notching is a feature
seen in several congenital malformation syndromes associated with
facial bone dysplasia, such as Treacher Collins syndrome, Nager
syndrome and Pierre-Robin syndrome (Becker et al. 1976). Facial
skeletal maldevelopment should be considered a feature of Costello
syndrome.

Occlusal attrition is a finding that was frequently observed in our
patients (patients 2, 3, 4). While the causes of attrition are diverse,
malocclusion and habits such as bruxism and clenching are main
possible causes. In view of behavioral characteristics of irritability
of patients with Costello syndrome, habits such as teeth clenching
might be a major cause for attrition.

It is of interest to know whether there are phenotypic similarities
in craniofacial and dental features among Noonan-related disorders

© 2012 The Authors
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Patient 1

Fig. 3 Multi-detector row computed tomogra-
phy (MDCT)-synthesized upper and
lower dental arches in all four patients.
Small dental arches are noted in three
patients (patients 2, 3 and 4). Patient 2
exhibited a U-shaped dental arch in the
maxilla and narrow dental arch in the
mandible; Patients 3 and 4 exhibited
narrow dental arches in the maxilla and
rectangle arches in the mandible.

Table 4 Tooth size measurements in four patients

M. Takahashi and H. Ohashi

Patient2  Patient3  Patientd

Patient 1 3 4
Right Left Right Left Right Left Right Left
Maxillary
Primary teeth
Central incisor 0.54 0.54 -1.08 -0.54 -0.45 -0.45
Lateral incisor -2.00 -1.78 ~1.56 -1.56 -2.44 —2.44 —-0.49
Cuspid -1.22 -0.98 ~1.22 -1.71 -0.73 -0.73 -0.98 -0.24
First molar -2.39 ~2.61 -2.17 -1.96 -1.09 -0.87 -0.43 -0.43
Second molar -3.33 -3.16 -3.68 -3.51 -1.93 —-1.58 -1.05 —-0.53
Permanent teeth
Central incisor 0.24 0.98
First molar -1.95 -1.95
Mandibular
Primary teeth
Central incisor 0.31 0.00 -0.31 0.00 -1.00 -0.67
Lateral incisor 1.21 1.52 0.00 -0.30 -0.83 -1.39
Cuspid 0.31 0.31 -0.31 -0.63 -0.33 0.00 1.00 1.33
First molar -1.30 -1.52 -1.30 -1.30 -0.60 —0.40 0.20 0.00
Second molar 1.04 1.04 —1.88 —1.46 0.00 -0.20 0.98 1.18
Permanent teeth
Central incisor —-0.56 -0.83
Lateral incisor -0.51 0.00
First molar 1.50 1.83

Tooth size represents the distance from the medial to the distal. Unit, S.D.

(RASopathies), including Noonan syndrome, CFC syndrome and
Costello syndrome. However, a detailed investigation about cranio-
facial and dental findings has not yet been done. Recently, Goodwin
et al. (2012) studied craniofacial and dental development in CFC
syndrome based on 32 patients as the first large cohort study and
found characteristic findings of the syndrome, including macro-
cephaly, convex facial profile, malocclusion with open bite, poste-
rior cross bite, dental crowding, and high-arched palate. Among
these features of CFC syndrome, macrocephaly, convex facial
profile, malocclusion and high-arched palate were features noted in

© 2012 The Authors
Congenital Anomalies © 2012 Japanese Teratology Society

our patients with Costello syndrome as well. Unfortunately, as the
evaluations of CFC syndrome by Goodwin et al. were mainly based
on physical examination, more detailed evaluation regarding, such
as dental arches, tooth size, and relationships between craniofacial,
dental and skeletal structures have not been fully provided.

