FiG. 4. Axial [a], mid-sagittal (b}, and coronal MR [e) of a 50-month-oid female with CASK mutation [Patient ,1'1]} Note the micmcephalg {a],
hypoplastic pans (b), cerebellar hemispheres {c] and vermis {b) with normal appearance of the corpus callosum {a,b].
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FIG. 5. Langitudinal changes in the cerebrum {a}, cerebellar hemisphere {b), pons {c], and corpus callosum (d] areas, along with the cerebrum/corpus
callosum area ratio {e]. Diamonds represent control patients, squares patients with CASK mutations, triangles [e] the patlent with PEHD syndrome,
and Xs [e] the patients with other pontocerebellar malformations. The relatively normal callosal size combined with reduced size of other structures,
resulting in the small cerebrum/corpus callosum ratio, appears to be a fairly unique characteristic of patients with CASK mutations.
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evaluation were younger than 6 years, some might be expected to
acquire this ability in the future.

Epilepsy was present in more than half of the females (53%) in
this series, which is more frequent than the previously reported
frequency (32%; 8/25) in European countries {Moog et al., 2011].
Seizure onset was between 17 and 130 months {mean, 60 months),
and the epilepsy syndrome or seizure type was variable, similar
to the previous report of onset at 1-8 years with various types of
seizures [Moog et al,, 2011}, Because most females without epilepsy
were less than 6 years old, the frequency of epilepsy may be higher at
subsequent re-evaluations. Child neurologists should be aware that
epilepsy associated with ID and MICPCH due to CASK mutations
has a relatively late onset. The neurclogical symptoms or facial
features in the femnales were similar to those reported in European
patients {Moog et al,, 2011}, however, hypohidrosis and hyposen-
sitivity to pain were previously unrecognized. Although further
clinical study is necessary to evaluate the frequency or severity
of hypohidrosis and hyposensitivity to pain, TD and MICPCH
associated with CASK mutations should be considered in the
differential diagnosis of these symptoms,

The MRI findings in this case series confirmed the previous
report of a normal to low-normal size of the corpus callosum and
a low cerebrum/corpus callosum ratio with reduced areas of the
cerebrum, pons, and cerebellar hemispheres. As five disease con-
trols with pontine hypoplasia showed thinning of the corpus
callosum and a high cerebrum/corpus callosum ratio, the normal
size of the corpus callosum relative to a small cerebrum, which gives
an impression of callosal thickening, is an important imaging clue
for CASK mutations,

The growth pattern, neurologic development, necurological
symptoms, and facial features were similar in the 15 females
with loss-of-function mutations, which corresponds to previous
reports showing that mutations resulting in a null allele are associ-
ated with a characteristic pattern of 1D and MICPCH in females
[Moog et al,, 2011; Hayashi er al,, 2012]. The one male in this study
showed similar growth pattern, facial appearance, and MRI find-
ings to the female patients; however, his neurologic manifestations
were more severe, with no motor development and early onset,
intractable epilepsy. Though it has been reported that CASK
missense mutations in maies can cause milder phenotypes, such
as mild to severe ID with or without nystagmus, microcephaly, and/
or dysmorphic features [Hackett et al,, 2010} or FG syndrome
[Piluso et al., 2009], their clinical features are distinct from 1D and
MICPCH. FG syndrome entails relative macrocephaly, agencsis of
the corpus callosum, and mild 1D with congenital nystagmus;
microcephaly or cerebellar hypoplasia is rare. The striking differ-
ence in clinical severity between the two groups of CASK mutations
might be explained by the different nature of the mutations;
hypomorphic missense mutations in males are likely to have a
relatively mild impact on protein structure and function, thus
leading to less severe phenotype than the null mutations in females.
Null mutations of CASK in males would be expected to cause a more
severe phenotype than in fernale patients, usually resulting in
prenatal or neonatal lethality. A partly penetrant CASK splice
site mutation was reported in a severely affected male with
MICPCH who died at 2 weeks | Najm et al., 2008]. In silico analysis
in the present male patient with 1D and MICPCH ({Patient 16)
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showed the de novo missense mutation likely damaged and affected
protein function with no splice site disruption, however, the
functional CASK studies will be necessary to confirm the pathoge-
nicity of this mutation. To clarify the details of clinical and
radiologic features, it would be important to evaluate CASK in
males with severe psychomotor delay and the characteristic facial
appearance or MRI findings.

We thank the patients and families for their contribution to this
study.
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Duplications at Xq28 encompassing the methyl CpG binding
protein 2 gene {MECP2) (OMIM:300005) have been detected
at high frequency {1-2%) in cohorts of males with unexplained
X-linked intellectual disability {XLID} [Lugtenberg et al,
2009; Honda et al, 2010), MECP2 duplication syndrome
(OMIM:300260) is now recognized asa clinical entity characterized
by severe ID, progressive spasticity, muscular hypotonia, absence
of speech, recurrent infections, and mild dysmorphic features
[Ramocki et al., 2010]. In addition, most patients with dup(X)-
{928} exhibit other clinical signs, such as delayed acquisition or lack
of ambulation, constipation, epilepsy, digital abnormalities, and
genital abnormalities [del Gaudio et al., 2006; Bartsch et al., 2010].
These nonrecurrent duplications at Xq28 vary in size {0.1-2.6 Mb),
gene content and location, suggesting that specific genes included in
the duplication may contribute to the observed phenotypic vari-
ability. Although duplications of TRAKI (OMIM:300283) and
FLNA (OMIM:300017) may be responsible for respiratory infec-
tions and constipation [Smyk et al., 2008; Clayton-Smith et al.,
20091, it has not been clarified vet how location or size is involved or
which genes other than MECP2, IRAKI, and FLNA might affect
phenotypes.

We constructed bacterial artificial chromosome {BAC)-based
arrays and established aCGH systems for the detection of cryptic
copy-number variants {CNVs} in the human genome [Inazawa
et al, 2004]. Using an in-house BAC-based array system, we
screened for pathogenic CNVs in cohorts of patients with multiple
congenital anomalies and intellectual disability (MCA/ID)
[Hayashi et al., 2007, 2010] and in male patients with unexplained
X-linked ID [Takano et al., 2008; Honda et al., 2010], and found
dup(X)i{q28) encompassing MECP2 in a total of 12 males from
eight families. We hypothesized that the location and the size of the
genomic rearrangements influence phenotypes of patients with
dup{X)(q28) encompassing MECP2. To test this hypothesis, we
performed precise mapping studies of the genomic rearrangements
using a high-density oligonucleotide array, and we performed a
detailed genotype—phenotype correlation studies using both our
cases and literature cases. Although genotype—phenotype correla-
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tion were not indicated with clarity, this result demonstrated that
the incidence of hypoplasia of the corpus callosum (CC) were
associated with the location of the distal breakpoints of dup({X}-
(q28). Further studies are necessary to understand the mechanism
of thisassociation and reveal the cause of the hypoplasia of the CCin
this patient population,

From a consortium of 23 medical institutes and hospitals in Japan,
we recruited 115 males with MCA/ID of unknown etiology regis-
tered from May 2008 to March 2010 [Hayashi et al,, 2010]. All
samples were obtained with prior written informed consent from
the parents and approval by the local ethics commitice, Included
patients were physically examined by experts in medical genetics or
dysmorphology of each institution, and each patient had showed a
normal male karyotype on G-band karyotyping at the 400~530
band-level. We identified dup(X)(g28) harboring MECPZ in each
proband in families 64-2-098, 64-5-093, and 81-22-020M using in-
house BAC-based arrays [Hayashi et al,, 2010].

