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Clinical Features in 26 Patients with CHARGE Syndrome

Ali Ishikawa”, Keisuke Enomoto”, Noritaka Furuya®, Kouji Muroya®,
Yumi Asakura®, Masanori Adachi® and Kenji Kurosawa"
"Division of Medical Genetics, Kanagawa Children's Medical Center
“Division of Endocrinology & Metabolism, Kanagawa Children's Medical Center

CHARGE syndrome is a congenital malformation syndrome characterized by a nonrandom occurrence of
anomalies including coloboma, heart defects, choanal atresia, retarded growth and development, genital abnor-
“malities, and ear anomalies/deafness. To, elucidate the natural history and medical managements of the syn-
drome, we reviewed the clinical features of 26 patients with CHARGE syndrome who received follow-up care
at our Children’s Medical Center. The ages at diagnosis varied widely from neonates to adolescents. The most
common clinical findings, including external ear malformations, hearing loss, and developmental delays, were
recognized in all patients, followed by growth retardation (92%), coloboma {77%), congenital heart defects
(84%), and genital hypoplasia/hypogonadotropic hypogonadism (84%). Eight patients (30%) had choanal
atresia as a cardinal feature of CHARGE syndrome, but esophageal atresia, which is one of the major complica-
tions, was found in only one case. An MRI survey on the semicircular ducts and olfactory bulb provided useful
information for clinical diagnosis of the syndrome, Because of cognitive retardation associated with visual dis-
turbance and deafness, evaluation of the patients’ potentials for development is difficult. However, approxi-
mately 80% of patients were able to communicate by manualism, gestures, and signs, and these results sug-
gested a discrepancy between congenital potential ability and their real performance. Patients with CHARGE
syndrome frequently had behavioral difficulties, attention deficits, and hyperactivity. These characteristic
types of behavior may be partially related to problems of arousal, self-regulation, and frusiration. Ophthalmo-
logic evaluation and auditory examination should be performed as early as possible in CHARGE syndrome pa-
tients. Cur study results will be useful for diagnosis, medical managements of complications, and rehabilita-
tions of CHARGE syndrome patients. We believe that a better knowledge of the underlying syndrome leads to
better familial understanding and acceptance, and could provide insight into the prognosis.
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Frameshift mutation in the PTCH?2 gene can cause nevoid basal

cell carcinoma syndrome
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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 PTCH]1, 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? gene (c.1172_1173delCT). Considering the delete-
rious nature of the frameshift mutation, our study further
confirmed a causative role for the PTCH2 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 PTCH?2 mutation may have a milder phenotype
than those with a PTCHI mutation.

Keywords Nevoid basal cell carcinoma syndrome -
PTCHI - PTCH?2 - Frameshift mutation

K. Fujii - T. Shiohama - H. Uchikawa
Department of Pediatrics, Chiba University Graduate School
of Medicine, Chiba 260-8670, Japan

H. Ohashi
Division of Medical Genetics, Saitama Children’s Medical
Center, Saitama 339-8551, Japan

M. Suzuki - H. Hatsuse - T. Miyashita (<)
Department of Molecular Genetics, Kitasato University
Graduate School of Medical Sciences, 1-15-1 Kitasato,
Minami-ku, Sagamihara 252-0374, Japan

e-mail: tmiyashi @med.kitasato-u.ac.jp

Published online: 12 March 2013

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,
PTCH] [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 PTCHI1 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 KCOTs 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 1.57 014

*#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 PTCH?2 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 PTCH2 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
PTCH2 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

;\ﬁf\(\? % ittty M il

mmmmwmwwmmwmw
¢ 1172_1173delCT

cwr N i

CTGGATG&CATCCTGCA?GCGTTCT@%GTCAGTGCT

P
CTGGATGACATCCTGCATGCETTCTEGAAGTCAGTGCTEC

I
l

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 PTCH?2’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 PTCH2 protein. However, since the PTC leads to the deg-
radation of mRNA via a mechanism called nonsense-mediated
mRNA decay [16], a haploinsufficiency of PTCH? is expected
to play an important role in this case.

Interestingly, this mutation is also present in the dbSNP
database as 1s56126236, 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, Prch2™'~, 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 Pzch2™'~ than Prchl™~, 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 PTCH?2 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 PTCHI [8, 14, 21]. It is also
reported that a large genomic deletion encompassing
PTCH] 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 PTCHI
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 menosomy 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 situ hybridization
(FISH) using whole-chromosome painting probes for chromosome
9 and a subtelomeric probe for the short arm of chromosome 9 (both
from Vysis/Abbott Molecular Inc., Des Plaines, IL, USA) revealed
that the abnormal chromosome 9 did not contain translocated mate-
rial from another chromosome. To further define the extent of the
deleted region in 9p, we performed an array comparative genomic
hybridization (CGH) analysis using the Agilent Human Genome
244 K CGH kit (Agilent Technologies, Santa Clara, CA, USA). The
result showed a hemizygous 9.17 Mb terminal deletion of chromo-
some 9p and no other apparent pathogenic copy number variation
was identified in the whole genome (Fig. 3). Her karyotype was
designated as 46,XY,del(9)(p23).arr 9p23 (194 193-9 169 072)x1
dn. FISH analyses with bacterial artificial chromosome (BAC)
clones spanning the region from 9p23 to 9p24 refined the
breakpoint between the clones RP11-1134E16 (D9S2000) and
RP11-74 L16 (D9S912) (Table 1). BACs containing DMRTI and
DMRT?2, both candidate genes for sex reversal (9p24.3), were con-
firmed to be in the deleted segment of 9p in the patient.
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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.

