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encompassing CTBPI and CPLX1, and distal to the previously-
supposed candidate gene LETMI. The usefulness of bromide
therapy for seizures and additional clinical features including
hypercholesterolemia are also described.
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INTRODUCTION

Wolf~Hirschhorn syndrome (WHS, OMIM#194190), first de-
scribed independently by Hirschhorn et al. [1965] and Wolf
et al. [1965], is a contiguous gene deletion syndrome of the distal
4p chromosome characterized by a distinctive facial appearance,
pre- and postnatal growth impairment, intellectual disability, and
seizures [Battaglia et al., 2008]. In recent years, chromosomal
microarray-based analysis has enabled us to identify WHS patients
harboring well-defined variable-sized 4p deletions with or without
additional duplications of other chromosomal regions as a result of
unbalanced derivatives determined by concurrent metaphase fluo-
rescence in situ hybridization (FISH) analysis [South et al., 2008¢;
Zollino et al., 2008]. )

Detailed genotype—phenotype correlation studies have also been
performed using FISH analysis [Battaglia et al., 1999; Zollino et al.,
2000] and chromosomal microarray analysis [Battaglia et al., 2008;
Maas et al., 2008; South et al., 2008¢; Zollino et al., 2008]. Clinical
severity generally correlates with deletion sizes, although co-exist-
ing duplicated chromosomal regions, sequence variation of the
gene(s) in the non-deleted 4p region, and other genetic back-
grounds can all contribute to phenotypic variation [South et al.,
2008¢; Zollino et al., 2008]. Seizures represent a major clinical
challenge in patients with WHS [Battaglia et al., 2009]. A review by
Zollino et al. [2008] showed a high prevalence of seizures in patients
with WHS regardless of the deletion sizes: 96% in those with
<3.5Mb deletions, 80% in those with 5-18 Mb deletions, and
90% in those with >22 Mb deletions. However, it remains unclear
whether the severity of seizures in WHS patients might correlate
with deletion sizes.

A WHS critical region, responsible for cardinal WHS features
such as distinctive faces, growth/developmental delay, and seizures,
was initially mapped to a 165-kb interval (WHSCR1) involving the
entire WHSC2 gene and the proximal part of WHSCI [Wrightetal.,
1997]. Additional reports of WHS patients with deleted regions
distal to WHSCRI suggested a new critical region (WHSCR2)
involving the distal part of WHSCI and the entire LETM1 gene,
and these two genes have been considered the molecular hallmark of
WHS [Zollino et al., 2003; Rodriguez et al., 2005]. Indeed, WHSCI
is hypothesized as the gene that contributes to the main WHS
phenotype of developmental delay and characteristic facial features
[Nimura et al.,, 2009; Izumi et al., 2010]. LETMI, encoding a
mitochondrial Ca**/H™ antiporter [Jiang et al., 2009], is thought
to be the major candidate gene for seizures in patients with WHS
[Rauch etal., 2001; South et al., 2007], while FGFRL1, located distal

to WHSCR1/WHSCR?2 and involved in bone cartilage formation
during embryonic development, might be another candidate gene
for craniofacial features of WHS [Catela et al., 2009; Engbers et al.,
2009]. Other genes localized around these critical regions might
also contribute to the various features of WHS.

Here, we present detailed clinical, microarray, and FISH-based
molecular-cytogenetic findings of 22 Japanese patients with WHS,
representing the first large series in a non-Western country.

MATERIALS AND METHODS
Patients

Twenty-two WHS patients from eight hospitals were included in
this study between January 2010 and February 2012. The diagnosis
of WHS was made from clinical characteristics as well as G-banded
karyotyping with or without FISH analysis using a WHSCR or 4p
subtelomeric probe. Written informed consent was obtained from
all parents of the patients. Clinical information was collected by the
clinical geneticists of each hospital and reviewed by one of them
(K.S.). Ethical approval for this study was granted by the Institu-
tional Review Board of Shinshu University School of Medicine,
Matsumoto, Japan.