Wealso organized an X-linked 1D research consortium in Japan,
and we have been developing a rescarch resource and biological
sample repository since 2003 [Takano et al., 2008; Honda et al.,
2010}, We recruited 173 families that include at least one male with
unexplained ID. All peripheral blood samples were obtained with
informed consent using human subjects research protocols
approved by the Institutional Review Board of all institutes.
Genomic DNA and metaphase chromosomes were prepared
from peripheral blood or from Epstein—Barr virus {EBV)-trans-
formed lymphoblastoid cell lines (LCLs) in accordance with stand-
ard procedures. Blood samples from the probands of 173 families
were subjected to conventional karyotyping and were found to have
a normal male karyotype. We next screened all 173 families using a
BAC-based X chromosome-tiling array | Hayashi et al., 2007;
Honda et al, 2010]. We identified Xq28 duplications including
MECPZin four of these families, MRK2M, MRYB6, MR1P3, and
MR347. The preliminary mapping of the genomic rearrangements
in families, MRYB6, MR1P3, and MR347, was reported elsewhere
[Honda et al, 2010]. A fifth family with an Xq28 duplication
including, MECP2 and YU78, was detected by FISH using a BAC
probe containing MECP2, since the proband and his brother
demonstrated some characteristics of patients with MECP2 dupli-
cation syndrome [Meins et al., 2003; Van Esch et al., 2005; Fricz
etal., 2006; Ramocki et al., 2010]. Total 3/173 {2.89%) of the XLID
samples in our repository were positive for Xq28 duplications
including MECP2.

We identified 11 of these cases and 36 literature cases with
MECP2 duplication in which precise mapping and a magnetic
resonance imaging (MRI) head scan had been reported to include
our genotype—phenotype correlation studies.

Array-CGH hybridization using the MCG X-tiling array [Hayashi
et al,, 2007] and the MCG Genome Disorder (GD) Array, which
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contains 700 BACs covering all subtelomeric regions and regions
corresponding to 31 known congenital disorders [Hayashi et al,,
2010}, was performed as described previously using DNA extracted
from sex-matched normal lymphocytes as a reference [Honda et al.,
2007]. Precise mapping of each dup(X){q28) rearrangement was
performed using the Agilent Human Genome CGH Microarray
244K (Agilent Technologics, Santa Clara, CA} as reported [Honda
et al., 2010).

FISH analyses were performed as described previously [Honda
etal., 2007], using BAC or PAC clones located around the region of
interest as probes.

The pattern of X-chromosome inactivation in fernales was eval-
uated using the androgen receptor (AR) X-inactivation assay
described by Kubotaet al. [1999] with minar modifications. Briefly,
DNA was modified with sodium bisulfite and amplified with
primers specific for methylated or unmethylated DNA sequence
at the human androgen receptor {(HUMARA} locus where methyl-
ation correlates with X-inactivation, Two different sized products
due to triplet repeat polymorphism from the paternal or maternal
alleles were amplified and analyzed on a 3130 Genetic Analyzer
{Applied Biosystems, Foster City, CA}J, and peak images of each
PCR product were measured with GeneMapper Software v4.0
{Applied Biosystems).

A late replication assay was performed using a thymidine synchro-
nization, bromodeoxyuridine (BrdUj release technique as reported
previously [Inazawa et al., 1993] with minor modifications. Meta-
phase chromosomes were prepared with addition of BrdU to the
cultare medium for the last 6 hr of cell culture following thymidine
synchronization. The slides were stained with Hoechst 33258
{1 mg/ml; Sigma, Saint Louis, MO} for 5min, and exposed to
254 nm UV light {Stratalinker UV Crosslinker 1800; Agilent Tech-
nologies, Santa Clara, CA} at a distance of 20cm for 10 min after
heating at 75°C for 10 min. These chromosome spreads were used
for FISH to estimate the rate of inactivation of the affected X
chromosome.

The pedigrees of five newly identified affected families are provided
in Figure 1. The perinartal and developmental histories and clinical
data for the probands in eight families arc summarized in Table I
and in Supplementary eTable SI (see Supporting Information
online). Severe 11, absence of speech, muscular hypotonia, recur-
rent respiratory infections, epilepsy, and apparent loss of cerebral
volume are present in greater than 70% of the patients {Table 1)
Detailed clirical summaries for each of the newly identified families
are described below.
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FIG. 1. Pedigrees of five families with dup[X) (q28) harboring MECP2.
Closed squates and circles, gray circles, and dotted circles .
indicate D, borderline ID, and carriers, respectively. The proband is
indicated by arrows. Asterisks Indicate persans harboring the . -
MECP2 duplication within each family. A slash Indicates that the
person has died. NA, not avallable.

The proband (III-1) was born by normal vaginal delivery after an
unevent{ul pregnancy to nonconsanguineous healthy parents. His
weight was 2,412 g { 2.4 SD) and OFC was 32cm (1.3 SD) at
birth. His mother’s younger sister (11-3) has moderate 1D and
graduated from a school for disabled children (Fig. 1A). He has
microcephaly and short stature. At 14 months, his height, weight,
and OFC were 64.5¢m (—4.8 5D}, 7.7kg (—~1.9 8D}, and 42cm
{—2.7 8D}, respectively. His development was delayed; at 17 months
he first started smiling and could support his head, and he could not
roll over at 2 years of age. MRI of the brain showed apparent loss of
cerebellum and cerebral volume, hypoplasia of the CC (Fig. 2), and
delaved myelination., He exhibited strong autistic behavior and
facial dysmorphism. A blood sample fromhis mother (1I-1} was not
available for testing,

The proband (I11-2} was born via normal vaginal delivery after an
uneventful pregnancy to nonconsanguineous healthy parents, His
weight was 2,635 g (—1.8 8D} and his OFC was 34.5 cm (0.6 SD) at
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No. of patients with symptom/total na. in gieup [Honda et al., 2010]