‘We used MDCT as a substitute for cephalometric, panoramic and
dental cast studies. To our knowledge, this is the first study of
thorough craniofacial and dental evaluation by using MDCT in
Costello syndrome. As intellectual disability is common in Costello
syndrome, these conventional cephalometric, panoramic and dental
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Table 5 Lateral cephalometric analysis with MDCT of four

patients

Patient 1 2 3 4

Skeletal
Convexity 7.85 3.47 5.29 0.50
A-B plane ~0.12 -0.95 -1.78 0.76
SNA 4.06 -1.78 -1.78 -1.21
SNB 0.42 -2.89 ~2.61 -1.14
Facial angle -1.39 -1.54 1.39 0.53
SNP -1.14 -2.99 -3.13 —-1.56
Y axis 0.00 -0.15 -0.45 -0.84
SN-S-Gn 0.06 1.68 3.29 1.40
Mandibular plane 1.18 0.00 0.74 0.94
Gonial angle 0.77 -1.23 0.29 0.93
GZN -0.12 2.33 2.51 2.09
FH to SN -0.38 1.97 3.98 2.16

Dental
U-1 to FH plane 2.37 -2.62 -0.31 4.44
U-1 to SN plane 3.12 -1.10 -2.41 3.02
L-1 to mandibular 1.17 4.94 —1.88 -1.28
Interincisal -3.04 —2.04 0.80 -2.41
Occlusal plane 2.36 1.17 —0.69 -1.23
Unit, S.D.

cast studies are often difficult to perform, especially in the infantile
period when patients tend to show marked irritability. MDCT is a
useful tool for precise evaluation of craniofacial and oral manifes-
tations in multiple congenital anomaly/intellectual disability syn-
dromes (Hirai et al. 2011).

In conclusion, characteristic craniofacial and oral features
frequently noted in patients with Costello syndrome might be
true/relative macrocephaly with facial bone hypoplasia, gingival
hypertrophy, malocclusion, occlusal attrition, small dental arches,

Fig. 4 Multi-detector row computed tomogra-
phy (MDCT)-synthesized lateral radio-
graph (left) and close view of mandible
(right) of Patient 3 at age of 6 years.
Note the macrocephalic skull with hypo-
plastic facial bones (left). Mandibular
anomalies are also noted, characterized
by thick and flat head of the condylar
process, short condylar neck, narrow
mandibular notch (right upper) and ante-
gonial notching (right lower).

microdontia, and convex face. Craniofacial and dental abnormali-
ties are common in Costello syndrome patients and comprehensive
dental care should be provided from early infancy.
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REPORT

Mutations in B3GALT6, which Encodes a Glycosaminoglycan
Linker Region Enzyme, Cause a Spectrum
of Skeletal and Connective Tissue Disorders

Masahiro Nakajima,!.2! Shuji Mizumoto,221 Noriko Miyake,321 Ryo Kogawa,? Aritoshi Iida,!
Hironori Ito,* Hiroshi Kitoh,5 Aya Hirayama,® Hiroshi Mitsubuchi,” Osamu Miyazaki,8 Rika Kosaki,?
Reiko Horikawa,l© Angeline Lai,'! Roberto Mendoza-Londono,!? Lucie Dupuis,'2 David Chitayat,!2
Andrew Howard,!3 Gabriela F. Leal,14 Denise Cavalcanti,'5 Yoshinori Tsurusaki,3 Hirotomo Saitsu,3
Shigehiko Watanabe,16 Ekkehart Lausch,1? Sheila Unger,18 Luisa Bonafé,1® Hirofumi Ohashi,16
Andrea Superti-Furga,1® Naomichi Matsumoto,® Kazuyuki Sugahara,2 Gen Nishimura,20

and Shiro lkegawal*

Proteoglycans (PGs) are a major component of the extracellular matrix in many tissues and function as structural and regulatory
molecules. PGs are composed of core proteins and glycosaminoglycan (GAG) side chains. The biosynthesis of GAGs starts with the linker
region that consists of four sugar residues and is followed by repeating disaccharide units. By exome sequencing, we found that B3GALT6
encoding an enzyme involved in the biosynthesis of the GAG linker region is responsible for a severe skeletal dysplasia, spondyloepi-
metaphyseal dysplasia with joint laxity type 1 (SEMD-JL1). B3GALT6 loss-of-function mutations were found in individuals with
SEMD-JL1 from seven families. In a subsequent candidate gene study based on the phenotypic similarity, we found that B3GALT6 is
also responsible for a connective tissue disease, Ehlers-Danlos syndrome (progeroid form). Recessive loss-of-function mutations in
B3GALT®6 result in a spectrum of disorders affecting a broad range of skeletal and connective tissues characterized by lax skin, muscle
hypotonia, joint dislocation, and spinal deformity. The pleiotropic phenotypes of the disorders indicate that B3GALT6 plays a critical
role in a wide range of biological processes in various tissues, including skin, bone, cartilage, tendon, and ligament.