Chromosomal Microarray Analysis

Genomic DNA was isolated using standard protocols from
the peripheral blood leukocytes of each patient. Chromosomal
microarray analysis was performed through two whole genome
oligonucleotide-based array platforms. NimbleGen CGX Array™
(Roche NimbleGen, Inc., Madison, WI) was used in the analyses of
21 patients, and includes 134,829 probes with an average resolution
of 35 kb throughout the genome and 10 kb in clinically significant
regions. Procedures for DNA labeling and microarray analysis
were performed according to the manufacturer’s instructions.
The fluorescence signals on array slides were analyzed using a
NimbleScan™ (Roche NimbleGen, Inc.), and presentation of array
results was obtained by Genoglyphix® Software (Signature Geno-
mics Laboratories, Spokane, WA). The Agilent Human Genome
Microarray Kit 244A™ (Agilent Technologies, Santa Clara, CA)
was used in the analysis of one patient, and includes 243,504 probes
with a median probe space of 7.4 and 13.4kb in intragenic and
intergenic genomic sequences, respectively. Labeling and hybrid-
ization were performed according to the manufacturer’s instruc-
tions, followed by scanning with an Agilent Microarray Scanner™™
and data extraction with Feature Extraction Software™ (v9.5.3).
The results were analyzed using Cytogenomics 2.0 Software™
(Agilent Technologies). Genomic coordinates of both array results
were indicated according to NCBI build 36 (hg 18).

Metaphase FISH Analysis

To confirm cytogenetic rearrangements resulting in 4p deletion,
FISH analysis using Bacterial Artificial Chromosome (BAC) probes
was performed on metaphase chromosomes from peripheral blood
leukocytes of all patients. We selected BAC probes around deleted
regions of 4p and around other terminal duplicated segments in
patients who were predicted to have unbalanced rearrangements
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according to microarray results. Parental blood samples, where
available, were also assayed with metaphase FISH to define whether
chromosomal derivatives were de novo or inherited from parental
balanced rearrangements. When a mosaic chromosomal abnor-
mality was detected by G-banded karyotyping or suspected by
chromosomal microarray results that showed a lower absolute
log, ratio than observed in patients with complete deletions or
duplications, FISH analysis was performed on over 30 cells to detect
a mosaic ratio.

RESULTS
Molecular-Cytogenetic Findings

Molecular-cytogenetic findings are summarized in Table I. G-
banded chromosome analysis at the 400-550 band level, which
was performed prior to this study, was abnormal in 18/22 (82%)
patients: with terminal deletions of 4p in eight patients, interstitial
deletions in three, additional materials of unknown origin attached
to 4p in six, and mosaic chromosomes for a del(4)(p15.3p16.1) cell
line (interstitial deletion) and a normal 46,XX cell line in Patient 15.
G-banded chromosomes were normal in other patients who were
found to have a deletion of 4p by FISH analysis using a 4p
subtelomeric probe.

Chromosomal microarray analysis revealed 4p deletions to be
terminal in 20 patients and interstitial in the other 2 patients.
Deletion sizes ranged from 2.06 to 29.42 Mb, and all included
WHSCR? (Fig. 1). In patients with 4p terminal deletions, those
<5.26 Mb were not detected by G-banded karyotyping. Only three
patients (Patients 10, 11, and 12) shared the same breakpoints
between 8.77 Mb (minimum) and 9.41 Mb (maximum) from the
4p terminus, corresponding to the loci of olfactory receptor (OR)
gene clusters. Duplicated chromosomal regions accompanied by
4p deletion included 772 kb of terminal 10q in Patient 1, 45.6 Mb
of terminal 4q in Patient 3, 6.9 Mb of terminal 8p in Patient 11,
and 1.27 Mb of terminal 11q in Patient 20. In Patient 20, log,
values for probes spanning the duplicated 11q region were
approximately 0.365 (theoretical log, value of non-mosaic dupli-
cation, 0.58), which suggested that the duplication was mosaic
(Fig. 2A).