64-2-098 64-5-093 £1-22-010M MRKZM YU78 MRYBE MR1P3 MRé‘ﬁ’ N (%)
Clinical features ' '

Mental retardation 11 171 171 1 33 22 11 2/2  12/12 (100]
Muscular hypotonia 1 141 0/t 0/1 3/3 2/2 1/1 2/2 10712 (83)
Absent speech 1/ 11 11 v 33 272 141 2/e 12712 {100)
Recurrent respiratory infection /1 0/1 171 0/14 3/3 22 1/1 2/2  10/12 (83)
Pneumonia 171 0/1 i1 0/1 33 22 1/1 /2 8/12 (67]
Lack of ambulation 11 0/1a 0/1 0/1 33 22 11 072 7/12 (58)
Epilepsy 0/1 071 0/1 1 33 e 1/1 2/2 9412 (75)
Spasticity 0/1 g/1 0/1 11 33 02 0/1 2/2 /12 (50]
Swallowing dysfunction 1/1 0/t 0/1 01 33 2r 1/1 0/2  7/12 (58]
Autistic feature 1/1 171 0/1 NO  0/3 272 1/1 2/2  7/11 [B4)
Gastroesophageal reflux 1/1 0/1 0/1 o/L 2/3 072 1/1 0/2  4/12 (33)
Bronchitis 1/1 071 0/1 oL 33 2 11 /2 7/12 [58)
Cyanaosis 0/1 071 0/1 01 1/3 172 01 0/2  2/12 (17)
Constipation 11 11 0/1 01 23 22 w1 02 /12 (58)
Abdominal distension 0/1 0/1 0/1 01 2/3 g/2 o/t /2 2/12 [17]
Otitis media 071 0/1 1/1 o/l 2/3 072 0/1 0/2 3712 (25)
Osteoporosis 0/1 0/1 1/1 oL 0/3 02 0/1 0/2 1712 (8]
Brisk tendon replex 071 01 0/1 Vi 03 22 11 2/2  6/12 (50)
Dysmorphic features
Macrocephaly o1 0/t 0/1 (075 S U I V) 0/1 o2 112 (8]
Microcephaly 171 0/1 1/1 o/t 13 02 0/1 0/2  3/12 (25)
Plagiocephaly 071 0/1 1/1 0/1 03 02 0/1 2/2  3/12 [25)
Flat occiput 1/1 01 0/1 o1 0/3 o2 04 072 1/12 (8]
Frontal bossing 1/1 0/1 o/t 0/4 073 o2 041 o2 w12 (8]
Hypotanic face 01 0/1 0/1 0/1 13 072 0/1 B2 112 (8]
Flat face /1 071 0/1 0/ 3 B2 o0 0r2 3712 (25)
Round and expression-less face 171 171 D/1 71 33 w2 w1 272 10/12 (83)
Long face o1 on 0/1 o/1 03 w2 o1 2/2  2f1z (17)
Synophrys 0/1 01 071 Q1 073 1@ 0/1 0/2 1712 (8]
Downslanted palpebral fissures 0/1 01 11 o1 0/3 072 0/1 o/ 1/12 {8)
Epicanthus 171 01 11 0/1 03 172 a/1 0/2  3/12 {25)
Shart nose 0/1 0/1 171 /1 23 w2 o B/2 3712 {25)
Wide and depressed nasal bridge 1/1 g/1 1/1 0/1 3/3 . 072 171 0/2  B/12 {50)
Prominent nasal bridge 11 0/1 0/1 @1 03 02 01 2/2  3/12 {25)
High palate 0/1 0/1 0/1 0/L 13 22 0/ 072 3/12 (25)
Open mouth 171 0/1 0/1 g/1 13 0R 11 2/2  5/12 [42)
Narrow mouth 1/1 o/l 171 0/1 0/3 072 0/1 0/2 2/12 {17]
Narrow palate 171 0/1 171 o1 w3 o o1 02  2/12 [17)
Thick lips 0/l 0/ 0/1 1 03 072 11 2/2 4412 [33)
Prognathism 0/1 (114} 0/ o/t 3 /e 0/ 2/2  2/12 (17]
Short neck /1 0/1 0/1 o/r 03 02 o1 /2 1/12 (8)
Oysmorphic ears 11 0/1 0/1 071 0/3 072 D71 0s2 1712 (8]
Narrow feet o1 0/1 0/1 o/t 03 172 0/l 0/2 1/12 (8]
Long fingers and toes 01 0/t 071 o/t o3 o2 o 272 2112 [17]
Tapering fingers /1 0/1 0/1 v 33 2 0/1 /2 7/12 (58]
Bilateral cubitus valgus 0/1 0/1 0/1 o/r o3 12 0/1 G/2 1/12 {8)
Bilateral cryptorchidism /1 ND 0/t oL 03 2 0/1 072 3711 (27)
Neurcimaging findings
Hypoplasia of the corpus callosum i1 0/1 171 o1 22 2 0/1 0/2  B/11 (54]
Apparent toss of cerebral volume 171 041 0/t 0/1 272 a2r 171 2/2  8/11 (73]
Apparent loss of cerebellar volume 171 071 0/1 0/ 02 22 0/1 o/2 3L (27)
Brain stem atrophy 0/1 0/1 0/1 0/1r 02 22 01 o/2  2/11 (18]
[Cantinued)
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No. of patients with symptom/total no. in group [Honda et al., 2010]

64-2-098 64-5-093 £81-22-010M MRK2M YUP8 MRYBE MRiP3 MR347  n/N [%)
Ventricular dilatation 0/1 o/ 171 0/t O/ 272 1/1 /2 4/11 [36)
Cisterna magna dilatation 0/1 0/1 11 0/1 o2 o2 0/1 0/2 1711 [9]
Global dilatation of the subarachnoid space  0/1 01 171 0/1 62 02 071 g/2 1/11 (9)
Delayed myelination of the white cortex i1 g/1 071 (375 S - 0/1 02 1/11 {9}
Ggray matter heterotopia 0/1 01 171 o1 02 072 0/1 0/2 1/11 (9}
Absent septum pellucidum 071 81 0/1 0/1 g/2 1/2 0/1 0/2 1711 (9]
Septum pelflucidum cyst 0/1 071 1/1 T o2 12 0/1 o2 2/11(18)
White matter change 1/1 071 0/1 0/1 02 02 0/1 2/2 3/11(27]

{ne patient started to walk 5t 22 months.
"Two patients started to walk ot 36 and 42 manths.

birth, He could support his head at 4 months, sit alone at 8 months,
and walk without support at 22 months. He had severe constipa-
tion. There are no characteristic dysmorphic features or neuro-
logical findings (Fig. 2). His unaffected older sister {111-1) was not
available for testing.

