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Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase acti-
vation protein, epsilon polypeptide (YWHAE), on chromosome
17p13.3, has been shown to play a crucial role in neuronal
development. The deletion of YWHAE, but not platelet-activat-
ing factor acetylhydrolase, isoform 1b, subunit 1 (PAFAHIBI),
underlies a newly recognized neurodevelopmental disorder,
characterized by significant growth retardation, developmental
delay/intellectual disability (DD/ID), distinctive facial appear-
ance, and brain abnormalities. Here, we report on a girl with a
terminal deletion of 17p13.3, including YWHAE but not
PAFAHIBI, showing normal brain structure on MRIL She had
mild developmental delay, a distinctive facial appearance, and
severe growth retardation despite normal growth hormone
levels, which was improved by growth hormone therapy. Expres-
sion analysis of YWHAE and PAFAHIBI yielded results consis-
tent with array CGH and FISH results. These results indicate that
the dosage effect of YWHAE varies from severe to very mild
structural brain abnormalities, and suggest that the expression
of YWHAE is associated with a complex mechanism of neuronal
development. © 2012 Wiley Perjodicals, Inc.

Key words: YWHAE, PAFAHIBI; microdeletion 17pl13.3;
growth retardation

INTRODUCTION

Deletions of 17p13.3 result in the neuronal migration disorders
including lissencephaly and variable structural disorders of the
brain [Dobyns et al., 1993]. Haploinsufficiency of platelet-activat-
ing factor acetylhydrolase, isoform 1b, subunit 1 (PAFAHI1BI) and
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activa-
tion protein, epsilon polypeptide (YWHAE), genes located in this
region, are responsible for Miller—Dieker syndrome, which is

© 2012 Wiley Periodicals, Inc.

How to Cite this Article:

Enomoto K, Kishitani Y, Tominaga M,
Ishikawa A, Furuya N, Aida N, Masuno M,
Yamada K-I, Kurosawa K. 2012. Expression
analysis of a 17p terminal deletion, including
YWHAE, but not PAFAHI1BI, associated
with normal brain structure on MRI in a
young girl.

Am ] Med Genet Part A 158A:2347—2352.

characterized by lissencephaly, distinctive facial appearance, and
severe neurological dysfunctions [Cardoso et al,, 2003].

Recently, it has been shown that patients with deletion of
YWHAE, but not PAFAHI1BI, have significant growth retardation,
developmental delay/intellectual disability (DD/ID), distinctive
facial appearance, and brain abnormalities [Nagamani et al.,
2009; Bruno et al, 2010; Mignon-Ravix et al, 2010; Schiff
et al., 2010; Shimojima et al., 2010; Tenney et al,, 2011]. These
results indicated that the YWHAE plays a crucial role in neuronal
development [Toyo-oka et al., 2003]. The structural abnormalities
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observed in the brain and cognitive deficiency present in these
patients is variable. Recently much attention has been given to the
genotype—phenotype correlations based on the breakpoints distal
to PAFAHIBI in 17p13.3 [Bi et al., 2009].

Here, we report on the case of a girl with mild developmental
delay but normal brain structure on MRI, with a terminal deletion
of 17p13.3 that involved YWHAE, but not PAFAHIBI, as demon-
strated by FISH and gene expression studies. These results imply
that YWHAE is associated with a complex mechanism of neuronal
development.

CLINICAL REPORT

The 5-year-old girl was born at 40 weeks of gestation by cesarean
due to fetal distress, to healthy, non-consanguineous parents. The
father and mother were 34 and 33 years old, respectively, and
previously had a healthy son. There was no family history of epilepsy
and intellectual disability. The girl’s birth weight was 2,156 g, length
46 cm, and occipito-frontal circumference (OFC) 33.6 cm, respec-
tively. Her Apgar scores were 6/8. She was hospitalized for severe
congenital anemia, caused by feto-maternal transfusion syndrome,
and persistent pulmonary hypertension of the newborn.

Developmental milestones were mildly delayed; head control
was achieved by 4 months, sitting by 8 months, walking by
18 months, single word by first year, and two-word phrase by
2 years. At 3 years, a ligation procedure for the patent ductus
arteriosus was performed. The developmental quotient (DQ), using
the Kyoto Scale for Psychological Development, was 70 at the age of
4 years and 9 months. At this age, she presented febrile convulsion
lasting 1 min. Biochemical analysis revealed normal levels of
insulin-like growth factor-1 (IGF-1), basal growth hormone
(GH), thyroid function, cortisol, adrenocorticotropic hormone
(ACTH), and prolactin. GH levels in response to stimulation tests
were normal for her age. However, growth hormone therapy was
started from the age of 4 years as growth retardation had been noted
from infancy; this was effective to achieve catch-up growth. Stan-
dard karyotyping was normal.

