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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 17pl13.3, including YWHAE but not
PAFAHIBI, showing normal brain structure on MRI. 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 Periodicals, 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 (PAFAH1BI) 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.
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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 PAFAH1B], 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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this article.
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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 PAFAH1BI, 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 1min. 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 97.5cm
(—2.4SD), 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.

Real-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 QlAamp 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

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 PAFAHIBI 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
YWHAEand PAFAH1BI. 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 17pl3.3 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

PAFAH1B1 =»

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
PAFAHIBI, 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 et al., 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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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.

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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