FISH analysis using BAC probes designed according to micro-
array results confirmed a derivative chromosome 4 consisting of a
duplicated 4q segment on the deleted 4p in Patient 3, and unbal-
anced translocations between 4p and 10q in Patient 1, and between
4p and 8p in Patient 11. In Patient 20, metaphases with an
unbalanced translocation, der(4)t(4;11)(p15.31;q25), were found
in 22/30 cells; and those with a simple terminal deletion, del(4)
(p15.31), were found in 8/30 cells. The breakpoint of 4p was
considered to be identical in both cell lines (21.0 Mb from 4pter;
Fig. 2B, C). In Patient 15, metaphases with del(4)(p15.33) (11.9-
12.1 Mb deletion) were found in 45/56 cells and those with del(4)
(p16.3) (2.48-2.66 Mb deletion) were found in 11/56 cells (Fig. 3B,
C), although only the larger deletion was demonstrated in micro-
array analysis (Fig. 3A). In nine patients whose parental samples
were available, eight were found to have de novo deletions and the
other (Patient 11) was found to have a maternal unbalanced
translocation.

Clinical Findings and Correlation With Genotype

Clinical findings are summarized in Table II and major structural
defects are listed according to deletion size in Table IIL. We
categorized patients according to their deletion sizes into “small”
with 4p terminal deletions less than 6 Mb (Patients 1-6), “inter-
mediate” with deletions ranging from 6 to 15 Mb (Patients 7-17),
and “large” with deletions over 15 Mb (Patients 18-22).

Neurological Features

Seizures began in 20/21 (95%) patients within the first three years of
life (1 month to 2 years and 6 months old). Patient 10 was excluded
because he was only 7 months old at the time of this study and might
be expected to develop seizures in the future. Only Patient 13, aged
12 years with an 8.8 Mb interstitial deletion, had no seizures. The
onset of seizures was late, occurring over 1 year of age, in 4/6 (67%)
patients with small deletions (<6 Mb); and it was early, under 1 year
of age, in 12/14 (86%) patients with larger deletions (>6 Mb).
Status epilepticus occurred in 14/20 (70%) patients: 1/6 (17%) in
those with small deletions and 13/14 (93%) in those with larger
deletions. Seizures were intractable in six patients of ages ranging
from 9 months to 6 years (median, 3 years and 7 months old), while
seizures improved or disappeared in 14 patients of ages ranging
from 1 year and 8 months to 18 years (median, 6 years and 2 months
old). Potassium or sodium bromide was administered to four
patients and the daily dose of bromide was 450 mg in Patient 7,
560 mg in Patient 8, 200 mg in patient 14, and 400 mg in Patient 18
at the time of this study. Seizures decreased in all of these. Patient 7
and Patient 8 showed a particularly obvious improvement after
bromide therapy started at the ages of 1 year and 3 years, respec-
tively. Neuroimaging demonstrated structural central nervous
system defects in 9/18 (50%) patients, including periventricular
leukomalacia, ventricular enlargement, hypoplasia of the corpus
callosum, and cerebral or cerebellar atrophy.

A total of 19/22 (86%) patients showed severe developmental
delay, while the other 3 patients showed a moderate delay. Inde-
pendent walking was achieved in seven patients, including one with
no seizures and five with no history of status epileptics.

Other Clinical Findings

Typical craniofacial features were present in all the patients except
for Patient 1 with the smallest sized deletion (2.06 Mb; Fig. 4A) and
Patient 13 with an interstitial deletion (1.37-10.22 Mb; Fig. 4H),
both showing subtle features without the Greek warrior helmet
appearance. The severity of short stature varied among patients
regardless of the deletion sizes and the deleted regions. Eleven
patients with various deletion sizes required tube feeding because of
insufficient oral feeding associated with hypotonia, poorly coordi-
nated swallowing, and/or gastroesophageal reflux. Gastrostomy
was performed in two patients with the largest and the second
largest deletions because of persistent insufficient oral feeding,
failure to thrive regardless of tube feeding, recurrent respiratory
distress, hypoglycemia, and/or carnitine deficiency.

Congenital heart defects were seen in 19/22 patients (86%).
Three patients without heart defects had smaller deletions of 2.93,
5.49, and 7.51 Mb. The observed heart defects were common types,
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4p15.33

including atrial septal defects in 13 patients, pulmonary stenosis in
six, and patent ductus arteriosus in five. The severity of the heart
defects was not correlated with deletion sizes or deleted regions. No
life-threatening complex heart defects were present in this series.