On examination at the age of 5 years, her height was 97.5 cm
(—2.4 SD), weight 14.1 kg (—1.5 SD), and OFC 51.4 cm (+0.6 SD).
Her facial appearance was distinctive characterized by macroce-
phaly, a high forehead, hypertelorism, and thin upper lip vermilion
(Fig. 1). Brain MRI at 3T showed almost normal appearances
without any structural abnormality but faint patchy high-intensity
areas in the frontal subcortical white matter on T2-weighted and
fluid attenuated inversion recovery (FLAIR) images (Fig. 2).

MATERIALS AND METHODS

Written informed consent was obtained from the parents of the
patient in accordance with the Kanagawa Children’s Medical
Center Review Board and Ethics Committee.

Molecular Cytogenetic and Array CGH Investigations

An initial FISH analysis for patients with DD/ID and/or multiple
congenital anomalies (MCA) was carried out with subtelomeric
probes (Vysis, Downers Grove, IL) according to the standard

protocol. A probe specific for Miller—Dieker syndrome (LISI;
Vysis) was also used.

Further FISH analysis for determining the breakpoint on
17p13.3 was carried out using bacterial artificial chromosome
(BAC) clones that were selected from the May 2004 (NCBI35/
hgl7) Assembly of the UCSC Genome Browser (http://
genome.ucsc.edu/) for Human. A centromere probe for chromo-
some 17 was used to confirm chromosome 17.

All DNAs were labeled by nick translation, according to the
manufacturer’s instructions (Vysis). Hybridization, post-hybrid-
ization washing, and counterstaining were performed according to
standard procedures. Slides were analyzed using a completely
motorized epifluorescene microscope (Leica DMRXA2) equipped
with CCD camera. Both the camera and microscope were con-
trolled with Leica CW4000 M-FISH software (Leica Microsystems
Imaging Solutions, Cambridge, UK) [Yamamoto et al., 2009].

Array-CGH was performed using the Agilent SurePrint G3
Human CGH Microarray Kit 8x60K (Agilent Technologies,
Inc., Santa Clara, CA) according the manufacturer’s instructions.
The total genomic DNA of the patient was prepared using the
standard techniques. The results were analyzed using Agilent
Genomic Workbench software. Only experiments having a DLR
spread value <0.30 were taken into consideration.

Reai-Time PCR

YWHAE is highly conserved and is ubiquitously expressed, but is
expressed at highest levels in the brain [Toyo-oka et al., 2003]. To
reduce the effects of SNP of YWHAE or other genes studied in each
subject, we used lymphoblastoid cell lines [Ikeda et al., 2008].
Total RNA from lymphoblastoid cell lines were isolated with the
use of a QIAamp RNA Blood Mini Kit (QIAGEN, Valencia, CA).
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One microgram of total RNA was used for first-strand cDNA
synthesis, using a Transcriptor High Fidelity cDNA synthesis kit
(Roche Diagnostics, Rotkreuz, Switzerland). Real-time reverse
transcription PCR was performed in a LightCycler 480 (Roche
Diagnostics) using SYBR green, under the following cycling con-
ditions: 10 min at 95°C, 45 cycles at 95°C for 30 sec, 60°C for 30 sec,
and 72°C for 15sec. The forward and reverse primer sequences
used for YWHAE were 5-GGATACGCTGAGTGAAGAAAGC-3/
and 5'-TATTCTGCTCTTCACCGTCACC-3'; for PAFAHIBI,
primers were 5-ATGGTCTCTGCTTCAGAGGATG-3' and 5'-
GTCATATCTGCAGAACAGGAAGC-3'. Beta-actin was chosen
as the reference gene. Statistical analysis was performed using
the delta—delta CT method. Lymphoblastoid cell lines from the
patient’s parents, as well as from a patient with Miller—Dieker
syndrome caused by submicroscopic translocation of 17p13.3,
including PAFAHIBI [Masuno et al.,, 1995], and from normal
females were used for the control materials.

RESULTS
Molecular Cytogenetic and Array CGH Investigations

The complete subtelomere probe set analysis detected a 17pter
deletion in the patient. However, the LIS1 probe signal was retained
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in the derivative chromosome. To characterize the size of the
deletion, we further applied FISH analysis using the BAC clones
that mapped to the region (Supplementary eFig. 1—See Supporting
Information online). This revealed that the breakpoint was just on
the telomeric site of the PAFAHI1BI gene, about 2.44 Mb from
17pter (Fig. 3). The deleted region included YWHAE and CRK.
Exclusion of mosaicism of the 17pter deletion was confirmed by
observation on more than 100 cells.