The proband (11-2) was delivered at 40 weeks gestation via cesarean
for fetal distress secondary to hypercoiling of the umbilical cord. His
birth height, weight, and OFC were 50cm {0.1 SDJ, 2,558¢g (-2
SD},and 33 em {—0.5 SD}, respectively. His younger sister (111-2} is
normal. He first started smiling at 4 monthsand was able to support
his head at 6 months, roll over at 7 months, sit alone at 14 months,
and crawl at 16 months. He was diagnosed with relative micro-
cephaly, An MRI of the brain demonstrated hypoplasia of the CC
(Fig. 2}, ventricular dilatation, cisterna magna dilatation, global

81-22-010M

(i1-1)

Hypoplasia

Normal

dilatation of the subarachnoid spaces, gray matter heterotopia, and
a septum pellucidum cyst.

The proband ({II1-2} was born by normal vaginal delivery after an
uneventful pregnancy to nonconsanguineous healthy parents.
His weight was 2,638¢ (—1.8 SD} and OFC was 34.5¢m (0.6
Sy at birth. His elder sister (11I-1} is healthy. He was able to
support his head at 6 months; sit alone at 10 months; and ¢crawl at
18 months. An MR! of the brain was unremarkable {Fig. 2).

‘The proband (I1-3) was born at 37 weeks gestation after an
uneventful pregnancy to nonconsanguineous healthy parents as

64-2-098
(1il-1)

-

MRYB6
{proband

FIG. 2. Brainmagnetic resonance Images of our patients. The mid-line sagittal Tiw sequences show hypoplasia of the corpus callosum in four patients

[above) and normal Images in three patients {below].
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the second of identical twins. The patient had 4 healthy siblings
{2 males and 2 females) and 2 affected brothers, his identical twin
{II-2) and a younger brother (1I-4; Fig. 1L}, with similar clinical
manifestations. His birth weight was 2,700 g (—0.3 SD}, but neither
birth height nor QFC was recorded. He could sit alone at the age of
4 months, but at age 19, he could not stand without support nor
speak any meaningful words. Seizure onset occurred at 6 years of
age, and he was started on an anticonvulsant, which controlled the
convulsions well. He exhibited progressive spasticity in his lower
legs. At age 19, his weight was 24.5keg {—4.2 5D), height was
141.0¢em {=5.6 D), and OFC was 54cm (0.7 SD), indicating
short stature. He was severely intellectual disabled and so his IQ
could not be evaluated. MRI of the brain demonstrated apparent
loss of cerebral volume and hypoplasia of the CC (Fig. 2. His
identical twin (I1-2) followed a similar clinical course. He could roll
over, crawl and sit alone, but he could not stand without support or
speakany meaningful words, He died at 10 vears of age for unknown
reasons. MRIanalysis has not been performed. The younger brother
{11-4} was born at 41 weeks gestation with an uneventful pregnancy
and delivery. His birth weight was 3,274 g (—0.3 5D}, but neither
birth height nor OFC was recorded. He also followed a similar
clinical course. His growth and psvchological development was
severely delayed; he demonstrated hypotonia. He had difficultly
feeding due to poor suckidiscoordinated swallowing as a
neonate, Gastric tube feeding was introduced due to swallowing
difficulties at age 5 years. He developed myoclonic epilepsy that
proved to be medically refractory. His weight was 22.2kg (~4.5
SD}, heightwas 139.0 cm { —6.08D), and OFC was 51 cm (~2.7 SD)
at 17 years of age, indicating short stature. He had microcephaly and
progressive spasticity of his lower extremities. MRI of the brain
demonstrated apparent loss of cerebral volume and hypoplasia of
the CC.

To determine the size, extent, genomic content, and precise
position of the dup(X}{q28) in the proband of each family,
we performed aCGH using both the MCG X-tiling array and
the oligonucleotide array {Fig. 3). The size of the dup{X}{q28)
in each family is summarized in Supplementary eTable SII
{see Supporting Information online). In Families 64-2-098, 81-
22-010M, and MRK2M, the duplication was respectively described
as follows; arr Xq27.3q28{145,477,598-154,913,754)x2, arr
Xq28(152,698,840-153,316,250}x2, and arr Xq28 {152,754,271-
153,176,409)x2 (Fig. 3A-C). In Family 64-5-093, the dup(X}-
{q28) contained an ~206 kb triplicated segment (Fig. 3D} involy-
ing part of MECP2 described as arr Xq28(152,754,271—
153,003,769x2,153,010,911-153,217,280x3,153,230,084~
153,262,357x2). In Family YU78 an ~228kb triplication at
Xp22.2 was detected simultancously with dup(X)(q28) {Fig. 3E);
arr Xp22.2(13,291,526-13,519,924)x3, Xq28(152,494,685-
—153,067,5271x2. Morcover, we reviewed our previous results
for three families {IMRYB6, MR1P3, and MR347) and found a
triplicated segment embedded in the duplication in MRIP3 and
MR347 (Fig. 3F). These aberrations were respectively described as
follows: arr Xq28(152,676,750—153,062, 548x2, 153,067,477~
153,158,866x3), and arr Xg28(152,721,476—153,062,548x2,
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153,067,477-153,217,280x3, 153,230,084~153,266,394x2). A com-
parison of the dup(X}{q28) rearrangements detected in these eight
Japanese families showed that the smallest region of overlap (SRO}
was ~220kb encompassing at least 10 genes including MECP2
annotated in the UCSC genome browser (NCBI build 36, htep://
genome.ucsc.edu/cgi-binthgGateway; Fig. 4).

Wecompared duplications at Xq28 in the current 11 casesand in 35
cases from the literature, We exhibit the duplicated regions of each
patient in the order of the distal boundaries of our cases and the
literature cases, respectively (Fig. 4}. These results suggest a trend
that patients with relatively distal breakpoints are prone to
hypoplasia of the CC. In some literature cases of hypoplasia of
the CC their distal break points were obscure, thus we classified
them according to whether their distal breakpoint involved in
LCRL, which was the most distal low copy repeat near MECP2
Idel Gaudio et al., 2006; Carvalho et al,, 2009]. Qur genotype~
phenotype correlation analysis suggests that 83% (10/12} of
patients with distal breakpoints nearfenfover LCRL demonstrate
hypoplasia of the CC, whereas only 17% (6/35) of those with
breakpoints proximal to LCRL exhibited hypoplasia of the CC
{Fig. 4; Table II}.