Structural urogenital anomalies were detected in a total of 47%
(9/19) patients, including renal hypoplasia or dysplasia in six. The
prevalence of patients with renal hypoplasia or dysplasia was 0/3
(0%) in the small deletion-type, 3/11 (27%) in the intermediate,
and 3/5 (60%) in the large. Renal hypoplasia or dysplasia resulted in
renal failure in five patients (83%).

Ophthalmologic abnormalities were detected in a total of 62%
patients (13/21). Strabismus and nasolacrimal obstruction were
found in patients with small or intermediate deletion-types, where-
as structural ocular anomalies were found in patients with inter-
mediate (2/11, 18%) and large (3/5, 60%) deletion-types. The
prevalence of cleft lip/palate was 32% (7/22), that of skeletal
abnormalities was 45% (9/20), and that of hearing impairment
was 55% (12/22).

Other complications included hypercholesterolemia (>220 mg/
dl) in a total of 36% (5/14) patients in whom serum cholesterol
levels were examined, and the hypercholesterolemia was not famil-
ial in all the patients except one, whose parental information was
not available. Multiple osteochondromatosis was observed in Pa-
tient 2 with a terminal 2.29 Mb deletion. The age of onset of
osteochondromatosis was around 2 years. Radiological examina-
tion revealed a cartilage-capped bony growth arising from the area
of the growth palate of the distal tibia and from the surface of the

20
4p15.31

scapula. The patient underwent several surgical resections for
progressive osteochondromatosis. Direct sequencing and multi-
plex ligation-dependent probe amplification analysis of EXT1 and
EXT?2, the genes responsible for multiple osteochondromatosis
(multiple exostosis type I (OMIM#133700) and type II
(OMIM#133701), respectively) [Francannet et al., 2001}, showed
no pathogenic sequence variants.

DISCUSSION

In the current study, we performed microarray and FISH-based
molecular-cytogenetic investigations of 22 Japanese patients with
WHS, coupled with a detailed and comprehensive clinical evalua-
tion. This resulted in identification of previously unreported
complex chromosomal mosaicism and implication of several find-
ings about the genotype—phenotype correlation including severity
of seizures and structural anomalies.

Unbalanced translocations combined with a 4p deletion or other
complicated rearrangement were identified in a total of four (18%)
patients, which was lower than the recently reported frequency of
45% (15/33) by South et al. [2008c]. This discrepancy might be
attributable to selection bias in both studies or the possible presence
of a translocation with acrocentric p-arm in the current study,
which could be detected through silver staining of the nucleolar
organizing region (NOR), FISH using alpha satellite DNA probes,
or parental FISH studies using a WHS-specific 4p16.3 probe [South
et al., 2008c].
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Hitherto unreported patterns of complex mosaicism for two
different structurally abnormal cell lines were identified in two of
the patients in our current series using a combination of G-banding,
microarray, and metaphase FISH analysis. Only a limited number
of mosaicism cases have been previously reported of two cell lines
both carrying 46 chromosomes and different structurally abnormal
chromosomes, including del(8p)/inv dup del(8p) in several
patients [Vermeesch et al., 2003; Pramparo et al., 2004; Hand
et al., 2010]. Only one WHS patient was reported to carry two
different structurally abnormal cell lines, del(4)(p16)/der(4)(qter-
q31.3:pter—qter), which might have resulted from a meiotic cross-
ing over event causing the der(4) cell line to be associated with a
pericentric inversion and subsequent mitotic breakage [Syrrou
et al,, 2001]. A previous report showed expansion of a 4p terminal

del(4)

deletion between a mother and a son [Faravelli et al., 2007] and a
subsequent report described this on 18q [South et al., 2008b].
Patient 15 might be another example of apparent instability of a
terminal deletion, representing the expansion of a deletion within
an individual rather than between generations.

Mosaicism of two different structurally abnormal cell lines,
del(4)(p15.31)/der(4)t(4;11)(p15.31;q25), was indicated in Patient
20 by microarray through the lower log, ratio of the duplicated 11q
region. This supports the utility of microarray in that it can detect
not only small copy number variation at a significantly higher
resolution, but also detect mosaicism by incomplete log, ratio
compared with complete deletion or duplication [Ballif et al.,
2006]. By contrast, mosaicism could not be detected in Patient
15 by microarray, perhaps because of the different levels of mosai-
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cism between the two patients: 22:8 in Patient 20 and 45:11 in
Patient 15.