Subsequent array CGH analysis revealed a 17p13.3 terminal
microdeletion of approximately 2.3 Mb in size (chrl7: —2,371,
138), which is consistent with the FISH results. No other genomic
imbalances were identified on the array analysis. FISH analysis with
relevant BAC clones indicated that the translocation was absent in
both parents, and therefore had occurred de novo.

Real-Time PCR of YWHAE and PAFAH1B1 mRNA

We compared the expression level of YWHAE mRNA between the
patient, her parents, a Miller—Dieker syndrome patient, and normal
female controls by quantitative real-time PCR (Fig. 4). The relative
expression levels were standardized to those of the patient with
Miller—Dieker syndrome, which entails haploinsufficiency for both
YWHAE and PAFAH1BI1. We found that the YWHAE gene expres-
sion level in the patient was equal to that in the Miller-Dieker
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syndrome patient, but was half that of her parents and normal
controls. However, the expression level of PAFAHIBI in the
patient was equal to that of the controls, but was twofold that of
Miller—Dieker syndrome patient. These results were consistent with
the molecular cytogenetic results.

DISCUSSION

Microdeletion of 17p13.3 involving YWHAE, but distal to
PAFAHIBI, is a newly recognized syndrome associated with vari-
able disorders of cortical development and facial dysmorphism.
Here, we describe identification of a terminal microdeletion of
17p13.3 involving the YWHAE gene and CRK gene but not
PAFAHIBI, in a girl, who had experienced mild developmental
delay, short stature, and had a distinctive facial appearance, but who
demonstrated normal cortical development on MRI. Expression

PAFAHIB1 =»

studies of YWHAE and PAFAHI1BI correlated with FISH results.
This is the first report of evidence of dosage effects of the YWHAE
gene in a patient with 17p13.3 microdeletion. YWHAE haploin-
sufficiency results in brain malformation, including cortical defects
and corpus callosum hypoplasia, in both mice and humans [Toyo-
oka et al., 2003; Mignon-Ravix et al., 2010]. However, the present
case demonstrated normal brain structure on MRI. The structural
brain abnormalities in patients with deletion of YWHAE, but not
PAFAHI1BI, have been shown to be variable; this variation included
normal MRI findings [Nagamani et al., 2009; Bruno et al., 2010;
Mignon-Ravix et al., 2010; Schiff etal., 2010; Shimojima et al., 2010;
Tenney et al,, 2011]. To our knowledge, two other cases with
YWHAE deletion, but without obvious abnormalities on MRI,
have been reported (Case DR00-063al in Cardoso et al. [2003],
Patient 3 in Nagamani et al. [2009]). The structural variation of
the brain and severity of intellectual disability or development
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ZYWHAE

represented no strict correlation in the cases with deletion of
YWHAE but not PAFAHIBI (Fig. 5). These results indicated
that the YWHAE plays a crucial role in neuronal development in
humans, but does not result in structural abnormalities of the brain
in a haploinsufficiency state. This is in contrast to PAFAHIBI,
haploinsufficiency of this gene alone contributes to lissencephaly.

1.0
i

YWHAE has been shown to function within a complex with
several other factors, such as PAFAH1B1 and NUDEL. Recently,
using the global gene expression and pathway analysis in targeted
gene mutations of Lisl, Dcx, Ywhae, and Ndell, Pramparo et al.
[2011] demonstrated that cell cycle and synaptogenesis genes are
similarly expressed and are co-regulated in the developing brains of
normal and mutant mouse in a time-dependent manner.
Thus, reduced expression levels of YWHAE may still be able
to mediate normal brain structure, as detected by MRI in
humans [Bruno et al., 2010]. Further analysis of correlation be-
tween clinical phenotype and expression levels of related genes in
brain development are required for elucidating the mechanism
of neurodevelopmental disorders associated with mutations
involving YWHAE.

The present patient we described here showed prenatal onset
of growth retardation, in the absence of growth hormone
deficiency; however, growth hormone therapy was effective in
mediating catch-up growth from the age of 4 years. Prenatal
onset of severe growth retardation is common to patients
with deletions of the subtelomeric region of 17p13.3 involving
YWHAE. However, in those cases with small, limited deletions
involving YWHAE, growth retardation is not so as severe, as seen in
Patient 1 reported by Nagamani et al. [2009] and the patient
described by Mignon-Ravix et al. [2010]. Therefore, evaluation
of hormones associated with growth in patients with a 17p13.3
microdeletion will also provide further insights into the
genotype—phenotype correlations attributed to genes involved in
these disorders.
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Abstract We present a 5-year-old girl who was ultimately
diagnosed with Sjogren-Larsson syndrome (SLS). Although
her MRI findings were minimal compared to previously
published cases, prominent and characteristic abnormal lipid
peaks on single-voxel proton MR spectroscopy (‘H-MRS)
facilitated the diagnosis. This case emphasizes the impor-
tance and usefulness of '"H-MRS in diagnosing SLS.