Skeletal dysplasias represent a vast collection of geneticdis- ate platyspondyly with anterior projection of the vertebral

orders of the skeleton, currently divided into 40 groups.
Spondyloepimetaphyseal dysplasia (SEMD) is one group
(group 13) of skeletal dysplasia that contains more than
a dozen distinctive diseases. SEMD with joint laxity
(SEMD-JL) is a subgroup of SEMD that consists of type 1
(SEMD-JL1 [MIM 271640]) and type 2 (SEMD-JL2 [MIM
603546]). SEMD-JL1 or SEMD-]JL Beighton type is an auto-
somal-recessive disorder that shows mild craniofacial dys-
morphism (prominent eye, blue sclera, long upper lip,
small mandible with cleft palate) and spatulate finger
with short nail.> The large joints of individuals with
SEMD-JL1 are variably affected with hip dislocation, elbow
contracture secondary to radial head dislocation, and club-
feet. Joint laxity is particularly prominent in the hands.
Skeletal changes of SEMD-JL1 are characterized by moder-

bodies, hypoplastic ilia, and mild metaphyseal flaring.
Kyphoscoliosis progresses with age, leading to a short
trunk, whereas platyspondyly become less conspicuous
and the vertebral bodies appear squared in shape with
age. Recently, dominant kinesin family member 22
(KIF22 [MIM 603213]) mutations have been found in
SEMD-JL2;* however, the genetic basis of SEMD-JL1 re-
mains unknown.

To identify the SEMD-JL1-causing mutation, we
performed whole-exome sequencing experiments. We
recruited seven individuals with SEMD-JL1 from five
unrelated Japanese families (F1-F5) and a Singapore/
Japanese family (F6) (Table 1). One family (F1) had a pair
of affected sibs (P1 and P2) from nonconsanguineous par-
ents. Genomic DNA was extracted by standard procedures

!Laboratory for Bone and Joint Diseases, Center for Integrative Medical Sciences, RIKEN, Tokyo 108-8639, Japan; “Laboratory of Proteoglycan Signaling and
Therapeutics, Frontier Research Center for Post-Genomic Science and Technology, Graduate School of Life Science, Hokkaido University, Sapporo 001-
0021, Japan; *Department of Human Genetics, Yokohama City University Graduate School of Medicine, Yokohama 236-0004, Japan; *Department of
Orthopaedic Surgery, Central Hospital, Aichi Prefectural Colony, Kasugai 480-0392, Japan; *Department of Orthopaedic Surgery, Nagoya University School
of Medicine, Nagoya 466-8550, Japan; 6Departrnen'c of Pediatrics, Akita Prefectural Center on Development and Disability, Akita 010-1407, Japan; "Depart-
ment of Neonatology, Kumamoto University Hospital, Kumamoto 860-8556, Japan; ®Department of Radiology, National Center for Child Health
and Development, Tokyo 157-8535, Japan; “Division of Medical Genetics, National Center for Child Health and Development, Tokyo 157-8535, Japan;
%Division of Endocrinology and Metabolism, National Center for Child Health and Development, Tokyo 157-8535, Japan; ' Department of Paediatric
Medicine, KK Women’s and Children’s Hospital, Singapore 229899, Singapore; **Department of Paediatrics, The Hospital for Sick Children and University
of Toronto, Toronto, ON M5G 1X8, Canada; 13Depa\rtrnen’c of Surgery, The Hospital for Sick Children and University of Toronto, Toronto, ON M5G 1X8,
Canada; "*The Professor Fernando Figueira Integral Medicine Institute (IMIP), Recife, PE 50070-550, Brazil; 15Skeletal Dysplasia Group, Department of Med-
ical Genetics, Faculty of Medical Sciences, State University of Campinas (UNICAMP), Campinas, SP 13083-970, Brazil; 16Djvision of Medical Genetics, Sai-
tama Children’s Medical Center, Saitama 339-8551, Japan; }’Division of Paediatric Genetics, Centre for Pediatrics and Adolescent Medicine, University of
Freiburg, Freiburg 79106, Germany; **Medical Genetics Service, University of Lausanne, CHUV, Lausanne 1011, Switzerland; °Department of Pediatrics,
University of Lausanne, CHUV, Lausanne 1011, Switzerland; 2°Department of Pediatric Imaging, Tokyo Metropolitan Children’s Medical Center, Fuchu
183-8561, Japan