Our study included four patients with other duplicated chro-
mosomal regions detected by microarray. The duplicated segment
of 10q26.3—qter (772 kb) in Patient 1, 11q25—qter (1.27 Mb, mosa-
icism) in Patient 20, and 8p23.1-pter (6.9 MD) in Patient 11 have
not been reported to associate with extensive disease pathologyina
trisomic state [Engelen et al., 2000; Harada et al., 2002; Iwanowski
etal., 2011]. The 45.6 Mb duplication at the 4q31.22—qter region in
Patient 3 is considered to be mainly associated with psychomotor
delay and often with cardiac and renal anomalies [Otsuka et al.,
2005; Wang et al., 2009]. Indeed, Patient 3 showed severe develop-
mental delay in spite of a small 4p deletion (2.93 Mb), but no
apparent cardiac or renal anomaly.

The severity of seizures is evaluated from the time of onset and
the presence of status epilepticus. Six patients with small deletions
(<6 Mb) from 4pter tended to have a later onset of seizures and
status epilepticus was less common than those patients with
intermediate (6~15 Mb) or large deletions (>15 Mb). Developmen-
tal delay was severe in most patients, with the exception of three
with a moderate delay: two of these had small terminal deletions
(2.06 and 5.26 Mb) and one had an intermediate interstitial deletion

(8.85 Mb). Seizure severity is, therefore, suggested to correlate with
the 4p deletion size, which might result in correlation between
severity of developmental delay and the 4p deletion size.
Candidate region(s) for seizures in patients with WHS and
possible responsible genes are shown in Figure 5. Although
LETMI is presently considered to be the major responsible
gene for seizures [Endele et al., 1999; Rauch et al., 2001; South
et al., 2007], the more distal region of the chromosome has also
been suggested as a candidate region for seizure penetrance [South
et al., 2008a; Misceo et al., 2012]. Indeed, Patient 13 in our series
did not have seizures and had an interstitial deletion (1.37—
10.22 Mb from 4pter) encompassing LETM1 but preserving the
distal regions, which is similar to “Case 6” reported by Maas et al.
[2008] with an interstitial deletion (1.3-2.5 Mb) including LETM1
and no seizures. Four patients with seizures were reported to have
small distal 4p deletions not including LETM]I [Faravelli et al.,
2007; Maas et al., 2008; Zollino et al., 2008; Misceo et al., 2012].
Considering a patient with ring chromosome 4 and a 4p terminal
deletion of 760kb not experiencing seizures [Concolino et al.,
2007], the susceptible gene(s) for seizures in WHS might be
localized in the region between 760kb and 1.3Mb from the
4pter. In our series, Patient 17 with an interstitial deletion
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encompassing both LETMI and most of the new candidate region
had severe seizures.

CTBP1and CPLX] arelocalized in this new susceptible region for
seizures. CTBPI encodes a transcriptional corepressor that acts at
the promoters of many genes [Chinnadurai, 2007]. In an epilepto-
genic rat model, a ketogenic diet as well as 2-deoxy-p-glucose, a
glycolysis-inhibiting drug, reduces epilepsy by stimulating Ctbp
activity. Ctbp co-operates with transcriptional factor NRSF to
repress expression of BDNF, a strongly suspected epileptogenic
signaling molecule [Garriga-Canut et al., 2006]. The hemizygosity
of CTBPI in WHS patients is therefore considered a potential
contributor to the progression of epilepsy [Simon and Bergemann,
2008]. CPLX1 encodes a type of complexin that binds to syntaxin
within the SNARE complex and regulates the fusion of synaptic
vesicles [McMahon et al., 1995]. Homozygous Cplxl deletion
mutant mice develop strong ataxia and sporadic seizures [Reim
et al., 2001; Glynn et al., 2005]. These findings suggest that CTBP1
and CPLX1I as well as LETMI could be susceptibility genes for
seizures in WHS.