Keywords Sjogren-Larsson syndrome - MR spectroscopy -
Lipids - Molecular study

Introduction

Sjogren-Larsson syndrome (SLS) is a rare autosomal-
recessive neurocutaneous disorder characterized by a
clinical triad of congenital ichthyosis, spastic diplegia or
tetraplegia and mental retardation. The symptoms may be
apparent at birth, and the syndrome usually develops in the
first years of life [1]. The severity of the symptoms is
variable and a few cases have very mild symptoms [2];
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however, some hyperkeratosis seems inevitable. SLS is
caused by deficiency of the microsomal enzyme fatty
aldehyde dehydrogenase (FALDH) due to mutations in the
ALDH3A42 gene [3]. This results in accumulation of fatty
alcohols, modification of macromolecules by fatty aldehydes
and the presence of high concentrations of biologically active
lipids, which have been postulated to be the pathophysiolog-
ical mechanism of symptoms in SLS [1]. Previous studies
regarding proton MR spectroscopy (‘H-MRS) of the brain in
SLS patients have revealed abnormal lipid peaks at 1.3 ppm
and/or 0.9 ppm [1], in addition to the characteristic MRI
findings including a zone of abnormal high signal intensity
in the periventricular white matter on T2-weighted images
and delayed myelination development [1].

We present a girl with SLS whose brain MRI findings
were minimal and nonspecific but who had prominent lipid
peaks on "H-MRS. The suspicion of SLS was facilitated by
this finding on 'H-MRS in addition to her clinical
symptoms. A distinct diagnosis based on a molecular
analysis of her ALDH3A42 gene was made.

Case report

The girl, born at 39 weeks’ gestation to unrelated healthy
parents, was 5 years old when she underwent MRI/'H-MRS
examination to evaluate unexplained lower limb spasticity.
Her skin was normal in her first months of life, but
hyperkeratosis on her trunk and limbs appeared in her first
year of life, and developed into acanthosis and ichthyosis in
the next year. However, SLS was not considered at the
time. Her motor development was mildly delayed, with her
achieving head control at 4 months, rolling over at
6 months, crawling at 12 months and walking without
support at 21 months of age. She had a spastic gait with
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Fig. 1 MRI findings. a T2-
weighted image (TR/TE=3,880/
119 msec) and (b) T2-weighted
fluid-attenuated inversion
recovery image (TR/TE/TI=
9,000/116/2,406 msec). The
minimal high-intensity lesions
in the deep white matter around
the trigones of the bilateral
lateral ventricles are scarcely
distinguishable from a normal
nonmyelinated lesion consider-
ing her age (arrows). TR =
repetition time, TE = echo time,
TI = inversion time

brisk deep tendon reflexes in her bilateral lower limbs, and
developed worsening spasticity during her first 2 years. She
had no deficiencies in intellectual development.

MR examinations were performed on a 1.5-T MRI
system (Siemens MAGNETOM Avanto, Siemens Medical
Solutions, Erlangen, Germany), by using a 12-channel head
coil. '"H-MRS was added to the MRI brain imaging
sequences (i.e. transverse and sagittal T1-weighted spin-
echo imaging, transverse and coronal T2-weighted fast
spin-echo imaging, transverse diffusion-weighted imaging,
and T2-weighted fluid-attenuated inversion recovery imag-
ing (FLAIR), as is routinely done at our clinics when
patients have neurological findings as in this case. '"H-MRS
was acquired by the single-voxel point resolved spectros-
copy (PRESS) sequence. Repetition time (TR), echo time
(TE) and the number of excitations (NEX) was set to
5,000 msec, 30 msec and 6, respectively. The volume of
interest was set to the left centrum-semiovale (where no

Fig. 2 MR spectroscopy. a Pro-
ton MR spectroscopy (‘H-MRS)
(TR/TE/NEX=5,000 msec/

30 msec/6) and (b) 'H-MRS
(TR/TE/NEX=5,000 msec/

135 msec/15) both acquired at
the same volume of interest at
the left centrum-semiovale.
Narrow abnormal resonance
peaks at 1.3 ppm and 0.9 ppm
are demonstrated in both (a) and
(b) (arrows). NEX = number of
excitations, NA4 = N-acetyl
aspartate, Cr = creatine,

Cho = choline

=3

3
B NSRS, |

MRI abnormality was seen), which measured 40 mmx
25 mmx25 mm (Fig. 2). To note, another '"H-MRS with
longer TE (TR/TE/NEX set to 5,000 msec/135 msec/15)
was acquired at the same volume of interest in addition
(Fig. 2), as described later.