Although parental samples for Family 64-2-098 were not available,
FISH analysis showed that all mothers for whom we have analyzed
carried the same MECP2 duplication as their sons. In the proband of
Family 64-2-098, MECP2-specific signals could be detected at Xp24
as well as in situ at Xq28 (Supplementary eFig. SIA). In the other
seven families, fluorescent signals specific to MECP2 were observed
only at Xq28, showing that tandem duplication of MECP2 took
place at Xq28 in these families (Supplementary ¢Fig. S1B-E).
Interestingly, in YU78, trp{X}{p22.2} and dup(X)(q28) were
both observed on the X chromosome in the male proband
{YU78, 1I-2). The same concomitant CNVs were detected in one
of two homologous X chromosomes in hiscarrier mother (YU78, I-
2} and in his brother (YU78, 11-4) and carrier sister (YU78, I1-1;
Supplementary eFig. SIE). For three other families (MRYB6,
MRIP3, and MR347), FISH results were reported in our recent
study [Honda et al., 20101

To investigate the X-inactivation status of the unaffected mothers
and unaffected sister, we performed the AR X-inactivation assay
described by Kubota et al. [1999]. Unaffected carrier mothers in
all families showed a skewed X-inactivation pattern. We also
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FIG. 3. Results of the array-CGH analysis with Aglient 244K in probands of elght families carrying MECPZ duplications. Each dot represents the log,
ratio of probes on the Agilent 244K array {red: ratio >>0.5, green: ratio > 1.25, blue: normal ratio}. Red and green lines above each diagram represent
duplicated and triplicated segments that showed more than three consecutive prabes representing an aberrant ratio {duplication: ratio 0.5,
triplication: ratio >>1.25), respectively. For Familles 64-2-098 and YU?B, the pmﬂles of the MCG X-tiling array are represented with arrows and
arrowhead indicating duplication at qus and triplication at Xp22.2, respettwslg The greg vertical lines represem the centromeric region for which

no clones were available.

performed an X-replication study with BrdU banding and FISH
using a probe in dup{X)(q28). All carriers showed dominant
inactivation of the duplicated allele {Supplementary eTable SIII).  We found dup{X}{q28) harboring MECP2in 3 of 115 (2.6%) male
In Family 64-2-098 and Family 64-5-093, samples from the mother  patients with MCA/ID and in 4 of 172 {2.3%) families affected by
were nol available for testing. ID, through screening with in-house BAC-based arrays. Lugtenberg
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Refs.

Our patients

Pai et al. [1987] ®
Lubs et al. {1888] *
Goodman et al. [1998]
Akiyama et al. {2001]
Novelli et al. [2004)
Meins et al. [2005]
Van Esch et al. [2005]

Family name

Family 1-5, MR1P3, MR347, MRYBG
K8300
Kgz210

Cases 2 and 4

Rosenberg et al, [2005] ° 15982
Friez et al. [2006] ® K8315
Smyk et al. {2868} Patient 2 [AS]
Lugteﬂberg et al. [2009] Family A-E

Ciayton-Smith et al, [2009]
Bartsch et al. [2009]
Reardon et al, [2010]
Total

Patients 1—4
Family 3

*Region of dup(X][q28] wers identified in Dauters et al.
Fhgenesis of the terpus caliosum,

etal. [2009] identified MECP2 duplicationsin 3 of 283 (1.1%) males
with unexplained XLID, suggesting that the frequency of MECP2
duplications in males with 11D is higher in Japan than in Western
countries. In our study, dup(X}{(q28} was inherited from the
mother in all seven families for whom maternal DNA was available
(Fig. 1).

Our aCGH analyses with the BAC-based X-tiling array and the
oligonucleotide array showed that among the eight families, the
dup{X}(q28) rearrangements varied in size with the SRO harboring
at least 10 genes including LICAM and MECP2 according to the
UCSC genome browser {Fig. 4). Although Family 64-2-098 had an
~9.4-Mb duplication encompassing 125 genes including FMRI
and 21 miRNAs {(Supplementary eFig. S2), the proband had
approximately the same phenotype as the other patients with
dup{X}{g28), indicating strongly that increased MECP2 dosage
is the primary contributor to the development of the salient clinical
phenotypes. On the other hand, this proband exhibited short
stature and facial dysmorphism not observed in our other patients

549, L36, 788, 733

Family 1,3, 4, 5,

Dup(X) (28] including LCRLY

Yes No
3/3 3/8
e o1
- 0/1
1/2 —
1/1 —_
0/1 —
— o/1
— 0/4
1/1 —
— 1/2°
1/1° —
— 05
6 272 27
111 0/3
— 0/3
10/12 (83%) 6/35 [17%]

with dup(X)(q28). Recently, a familial interstitial Xq27.3-q28
duplication encompassing the FMR! gene but not MECP2 gene
was found in patients with 1D, short stature, hypogonadism, and
facial dysmorphism [Rio etal., 20101, suggesting that the minimum
common region proximal to MECE2 within the duplications in
these two families contributes to the short stature and facial dys-
morphism phenotypes (Supplementary elig. $2}. A patient with a
complex rearrangement including MECP2 triplication was
reported to have a severe phenotype [Carvalho et al,, 2009]. Our
aCGH analyses with the oligonucleotide array revealed duplications
with embedded triplicated segments in 3 of the 8 families (37.5%;
Fig. 4). The proband of Family 64-5-093 has a partial triplication of
MECP2, but exhibits similar phenotypes to patients with duplica-
tion {Table I}, suggesting that partial triplication of MECP2 causes
1o increased MECPZ dosage compared to duplication,

Twelve individuals from the eight families shared commeon
phenotypes; severe 1D (100%), muscular hypotonia (83%}, absence
of speech (100%), recurrent respiratory infections (83%}, epilepsy