Bromide therapy was previously reported to be an effective
antiepileptic drug in four patients with WHS, in whom it was
shown to reduce status epilepticus [Kagitani-Shimono et al., 2005].
In the current study, four patients were administered bromide
therapy, which was effective in all. In particular, Patients 7 and 8
showed a marked reduction in seizure frequency after the initiation
of bromide therapy. Further information including the types or
severity of seizures, electroencephalography (EEG) patterns, effi-
cacy of treatment, and microarray-based deletion mapping in a
larger patient series will be necessary to establish a detailed seizure
phenotype—genotype correlation.

Hypercholesterolemia, which has not been reported in previ-
ous studies, was observed in five patients in the present study,
suggesting it to be a noteworthy complication of WHS. LRPAPI,
localized 3.5 Mb from 4pter, was deleted in four of the patients.
LRPAPI encodes LDL receptor-related protein-associated pro-
tein 1 that plays an important role in lipoprotein metabolism
[Willnow et al, 1995], and might therefore be related to
hypercholesterolemia. Multifactorial inheritance, including
nutritional problems, could also be related to the occurrence
of hypercholesterolemia.

In conclusion, this genotype—phenotype correlation study using
microarray and FISH-based molecular-cytogenetic investigations
uncovered chromosomal rearrangements in all patients including
previously unreported complex chromosomal mosaicism. It also
demonstrated the correlation of deletion size from 4pter with
seizure severity and with occurrence of renal hypoplasia/dysplasia
and structural ocular anomalies, and described additional clinical
features including hypercholesterolemia. Moreover, a new suscep-
tible region distal to the previously-supposed candidate gene
LETM1 was suggested for the occurrence of seizures, and the
usefulness of bromide therapy was stressed for seizure manage-
ment. To prevent intractable seizures and status epileptics, patients
with 4p deletion involving the new susceptible region as well as
LETM]1 are recommended to have careful EEG follow-up and
intensive pharmacological treatment based on the seizure occur-
rence and EEG findings, including application of bromide therapy.
These findings are relevant to the improvement of WHS healthcare

guidelines, as well as to the elucidation of gene(s) function in the
deleted region.
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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 evalnation 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 1in 1290 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
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Table 1 Clinical manifestations of four patients with Costello syndrome

M. Takahashi and H. Ohashi

Patients 1 2 3

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 c.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 (Tizuka 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 (6] - 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 2 Patient 3

Patient 1

Fig. 2 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

Patient4

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.

Table4 Tooth size measurements in four patients

M. Takahashi and H. Ohashi

Patient 2 Patient 3 Patient4

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
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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 042 -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 -0.31 444
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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Patient with terminal 9 Mb deletion of chromosome 9p: Refining the
critical region for 9p monosomy syndrome with trigonocephaly

Norimasa Mitsui', Kenji Shimizu?, Hiroshi Nishimoto®, Hiroshi Mochizuki‘, Masao Iida!, and Hirofumi Ohashi?
'Department of Clinical Laboratory, Divisions of *Medical Genetics, *Neurosurgery, and *Metabolism and Endocrinology, Saitama

Children’s Medical Center, Saitama, Japan

ABSTRACT We describe a patient with typical manifes-
tations of 9p monosomy syndrome, including trigonocephaly
and sex reversal. Array comparative genomic hybridization
(CGH) revealed a 9p terminal deletion of approximately 9 Mb
with the breakpoint at 9p23. We compared the deleted segments
of 9p associated with reported cases of 9p monosomy syndrome
with trigonocephaly. We did not identify a region that was
shared by all patients; however, when only pure terminal or
interstitial deletions that did not involve material from any
other chromosome were compared, we identified a segment
from D9S912 to RP11-43916 of approximately 1 Mb that was
deleted in every patient. We propose that this 1-Mb segment
might be the critical region for 9p monosomy syndrome with
trigonocephaly.