2IThese authors contributed equally to this work

*Correspondence: sikegawa@ims.u-tokyo.ac.jp

http://dx.doi.org/10.1016/j.ajhg.2013.04.003. ©2013 by The American Society of Human Genetics. All rights reserved.

The American Journal of Human Genetics 92, 927-934, june 6, 2013 927

; ?CrossMark

— 293 —



— 62 —

€107 ‘9 3un| ‘PE6-LZ6 ‘76 SINBUID URWINK JO [2LINO| UBDUBLIY 341  8Z6

Table 1. Clinical and Radiographic Findings of the Individuals with B3GALT6 Mutations

Subject ID P1 P2 P3 P4 P5 Pé6 P7 P8 P9 P10 P11 P12

Family ID F1 F1 F2 F3 F4 ES F6 F7 F8 F9 Fo F10

Clinical diagnosis SEMD-JL1 SEMD-JL1 SEMD-JL1 SEMD-JL1  SEMD-JL1 SEMD-JL1 SEMD-JL1 SEMD-JL1  EDS-PF EDS-PF EDS-PF EDS-PF

General Information

Ethnicity Japanese Japanese Japanese Japanese  Japanese  Japanese Japanese/ Vietnamese Italian Italian/ Italian/ Brazilian

Singaporean Canadian Canadian

Gender M M F M F F M M M F F F

Age 34 years 31 years 12 years, 6 years 5 years, 12 years 2 years, 34 years 8 months 7 years 1 month S years,
7 months 1 month 9 months 1 month

Gestational age 39 weeks, full term 37 weeks 40 weeks, 39 weeks,  full term 39 weeks full term ND 36 weeks 37 weeks 39 weeks

2 days 1 day 5 days

Birth length (cm) ND ND 36 ND 43.1 42 43 (average) ~ ND 44 44 44

Birth weight (g) ND 2,200 2,124 2,832 2,535 2,222 2,485 3,500 ND 2,097 2,790 3,300

Clinical Features

Height (cm) (SD)* 127.7 (-7.4) 130(-7.0) 888(-10.7) 94(-4.0) 90(-4.0) 1184 (-5.1) 78.2(~4.0) 118 (-9.1) 66 (-1.6) 90 (—6.8) 45 (-3.7) 81 (-5.9)

Weight (kg) (SD)® 40.3(-22) 369 (=2.5) 13.2(-3.7) 15.4(-15) 14.4(-1.3) 23.2(-2.0) 10.6 (-1.9) 28(=3.3)  5.65(-3.0) 13.9(-2.2) 2.65(-2.8) 8.5(-8.4)

Craniofacial

Flat face with prominent ND ND + + + + + - + + + +

forehead

Prominent eyes, proptosis ND ND - - + + - + + +

Blue sclerae ND ND + - + - + -

Long upper lip ND ND - + + - + + -

Micrognathia ND ND + + + + - + - - - -

Cleft palate ND ND - - - - - - - - - -+

Musculoskeletal

Kyphoscoliosis® + (7 months) + (1.2 years) -+ (8 months) + (infancy) + (2 years) + (3 months) + (8 months) + (1year) + (6 months) ++ (prenatal) +- (prenatal) ++ (2 years)

Spatulate finger - ND + + + + - - + + + -

Finger laxity ND ND + + - - + - ++ + + +

Large joint laxity ND ND + + - - + - ++ ++ ++ +

Restricted elbow movement 4+ ND + + + N - + + + +

Hand contracture - - - - - + - - - + -

(Continued on next page)