FIG. 4. Schematic representation of dup{X)(q28) observed in our eight families and in the literature. Data are plotted in the order of the extent of distal
duplication boundaries in our families and literature cases, A double-headed arrow indicates the smallest region of overlap [SRO] of aur eight families
containing 10 genes Including MECP2 and L 1CAM. The position of genes at Xq28 was determined based on the UCSC genome browser (NCBI build 36 at
the Genome Browser Gateway; http://genome.ucsc.edu/cgi-hin/hgGateway]. The panel between our families and the literature families shows the
position and direction of LCRs (JA, JB, JC, K1, K2, L1, L2). Fliled bars and gray bars indicate families in which all peﬁants and one of two snbhngs
(Family 5 in the literature] showed hypoplasia of the corpus callosum (CC], respectively. Open bars represent families having no patients with
hypoplasia of the CC. Asterisks indicate that patients showed agenesis of the CC. The shaded areas within each bar indicate triplication. Dashed fines
indicate regions for which it was not determined whether they were duplicated or not in the original reports, The UCSC genome browser map
represents the locus between LCRK2 and LCRL1. The expression levels in amygdala, brain, caudate nucleus, cerebellum, corpus callosum, cortex, and
fetal braln are represented by expression data from GNF {The Genomics Institute of the Novartis Research Foundation ]} using Affymetrix Gansﬁhips
Red indicates overexpression in the tissue, and green indicates underexpression.
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{75%), a round and expression-less face (83%), and apparent loss
of cerebral volume {73%), similar to previous reports [del
Gaudio et al, 2006; Bartsch et al,, 2010; Ramocki et al., 2010}
{Table I}. Genotype—phenotype correlation among the 11 patients
and 36 literature patients showed that §3% (10/12) of patients
with distal breakpoints nearfonfover LCRL exhibited hypoplasia
of the CC, whereas only 17% {6/35) of those with breakpoints
proximal to LCRL exhibited hypoplasia of the CC (Tig. 4; Table 11}
Precise mapping by real-time genomic PCR showed that the
distal breakpoint of MRYB6 was located within IKBKG {data
not shown), suggesting that copy-number gain of 13 genes between
LCRK2 and LCRLI is associated with hypoplasia of the CC.
Hypoplasia of the CC is caused by processes that disrupt carly
anteroposterior and dorsoventral patterning to misspecification
of midbrain or hindbrain germinal zones or due to degenerative
processes [Chiappedi and Bejor, 2010], In addition, an abnormal
CC was reported in many severe disorders of midbrain—hindbrain
development [Schell-Apacik et al., 2008]. Although the cause of
hypoplasia of the CC cannot be identified with the resolution
of MRI, hypoplasia of the CC is frequently associated with other
brain anomalics. Among the 13 genes in our proposed critical
interval, 8 genes (ATPSAP, GDII, FAMS0A, PLXNA3, LAGE3,
FAM3A, G6PD, and IKBKG) show relatively high expression in
brain tissue or in fetal brain (UCSC Genome Browser; Fig. 4).
We cannot exclude the possibility that hypoplasia of the CC
occurs secondary to MECP2 overexpression but exhibits variable
expressivity, but it is also possible that these genes or other genetic
modifiers influence the penetrance/expressivity of hypoplasia
of the CC. In particular, pathogenic mutations of GDII
[OMIM:300104) were found in two families with nonspecific
ID {D'Adamo et al, 1998], and an identical 0.3Mb region
distal to MECP2 at Xq28, comtaining FLNA and GDII but not
MECP2 was identified in four unrelated families with 1D
[Vandewalle et al., 2009]. Defects in IKBKG {OMIM:300248) are
the cause of incontinentia pigmenti (1Pj {OMIM:308300), which
is characterized by abnormalities of the skin, hair, eyes, nails,
teeth, skeleton, heart, and central nervous system in females.
Thus, overexpression of these two genes may contribute to hypo-
plasia of the CC. The proband in Family 64-2-098 with a large
duplication encompassing 125 genes and 21 miRNAs showed
the most severe developmental delay among our 12 cases, suggest-
ing that there are other dosage-sensitive genes at Xq28 that are
relevant to the degree of ID and neurodevelopmental delay as has
been reported previously with large rearrangements [Sanlaville
et al,, 2009). Taken together, our results indicate that the location
of distal breakpoints and the size of the genomic rearrangements
influence phenotypes caused by dup(X){q28) encompassing
MECP2,

In the proband of YU78, an ~228kb triplication at Xp22.2,
identified as a benign CNV in our previous study [Honda et al,
2010], was detected and FISH revealed that the trp(X}{p22.2}
was inherited by the proband {I1-3), his sister {I1-1) and his brother
{(11-4) together with dup(X}{q28} after recombination during
meiosis in the mother {Supplementary eFig. S3B). All carrier
maothers showed skewed X-inactivation patterns and the chromo-
some carrying dup{X)}{q28) was inactivated (Supplementary
eTableSIH}, suggesting trp(Xp22.2) to be a benign CNV.

1301

Our data suggest that there isan association between the location
of the distal breakpoint in MECP2 duplication syndrome and the
presence of hypoplasia of the CC. The CC is the largest transverse
fiber tract that connects the two cerebral hemispheres and integrates
motor sensory and cognitive performance of the brain [Aicardi
et al., 1987]. Although agenesis of the CC {ACC) is one of the most
common brain maiformations observed in the general population
{0.5 per 10,000 at autopsy) [Myrianthopoulos, 1977], the preva-
lence of ACC in children with developmental disabilities is much
higher {230 per 10,000} {Jeret et al,, 1985]. In addition, ACC is
linked to various neuropsychiatric disorders, including attention-
deficit hyperactivity disorder [Hynd et al.,, 1995] and schizophrenia
[Lewis et al., 1988}, Furthermore, agenesis or hypoplasia of the CC
is frequently associated with other structural abnormalities of the
brain [Schell-Apacik et al, 2008; Chiappedi and Bejor, 2010].
Conventional karyotyping andfor array-CGH analyses using sam-
ples from patients with ACC identified candidate genes not only
ont chromosome 1 [Boland et al., 2007; van Bon et al., 2008; Caliebe
et al., 2010], but also on chromosomes 3, 7, 8, 13, 15, 18, and 2}
[Barkovich et al., 2009]. Therefore, the causes of ACC are hetero-
geneous, and in many instances, the specific gene alterations and
developmental mechanisms are not well understoad. Further stud-
ies are necessary 1o explore the cause of hypoplasia of the CCin this
patient population, and determine the mechanism.
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of coloboma and visual impairment varied from case to case
[Russell-Eggitt et al., 1990,

Recently, the gene Chromodomain helicase DNA-binding protein-
7 {CHD7) at chromosome 8q12.1 was identified as a causative
gene of CHARGE syndrome [Vissers et al.,, 2004]. Up to 70% of
patients clinically diagnosed as having CHARGE syndrome exhibit
mutations in the CHD7 gene [ Aramaki et al., 2006a; Jongmansetal.,
2006; Lalani et al, 2006]. Although the exact function of this gene
product remains unknown, it may have an important effect on an
early stage of ocular morphogenesis.