Key Words: 9p monosomy, craniosynostosis, critical region, sex
reversal, trigonocephaly

INTRODUCTION

Monosomy 9p syndrome [MIM 158170] is a rare but well-known
chromosomal deletion syndrome characterized by distinct craniofa-
cial features (including trigonocephaly), various Systemic anoma-
lies, developmental retardation, and occasional sex reversal in XY
patients (Huret et al. 1988). Since Alfi et al. (1973) first described a
patient with the syndrome, more than 100 patients, most with termi-
nal deletions with breakpoints around 9p21-p23 based on chromo-
some G-band analysis, have been reported. Recent advances in
molecular/cytogenetic techniques allow attempts to map the loci
responsible for cardinal features of the syndrome, especially trigo-
nocephaly and sex reversal. While DMRT genes, which map to the
most terminal 9p24.3 band, have been elucidated as the genes
responsible for sex reversal (Raymond et al. 1998; Ogata et al. 2001;
Barbaro et al. 2009), no gene has yet been identified as definitively
responsible for trigonocephaly. Moreover, previous studies have
been inconsistent with regard to identification of the 9p regions that
are responsible for trigonocephaly (Wagstaff and Hemann 1995;
Christ et al. 1999; Kawara et al. 2006; Faas et al. 2007; Hauge et al.
2008; Swinkels et al. 2008; Shimojima and Yamamoto 2009). Here,
we describe a patient with a terminal 9p deletion of approximately 9
Mb who has the typical clinical manifestations of 9p monosomy
syndrome, including trigonocephaly and sex reversal.
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CLINICAL REPORT

The girl patient was born by cesarean section after 38-week gesta-
tion to a 30-year-old gravida 2, para 1 mother and a 31-year-old
father, both Japanese, healthy, and unrelated. The patient’s birth
weight was 2864 g (-0.5 SD), length 49.5 cm (+0.2 SD), and
occipitofrontal head circumference 35.5 cm (+1.5 SD). The patient
had a healthy older sister. The patient was referred to us at the age
of 11 months because of developmental delay and skull deformity.
The notable craniofacial features were trigonocephaly, ptosis of the
eyelids, epicanthus, upslanting palpebral fissures, flat nasal bridge,
broad nasal root, long philtrum, thin upper lip, and low-set ears. A
skull computed tomography scan with 3D reconstruction confirmed
trigonocephaly with metopic suture synostosis (Fig. 1). Fronto-
orbital advancement with cranial reshaping was performed when
she was 1 year and 3 months old. She showed normal female
external genitalia. When the patient was 2 years old, an abdominal
ultrasonography revealed a uterus, but no ovary or testis was
detected. A test of human chorionic gonadotropin load suggested
the existence of testis, while luteinizing hormone-releasing
hormone load test revealed primary hypogonadism. She weighed
14 kg (~1.7 SD) and was 100.2 cm tall (~1.9 SD) at 5 years of age.
Her development was moderately delayed, and her IQ was esti-
mated to be around 40 with the Tanaka-Binet Intelligence Scale at
the age of 6 years.

G-banding analysis at a resolution of 550-bands on metaphase
chromosomes obtained from phytohemagglutinin-stimulated lym-
phocyte cultures from the patient revealed a distal deletion of the
short arm of chromosome 9 with a breakpoint at 9p23 and an XY
sex chromosome constitution (sex reversal) (Fig. 2). Her parents
were chromosomally normal. Fluorescence in sifu hybridization
(FISH) using whole-chromosome painting probes for chromosome
9 and a subtelomeric probe for the short arm of chromosome 9 (both
from Vysis/Abbott Molecular Inc., Des Plaines, IL, USA) revealed
that the abnormal chromosome 9 did not contain translocated mate-
rial from another chromosome. To further define the extent of the
deleted region in 9p, we performed an array comparative genomic
hybridization (CGH) analysis using the Agilent Human Genome
244 K CGH kit (Agilent Technologies, Santa Clara, CA, USA). The
result showed a hemizygous 9.17 Mb terminal deletion of chromo-
some 9p and no other apparent pathogenic copy number variation
was identified in the whole genome (Fig. 3). Her karyotype was
designated as 46,XY,del(9)(p23).arr 9p23 (194 193-9 169 072)x1
dn. FISH analyses with bacterial artificial chromosome (BAC)
clones spanning the region from 9p23 to 9p24 refined the
breakpoint between the clones RP11-1134E16 (D9S2000) and
RP11-74 L16 (D9S912) (Table 1). BACs containing DMRT] and
DMRT2, both candidate genes for sex reversal (9p24.3), were con-
firmed to be in the deleted segment of 9p in the patient.
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