T2-weighted images and FLAIR images demonstrated
slight minimum high-intensity areas around the trigones of
the bilateral lateral ventricles, which were hardly distin-
guishable from the terminal zone (Fig. 1). No other
pathological finding was noted in the MRI examination.
On the other hand, 'H-MRS revealed a prominent and
narrow abnormal peak at 1.3 ppm and a relatively small
narrow peak at 0.9 ppm (Fig. 2). To exclude lactate from
the peak at 1.3 ppm, the aforementioned additional 'H-
MRS with longer TE was acquired at the same volume of
interest. The peaks at 1.3 ppm and 0.9 ppm remained at this
setting (Fig. 2), suggesting that they were derived from
lipids, as the peak at 1.3 ppm would have been inverted if it
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were derived from lactate. A quantitative analysis based on
LCModel was made and lipid peak at 1.3 ppm was
confirmed. Other major molecules, including N-
acetylaspartate, creatine, myo-inositol and choline, which
were all within normal limits, were also comfirmed on
LCModel. Based on the 'H-MRS finding, in addition to the
clinical symptoms, molecular analysis was conducted for
suspicion of SLS.

Molecular analysis

Written informed consent was obtained from the girl’s
parents. Sequencing of all 11 exons and exon/intron
junctions of the ALDH3A2 gene identified two mutations
including ¢.1339A > G (p.K447E) in exon 9 and
€.504_505insAG (p.Glul69ArgfsX8) in exon 4 in the
heterozygote state, respectively. The first mutation is
known as a disease-causing allele, resulting in reduced
FALDH activity as low as 1% of normal [4]. The final
diagnosis of SLS was made. Of note, the second mutation
is a novel mutation of ALDH3A2 not previously described.

Discussion

This case emphasizes the importance and usefulness of 'H-
MRS in diagnosing SLS, since the genetic testing was
difficult to be triggered from the mild clinical symptoms
and nonspecific MRI findings alone. It is well known that
SLS is characterized by unusual narrow and prominent
resonance peaks at 1.3 ppm and 0.9 ppm in 'H-MRS,
which correspond to the resonance of lipids. This finding is
observed in all SLS cases published to date without
exception when 'H-MRS was acquired from the deep
cerebral white matter of the brain [1, 5]. The MRI findings
of the present case may be milder than any of the others.
Another case of SLS reported by Nakayama et al. [5] also
demonstrates mild MRI findings despite the prominent lipid
peak on 'H-MRS, but we presume that the MRI findings of
our case are even less notable, especially given that 'H-
MRS in our case was acquired from a region without any
MRI abnormalities, compared to the previous case that
acquired 'H-MRS from an area with abnormal high
intensity in T2-weighted imaging. Willemsen et al. [1]
evaluated 'H-MRS acquired from 18 SLS patients and
reported elevated levels of creatine (+14%), choline (+18%)
and myo-inositol (+54%) in addition to lipids, but the
molecules other than lipids were not elevated in our case.
The prominent and narrow resonance at 1.3 ppm is
where the protons of methylene groups (—[CH;],-) reso-
nate, while the resonance at 0.9 ppm is where the protons of

_@_ Springer

methyl groups (—[CH,]},-CHj) resonate. These peaks in
SLS presumably represent lipids that accumulate because of
the FALDH deficiency, which may be fatty alcohols, fatty
aldehydes and their metabolites [1]. It may be important to
note that the resonance at 1.3 ppm and 0.9 ppm is not
specific to SLS. Previous studies reported unusual peaks at
1.3 ppm (and 0.9 ppm) in other pathological states,
including peroxisomal diseases such as Zellweger syn-
drome [6] or rhizomelic chondrodysplasia punctata [7], and
other diseases including cerebrotendinous xanthomatosis
[8]. In those cases, the lipid peaks are less prominent and
broader compared to SLS, and visualized only in a short
echo time (e.g., 30 msec) in contrast to SLS, in which peaks
are visualized in a longer echo time (135 msec in the
presented case). However, we still may not make a
diagnosis of SLS based solely on a finding of these
abnormal peaks on 'H-MRS because methylene groups
and methyl groups are both quite common structures in
organic matters, and many other diseases (including
metabolic and storage disorders of higher fatty acids and/
or higher hydrocarbon) or conditions of destroyed normal
tissue may present similar abnormal peaks.