We conducted the present multicenter study to clarify the
ophthalmic features of patients with molecularly confirmed
CHARGE syadrome and to explore the role of CHD? in ocular
development,

Thirty-cight eyes in 19 patients clinically diagnosed as having
CHARGE syndrome at the National Center for Child Health and
Development, the Osaka Medical Center and Research Institute for
Maternal and Child Health, the Kanagawa Children’s Medical
Center, or the Institute for Developmental Research, Aichi Human
Service Center were retrospectively studied. All the patients had
been molecularly confirmed to carry CHDZ mutations at the Keio
University School of Medicine [Aramaki et al., 2006a]. The clinical
diagnosis of CHARGE syndrome was made based on the Blake
criteria [Blake et al., 1998]. Molecular screening for mutations in
the CHD? gene was conducted as reported previously [Aramaki
et al,, 2006b]. Ophthalmic features were examined using slit-lamp
biomicroscopy and binocular indirect ophthalmoscopy. Two
patients were also examined using a spectral domain optical
coherence tomography {SD-OCT). The SD-OCT images were
obtained with RS-3000 (NIDEK Co., Ltd.,, Gamagori, [apan}.
The best-corrected visual acuity (BCVA) was measured with a
standard Japanese VA chart using Landolt rings or pictures at
5m, then converted to Snellen VA,

The anatomical severity of the eve defect was classified as follows:
Grade 1, Normal; Grade 2, colobomata with macular formation;
Grade 3, colobomata including the macula; and Grade 4, colobo-
mata, macular defect, and microphthalmos. Then, Cohen’s kappa
coefficient [Cohen, 1960] was used to measure the agreement of the
severity in the two eyes among 19 CHDV-mutation positive
patients. The potential correlation between the anatomical severity
of the eyes in an individual and the amino acid position where
the truncation of the CHIDY protein occurred in the same individual
was cvaluated among 14 patients with protein-truncating
mutations,

This study was approved by the institutional ethics committee;
the patients or the parents of the patients provided informed
consent prior to enrollment in the study.

The characteristics of the 38 eves of the 19 patients with CHARGE
syndrome carrying CHD7 mutations are summarized in Table L.

Ten patients {53%) were male and 9 (47%) were female. The age of

the patients at the time of the examination ranged from 1 to 21 years
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Variable Number.
Gender
Male 10 [53%)
Female 9 [47%)
Age at examination 1-21 years
Mean 7.9£50 years
Dcular abnormalities {colobomata) ‘
Bilateral 17 {88.4%]
Unilateral 1(5.3%)
None 115 3%]
BLVA
<20/400 4 (21, 1‘,‘6]
20/400 to <20/60 7 [36.8%)
20/60 to 20/20 6 (31.86%)
Not measured 2 {10.5%]

SV, best-corrected visusl acuity.

{mean 7.9 & 5.0 vears). Ocular abnormalities were found in 18

patients {94.7%), bilateral abnormalities were observed in 17

patients (89.4%), and unilateral abnormalities were observed in
1 patient {5.3%]). Among these 18 patients, all 35 abnormal eves had
varying severities of colobomata.

The ocular features of the individual patients are summarized in
Table I1. Colobomata affected the posterior segment in 35/38 cyes
(92.1%), retinochoroidal coloboma was present in 33 eves (86.8%),
and optic disk coloboma was present in 33 eyes (86.8%). Both
retinochoroidal coloboma and optic disk coloboma were bilaterally
presentin 13 palients (78.9%) and unilaterally present in 3 patients
(15.8%). The coloboma involved the macula totally or partially in
21 eyes (55.3%) of the 13 patients (68.4%): bilaterally in 8 patients

Number of patients [%)

Number of
Findings Bilateral Unilateral  Total eyes (%)
Colobomata 17 (895) 1(53) 18(94.7) 35 {82.1]
Retinochoroidal 15 (78.9) 3 (15.8] 18 (94.7] 33 (86.8)
Optic disk 15 (78.9) 3(158) 18 (%47} 3 [86 8]
Macula 8 [42.1) 5{26.3) 13([684] 21 (553}
Iris 1 (53} 0{0.0] 11{5.3] 2 [5 3}
Lens 0(00) 1{53) 11(5.3] 1 (2.6]
Microphthalmos 3(158) 2(105) 5{263] 8[211)
Microcornea 3 (158]) 1 (53] 4{21.1] 7 (18.4]
Piosis 1 (53} 1(53) 2 {105} 3(79)
PRV 0(08] 1(53) 1[5.3) 1{2.8]
Cataract g(0o) 1(53) 1{5.3} 1 (2.6}
High myopia 2(105) 1(53) 3(158) 5([13.2)
{>~6.0D)

FE, persistent fetal vasculature.
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(42.19%) and unilaterally in 5 patients (26.3%). The SD-OCT
demonstrated a partially formed macula and cystic changes in
the colobomatous area in | case (Fig. 1).

Only 2 eyes of 1 patient {5.3%) were identified as having iris
colobomata, and 1 eye (2.6%) of another patient was revealed by
examination under general anesthesia to have a dislocated and
colobomatous lens. No cases of evelid colobomata were seen, but
congenital ptosis was presentin 3 eyes (7.9% ) of 2 patients who had
undergone surgical treatment. All the cases of ptosis were not
pseudoptosis associated with microphthalmos and/or cranial nerve
palsy, but were true congenital ptosis associated with poor levator
function. We evaluated the levator muscle function in each case.
None of the patients had a history of acquired causes or signs of
oculomator palsy, such as paralvtic strabismus and limited ocular
movement,

Microphthalmos was found in 8 eyes (21.1%) of 3 patients
(26.3%): bilaterally in 3 patients (15.8%) and unilaterally in 2
patients {10.5%}. Microcornea was also present in 7 eyes ( 18.4%) of
4 patients (21.1%: bilaterally in 3 patients {15.8%] and unilaterally
in I patient {5.3%;). Persistent fetal vasculature was identified in 1
eve (2.6%). Cataracts had developed in 1 eve (2.6%), but neither
glancoma nor retinal detachmert was observed in this series.

The refraction could be estimated in 23 eyes of 12 patients
(63.2%). Of these eyes, 10 were myopic, 7 were emmetropic, and
6 were hypermetropic. High myopia { —6.00 diopters or more) was
found in 5 eves {13.2%) of 3 patients {15.8%}.

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

The BCVA are shown in Table 1. The measurement of VA was
possible in 17 patients {89.5%)} older than 3 years of age. The
remaining 2 patients were infants or mentally retarded. The bin-
ocular BCVA or BCVA in the better eye was less than 20/400 in 4
patients (21.1%), less than 20/60 but no less than 20/400 in 7
patients (36.8%), and 20/60 to 20/20 in 6 patients {31.6%) with
macular formation {Fig. 1}. The overall prevalence of blindness and
visual impairment (less than 20/60) [World Health Organization,
1992] among the 17 patients was 65%.