In patients without typical clinical symptoms or without
prominent white matter abnormality on MRI, 'H-MRS is a
useful tool to facilitate an appropriate molecular survey to
make a diagnosis of SLS.
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Abstract Nevoid basal cell carcinoma syndrome (NBCCS)
is an autosomal dominant disorder characterized by devel-
opmental defects and tumorigenesis. The gene responsible
for NBCCS is PTCH1, encoding a receptor for the secreted
protein, sonic hedgehog. Recently, a Chinese family with
NBCCS carrying a missense mutation in PTCH2, a close
homolog of PTCHI, was reported. However, the patholog-
ical significance of missense mutations should be discussed
cautiously. Here, we report a 13-year-old girl diagnosed with
NBCCS based on multiple keratocystic odontogenic tumors
and rib anomalies carrying a frameshift mutation in the
PTCH?2 gene (c.1172_1173delCT). Considering the delete-
rious nature of the frameshift mutation, our study further
confirmed a causative role for the PTCHZ2 mutation in
NBCCS. The absence of typical phenotypes in this case such
as palmar/plantar pits, macrocephaly, falx calcification,
hypertelorism and coarse face, together with previously
reported cases, suggested that individuals with NBCCS
carrying a PTCHZ2 mutation may have a milder phenotype
than those with a PTCHI mutation.
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Introduction

Nevoid basal cell carcinoma syndrome (NBCCS) (OMIM
109400), also known as Gorlin syndrome, is an autosomal
dominant disorder characterized by developmental defects
including bifid ribs, palmar or plantar pits, and tumori-
genesis such as the development of basal cell carcinoma,
medulloblastoma, or keratocystic odontogenic tumor
(KCOT) (formerly known as odontogenic keratocysts) [1].
It is transmitted with complete penetrance and variable
expressivity. The gene responsible for NBCCS is the
human homologue of the Drosophila patched gene,
PTCHI [2, 3]. The human PTCHI gene contains 23 coding
exons spanning approximately 70 kb and encodes a protein
of 1,447 amino-acid residues containing 12 transmem-
brane-spanning domains and two large extracellular loops
[2]. The PTCHLI1 protein is the ligand-binding component of
the sonic hedgehog (Shh) receptor complex. In the absence
of Shh binding, PTCHI is thought to hold smoothened
(SMO), a 7-pass transmembrane protein, in an inactive
state and thus inhibit signaling to downstream genes. Upon
the binding of Shh, the inhibition of SMO is released and
signaling is transduced leading to the activation of target
genes by the Gli family of transcription factors [4].
Therefore, aberrant activation of the Shh signaling cascade
due to the haploinsufficiency of PTCHI is believed to
cause NBCCS.

In vertebrates, there exists a close homolog of PTCHI
named PTCH2. The human PTCH2 gene contains 22
coding exons spanning approximately 15 kb and encodes a
protein of 1,203 amino-acid residues [5]. Recently, in six
affected members of a Chinese Han family with NBCCS,
Fan et al. identified a heterozygous germline missense
mutation in the PTCH2 gene [6]. Here we report a case
with NBCCS carrying a frameshift mutation due to a 2-bp
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deletion in PTCH2. To our knowledge, this is the first
report of NBCCS caused by a frameshift mutation and the
second report of a germline mutation in the PTCH2 gene.

Clinical report

A 13-year-old Japanese girl was referred to our hospital with
jaw cysts and a rib abnormality. She was born weighing
2,570 g, with a height of 48 cm and a head circumference of
32 cm. Her two siblings as well as her parents exhibited no
similar features. No consanguineous marriage was noticed in
her pedigree. At 10 years of age, she had multiple KCOTs
(Fig. 1a) and underwent a surgical operation to remove
them. At 12 years of age, she exhibited proteinuria, and was
diagnosed as having chronic glomerular nephritis. Then, she
was referred to our hospital for further investigation. At
examination, she was 150.1 cm tall (mean) and weighed
57.8 kg (+1.8SD). Her head circumference was 54.6 cm
(mean). She had normal intelligence without neurological
deficit. She exhibited no structural abnormalities of face, oral
cavity, or limbs. However, chest roentgenogram revealed a
left bifid rib without any other bone abnormalities (Fig. 1b).
She did not exhibit palmar or plantar pits, falx calcification,
medulloblastomas, or basal cell carcinomas at that time.
Since she exhibited KCOTSs and a rib anomaly fulfilling the
diagnostic criteria made by Kimonis et al. (two major cri-
teria), we diagnosed her as having NBCCS.

Methods
DNA extraction and PCR-sequencing analysis

All experiments described below were approved by the
ethics committee at Kitasato University. DNA was extracted
from peripheral blood lymphocytes using a QlAamp DNA
blood midi kit (QIAGEN). The complete coding region of
the PTCHI, PTCH2, suppressor of fused (SUFU) and SMO
genes, including all splice junctions, was amplified from

constitutional DNA as described previously [7]. Primers
used for amplifying PTCHI, PTCH2 and SUFU exons were
described previously [5, 7, 8]. Those used for amplifying
SMO are listed in supporting information Table 1. Amplified
products were gel-purified using a QIAEX II gel extraction
kit (QIAGEN) and cycle sequenced with a BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Applied Biosystems) in
both directions. The sequence was analyzed on a 3130
Genetic Analyzer (Applied Biosystems).

Comparison of clinical manifestations

Details of a nationwide survey of NBCCS performed in
Japan have been described previously [9]. The survey
covered 157 NBCCS patients whose clinical details were
available. Major and minor criteria for NBCCS proposed
by Kimonis et al. [10] were evaluated in these patients and
compared with those observed in patients carrying a
PTCH?2 mutation reported previously including the present
case [6].

Results

No mutation in PTCHI or the related genes SUFU and
SMO was detected in the peripheral blood from this patient.
Although deletion of the entire PTCHI gene is a common
event in point mutation-negative cases of NBCCS as we
reported previously [11], no such deletion was observed
using either a ligation-dependent probe amplification
method or high-resolution array-based comparative geno-
mic hybridization technology [11-13]. We then sequenced
all exons of the PTCH2 gene, since PTCH?2 is a close
homolog of PTCHI and is also a suppressor component of
the Shh pathway. As a result, a heterozygous 2-base-pair
deletion, ¢.1172_1173delCT, was detected in exon 9 of
PTCH?2 (Fig. 2). This mutation caused a frameshift and
created a premature termination codon (PTC) at the site of
the deletion resulting in a truncated form of the PTCH2
protein, p.S391X.

Fig. 1 Roentgenograms of the patient. a Pantomography shows bilateral keratocystic odontogenic tumors (Arrows). b Chest roentgenogram

reveals a bifid anomaly of the left sixth rib (Arrow)
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Table 1 Comparison of the characteristic phenotype of NBCCS in three groups

Patients Number of patients Mean age Mean number Mean number
of major criteria of minor criteria

Nationwide survey 157 33.1 2.4% 1.3%%

With PTCH2 mutation 7 34.1 1.57 0.14

*P < 0.05 (vs PTCH2 mutation), ** P < 0.01 (vs PTCH2 mutation)

In order to characterize the phenotype of individuals
carrying a PTCH?2 mutation, we next evaluated the number
of positive criteria for NBCCS proposed by Kimonis et al.
[10] in two groups; first, NBCCS patients collected by a
nationwide survey described previously [9], second,
reported individuals carrying a PTCH2 mutation including
our case. In spite of the comparable mean ages in two
groups (33.1 vs 34.1 years old), positivities of most of the
criteria were lower in the PTCH?2 mutation-positive group
than in the other, indicating that PTCHZ2 mutations cause a
milder phenotype than the classical NBCCS (Table 1). In
fact, only 4 out of 7 individuals in the PTCH2 mutation-
positive group diagnosed as having NBCCS according to
this diagnostic criteria.

Discussion

NBCCS is caused by a mutation in the gene PTCH1, with rare
exceptions in which a SUFU mutation has been identified [8,
14, 15]. Recently, a heterozygous missense mutation in the
PTCH?2 gene, ¢2157G>A (p.R719Q), was identified in 6
affected members of a Chinese Han family with NBCCS [6].
Although the pathological significance of missense mutations
should be discussed cautiously, this mutation was demonstrated

oo (Ot

mmmwmwmmwmwmm
D DI L HATFSEV S A
€. 1172_1173delCT

.

CTGGATGACATCCTGCATGCGTTCTE:GAAGTCAGTGCT

g
CTGGATGACATCCTGCATCGCGTTCTCGAACGTCAGTGCTGC

Fig. 2 Electropherograms of the PTCH2 exon 9 sequence. DNA
extracted from the peripheral blood of the patient (Case) as well as a
healthy control (Control) was subjected to PCR direct sequencing.
The predicted translation is indicated at the bottom of each
electropherogram. PTC created by the deletion is indicated by an
asterisk

to result in the inactivation of PTCH2’s inhibitory activities at
least in vitro. In this paper, we reported a second germline
mutation of PTCH2, ¢.1172_1173delCT, found in a Japanese
patient with NBCCS. This mutation created a PTC at the site of
the deletion in the mutant allele, resulting in the truncation of
the PTCH?2 protein. However, since the PTC leads to the deg-
radation of mRNA via a mechanism called nonsense-mediated
mRNA decay [16], a haploinsufficiency of PTCH2 is expected
to play an important role in this case.

Interestingly, this mutation is also present in the dbSNP
database as rs56126236, submitted by the Center for
Genome Medicine, Kyoto University Graduate School of
Medicine, Japan. However, details such as frequency are
unclear. Therefore, we analyzed 63 healthy Japanese
individuals (126 alleles) on this mutation, but found none
carrying this deletion. Thus, it is unlikely that this is a rare
polymorphism at least in a Japanese population.

However, unfortunately, we were unable to get informed
consents from family members and, therefore, could not
add data regarding this issue. Nonetheless, considering the
deleterious nature of the mutation, we believe that the
mutation found in this patient is generated de novo.