The agreement of anatomical severity between the 2 eyes in each
of the 19 patients was evaluated using Cohen's Kappa statistics. The
K statistic of 0.41 suggested a moderate degree of agreement, per the
guidelines by Landis and Koch [1977]. Because there was a mod-
erate, if not a substantial, agreement between the severity of the 2
eyes, the severity grading of the more severely affected eye was used
as the representative grade for the severity of the eyes in an
individual. The correlation between the anatomical severity of
the eyes in an individual and the amino acid position where the
truncation of the CHD?7 protein occurred in the samne individual is
illustrated in Figure 2. Patients with truncated protein devoid of the
SANT domain tended to have severer anatomical defects of the eyes.
Subcategorization of the patients according to the presence or
absence of the SANT domain (4 cases with intact SANT domain
and 10 other cases}, and the subcategorization of the anatomical
severity of the eyes in an individual {7 cases classified as Grade T or 2
vs, 7 cases classified as Grade 3 or 4) revealed a statistically

FIG. 1. Fundus photographs and spectral domain optical coherence tomography [SD-OCT) scan of the retina in the right eye {A,B) and the lefteye [C,D]
ina B-year-old girl. A: Retinochoroldal colobomata Inferior to the optic disk Is visible in the right eye. B: The SD-0CT shows a good macular formation in
the right eye, resulting in a BCVA of 20/20. C: Retinocharoidal and optic disk coloboma are seen in the left eye. The colobomata partially involved the
macula [arrow]. D: The SD-OCT shows a partially formed macula {arrow) and cystic changes in the colobomatous area (arrow head] In the left eye,

resulting in 3 BCVA of 20/50 after amblyopia treatment.
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FIG. 2. The correlation between the anatomical severity of the eyes
inanindividual and the amino acid position where the truncation of
the CHD? protein occurred in the same individual. Horizontal axis
indicates amino acid position of the CHD? protein togetherwith the
domains of the protein. Vertical axis indicates the anatomical
severity of the eye defect classified as follows: Grade 1, Normal;
Grade 2, colobomata with macular formation; Grade 3, colobomata
including the macula; and Grade 4, colobomata, macular defect,
and microphthaimos.

significant correlation between the location of protein truncation
and the anatomical severity of the eves {P=0.02, chi-squared
test), :

In the current series, the incidence of coloboma, the major ocular
feature of CHARGE syndrome, was 94.7% (18/19}, which was
much higher than the previously reported incidence. Since most
of the authors were ophthalmologists, the number of cases without
eve defects might have been underrepresented. Hence, this high
incidence should be viewed with caution, Nevertheless, attending
clinical geneticists were on duty at all the participating children’s
hospitals, and thus the bias from such underrepresentation mav be
relatively small. The finding that there was one mutation-paositive
patient who did not have abnormal eye findings confirms that no
finding in CHARGE syndrome has a 100% penetrance as is some-
times surmised.

Both retinochoroidal and optic disk coloboma occurred in
94.7% of the cases, mostly bilaterally, while the incidence of iris
colobomawasonly 5.3% [1/19}. Coloboma also affected the macula
in 68.4% of the cases. We confirmed that bilateral large retinochor-
oidal colobomata represent a typical ophthalmic feature of
CHARGE syndrome with CHD7 mutations.

The incidence of anomalies in the anterior segment was lower
than that in the posterior segment, although microphthalmos,
microcornea, PFV, and cataracts were present in some cases
bilaterally or unilaterally. The presence of characteristic large
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retinochoreidal coloboma indicates the essential role of CHD?
in the closure of the fetal fissure posteriorly between 5and 6 weeks of
gestation, and the malfunction of CHD? may have an effect so
severe as to influence the entire ocular morphogenssis to some
degree. Although most cases had bilateral colobomata in the
posterior segment, the severity and associated features often
differed between the two eyes. Other associated features in this
series were ptosis in 10.5% and high myopia in 15.8%. Subtle-
associated anomalies and refractive errors may have been under-
estimated in examinations that were not performed under general
anesthesia.

The anatomical severity grading of the eye defect was evaluated in
two ways: a comparison between the severity in one eye in compar-
ison with that in the other eye and the correlation between the
severity and the genotype. The low-to-moderate degree of agree-
ment between the two eyes (i.e., left and right) reflects the general
facial asymmetry in patients with CHARGE syndrome [Zentner
et al,, 2010]. In other words, the lack of substantial or perfect
agreement between the anatomical severity of the right and the left
eyes indicates a variable phenotypic effect of the same mutation.
Yet, the location of protein truncation and the anatomical severity
of the eyes were significantly correlated: if the chromodomain,
helicase/ATP domain, and SANT domains are intact, the severity of
the eyes tends to be milder. Interestingly, all four cases in which
thase domains were intact had less severe eye defects with intact
macula. Further studies are warranted to verify this potential
genotype—phenotype correlation,

The visual acuities of the eyes ranged between no light perception
and 20/20, and the prevalence of blindness and visual impairment
(less than 20/60} was 65% among 17 patients. A poor visual
prognosis depended on the presence of a large coloboma involving
the macula in the posterior segment and associated microphthal-
mos or microcornea, as reported previously [Russell-Eggitt et al.,
1990; Hornby et al,, 2000]. On the other hand, even eyes with large
colobomata asa result of CHD7 mutations were capable of forming
maculas, resulting in good central visual acuity with superior visual
field defects. As shown in the case illustrated in Figure 1, even a
partially formed macula will enable useful vision following the
adequate treatment of amblyopia as optical correction and patching
during the earlier age of visual development. A recent report of a
case examined using QCT revealed additional morphologic char-
acteristics of eyes in patients with CHARGE syndrome carrying
CHD7 mutations [Holak et al.,, 2008]. Further investigation of
retinal morphology and function using OCT and electroretino-
grams (ERG} may help to clarify the function of CHD? in ocular
morphogenesis, including macular formation.

We suggested that the early diagnosis of retinal morphology and
function, especially of macular lesions by way of OCT and ERG,
may be beneficial to patients, since such attention may determine
whether treatment for amblyopia, such as optical correction and
patching, will be effective in facilitating the visual potential or
whether care for poor vision will be needed. Aninfant's visual acuity
rapidly develops during its first 2-3 years and continues up until
7-8 years of age, but plasticity decreases progressively thereafter.
Thus, a better visual prognosis can be obtained with the earlier
treatment of amblyopia during the critical period of visual
development.
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BRESEK/BRESHECK syndrome (OMIM# 300404}, a multiple
congenital malformation disorder characterized by brain anoma-
lies, intellectual disability, ectodermal dysplasia, skeletal deform-
ities, Hirschsprung disease, ear or eve anomalies, cleft palate or
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cryptorchidism, and kidney dysplasia/hypoplasia {Reish et al,
1997}, The acronym BRESEK refers to the common findings,
whereas BRESHECK refers to all manifestations. Because the first
two patients were maternally related half brothers, an X-linked
disorder was proposed. Although each symptom of these patients is
often observed in other congenital diseases, the combination of all
symptoms is rare, and only one additional patient with BRESEK has
been reported to date {Tumialdn and Mapstone, 2006]. Here, we
present the fourth male patient with multiple anomalies. The
patient presented with a variety of clinical features that were consistent
with those of the previously reported BRESHECK syndrome.
The syndrome of ichthyosis follicularis with atrichia and
photophobia (IFAP, OMIM# 308205), an X-linked recessive
oculocutaneous disorder, is characterized by a peculiar triad of
ichthyosis follicularis, total or subtotal atrichia, and varying degrees
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