Homozygous mutant mice, Pich2™'~, developed nor-
mally, were viable and fertile, and did not display any
obvious defects in hair follicle, limb, neural, or testis
development [17]. However, with age, homozygous mutant
male mice developed skin lesions consisting of alopecia and
epidermal hyperplasia, suggesting a role for Ptch2 in adult
epidermal homeostasis via Shh signaling. In accordance with
the milder phenotype of Prch2™'~ than Ptchl ==, which is
embryonic lethal [18], it is not surprising that individuals
carrying a PTCH2 mutation also exhibit milder clinical
manifestations than those with classical NBCCS. Our patient
lacked typical NBCCS phenotypes such as palmar/plantar
pits, falx calcification, macrocephaly, hypertelorism and
coarse face, the frequencies of which are 60.1, 79.6, 26.5,
68.8, and 27.9 %, respectively, in the Japanese population
[9]. In fact, this case does not fulfill the criteria by Evans et al.
[19] because a rib anomaly is considered to be a minor cri-
terion. Since the number of cases with a PTCH2 mutation is
still limited, the accumulation of such patients is expected to
further clarify their characteristic phenotype.

A genotype—phenotype correlation has not been reported
in NBCCS patients [20]. However, mutations in the SUFU
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gene were reported to result in a much higher incidence of
medulloblastoma than those in PTCH]I [8, 14, 21]. It is also
reported that a large genomic deletion encompassing
PTCHI leads to NBCCS with atypical clinical manifesta-
tions, probably due to a deletion of adjacent gene(s) [12].
Therefore, it should be noted that NBCCS cases caused by
a mutation of a gene other than PTCHI have phenotypes
different from those of classical NBCCS caused by PTCH1
mutations.
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Patient with terminal 9 Mb deletion of chromosome 9p: Refining the
critical region for 9p monosomy syndrome with trigonocephaly
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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 49.5cm (+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 sizu 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
RP11-74 116 (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.

© 2012 The Authors
Congenital Anomalies © 2012 Japanese Teratology Society



50

Saitana Children’s M.C

N. Mitsui et al.

Saitana Children’s M.C
SOMATOM PLUS 4

spin +180
tilt +90

Fig. 1 Frontal (a) and top (b) views of the skull of the patient at age 11 months showing trigonocephaly, reconstructed by three-dimensional computed

tomography.
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Fig. 2 G-banded partial karyotype of the patient showing a terminal dele-
tion of chromosome 9. Arrow indicates the deletion breakpoint.

DISCUSSION

We described herein a girl patient with a terminal deletion of the
short arm of chromosome 9 who had full manifestations of mono-

© 2012 The Authors
Congenital Anomalies © 2012 Japanese Teratology Society

_77_

somy 9p syndrome, including distinctive craniofacial features (e.g.
trigonocephaly, ptosis of the eyelids, epicanthus, upslanting palpe-
bral fissures, flat nasal bridge, broad nasal root, low-set ears, long
philtrum, thin upper lip), developmental delay, and XY sex reversal.
Array CGH and FISH analyses revealed a pure terminal 9p deletion
of approximately 9 Mb with the breakpoint between RP11-1134E16
and RP11-74 L16 at 9p23. DMRT genes, candidates for sex reversal
(9p24.3), were included in the deletion in this patient.

Since Alfi et al. (1973) first reported 9p monosomy syndrome it
has been established as a chromosomal deletion syndrome on-the
basis of G-banding cytogenetic analysis. Breakpoints in most
patients with the syndrome, either with a pure terminal deletion
or with a deletion associated with an unbalanced chromosome
segment, reside around band 9p21-p23 (Huret et al. 1988). Recent
advances in molecular techniques have allowed us to study precise
correlations between the phenotype and karyotype/genotype asso-
ciated with this syndrome. Wagstaff and Hemann (1995) first
defined the critical region for 9p monosomy syndrome, including
trigonocephaly, based on a boy with cryptic 9p monosomy, who
was found to have a 9p deletion of approximately 11.6 Mb that
included the region from D9S286 (9p24.1) to D9S162 (9p22.1);
this deletion was associated with a translocation between 3p and 9p.
Christ et al. (1999) studied 24 patients with 9p deletions (terminal
deletions with or without unbalanced translocation), all of whom
showed the consensus 9p-deletion phenotype (including trigono-
cephaly), and found that the minimum common deleted region is
16.1 Mb from D9S285 to the 9p terminal. Subsequently, several
reports have been published that further define the critical region for
the syndrome (Kawara et al. 2006; Faas et al. 2007; Hauge et al.
2008; Swinkels etal. 2008; Shimojima and Yamamoto 2009).
Although, along with these works, some genes such as CERI,
TYRPI and PTPRD have been postulated as possible candidate
genes, no gene has yet been identified as conclusively responsible
for the syndrome (Shimojima and Yamamoto 2009).