9 del(9)

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

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 RP11-74 116 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 D95286 (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).
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Fig. 3 Oligonucleotide array-CGH result of the patient. Whole chromosome view (lower) and close view (upper) of chromosome 9. Note a loss of 9.17 Mb

of the terminal region of chromosome 9p.

Table 1 Fluoresence in situ hybridization (FISH) results using bacterial artificial chromosome clones and a subtelomeric probe around

distal 9p
Distance from 9p
Probe name Locus Chromosome band terminal(Mb) Signal on del(9p)
9p subtelomeric probe - 9p24.3 - -
RP11-143 M15 DMRT1 9p24.3 0.81 -
RP11-590E10 DMRT2 9p24.3 0.97 -
RP11-79 K3 - 9p24.1 7.30 -
RP11-29B9 D9S286 9p24.1 7.90 -
RP11-1134E16 D9S2000 9p23 8.99 -
RP11-74 L16 DIS912 9p23 9.26 +
RP11-176P17 D9S144 9p23 9.50 +
RP11-87N24 D9S168 9p23 10.47 +
RP11-58B8 - 9p23 11.60 +
RP11-382H24 D9S267 9p23 13.00 +

The distance from 9p terminal was retrieved from UCSC Genome Browser (NCBI 36/hg 18).

We compared deleted segments in all reported cases of 9p mono-
somy that were evaluated using molecular techniques (Fig. 4).
Patients without trigonocephaly were not included in this compari-
son because penetrance of trigonocephaly might not be 100% and
therefore considered unsuitable for use in phenotype mapping.
While we could not find a common region that was shared by all

patients, the segment from D9S912 to RP11-43916, which is
approximately 1 Mb, was deleted in the vast majority of the patients.
There are only two patients who have a deletion that does not include
this 1-Mb segment. The case reported by Kawara et al. (2006) had a
more proximal interstitial deletion of 4.7 Mb at 9p22.3-p23. The
chromosomal rearrangement in this patient was highly complex and

© 2012 The Authors
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Fig.4 Schematic map of the 9p deletion of reported cases of 9p monosomy, including the present case, evaluated using molecular analyses such as
fluoresence in situ hybridization (FISH) and/or array comparative genomic hybridization. Open bars represent the presumed maximum extent of the
deletion in each patient. a: the minimum common deleted region shared by 24 patients.
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involved seven breakpoints on chromosomes 2 and 9. The patient,
Case 4, reported by Hauge et al. (2008) showed a tiny terminal
deletion of no more than 4 Mb. The karyotype of this patient was
der(9)t(9;15) with a trisomic region from 15q(15g25-qter) that was
translocated onto 9p24. That these two patients did not carry pure
deletions of 9p may be noteworthy. Complex chromosome rear-
rangements are likely to have cryptic genome imbalance not only
around the breakpoints but also at regions apart from the breakpoints.
The altered chromosome constitution associated with unbalanced
translocations might influence gene expression on the derivative
chromosomes possibly through epigenetic modifications (Harewood
et al. 2010). Obviously, it is preferable to choose pure terminal or
interstitial deletion patients for genotype-phenotype mapping. In
view of this preference and on the basis of comparison of deleted
segments among patients with pure terminal or interstitial 9p dele-
tion, including the present patient, we suggest the critical region for
9p monosomy syndrome, including trigonocephaly, might be a
segment from D9S912 to RP11-43916 of approximately 1 Mb. Of
course, there are other possibilities: (i) the presence of multiple loci
responsible for the syndrome and (ii) the presence of modifying
factors that are located in different regions of the genome (Hauge
et al. 2008). Further studies, such as using exome sequencing to
screen cytogenetically normal patients with the 9p monosomy syn-
drome phenotype or with isolated trigonocephaly, might be neces-
sary to identify the responsible gene for trigonocephaly of the 9p
monosomy syndrome.
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The renal prognosis of patients with Wilms' tumor, aniridia, genito-
urinary anomalies, and mental retardation syndrome (WAGR) is poor.
However, the renal histology and its mechanisms are not well un-
derstood. We performed renal biopsies in 3 patients with WAGR syn-
drome who had heavy proteinuria. The complete deletion of one W77
allele was detected in each patient by constitutional chromosomal
deletion at 11p13 using G-banding, high-resolution G:banding, and
fluorescence in situ hybridization. The patients exhibited proteinuria
at the ages of 8, 10, and 6 years and were diagnosed as having focal
segmental glomerulosclerosis (FSGS) at the ages of 7, 16 and 19
years, respectively. They exhibited normal or mildly declined renal
function at the time of biopsy. Re-examination of a nephrectomized
kidney from 1 patient revealed that some glomeruli showed segmen-
tal sclerosis, although he did not have proteinuria at the time of
nephrectomy. The other 2 patients did not develop Wilms' tumor
and thus did not undergo nephrectomy, chemotherapy, or radiother-
apy, thereby eliminating any effect of these therapies on the renal
histology. In conclusion, complete deletion of one W77 allele may in-
duce the development of FSGS. Our findings suggest that haploinsuf-
ficiency of the WT1 could be responsible for the development of FSGS.
Pediatrics 2012;129:e1621-e1625

1621
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Miller et al' first described WAGR syn-
drome (Wilms' tumor, aniridia, genitouri-
nary anomalies, and mental retardation).
Children with WAGR syndrome invari-
ably have a constitutional chromosomal
deletion at 11p13, the region where the
W71 gene is located. Patients with
Denys-Drash syndrome (DDS) usually
have a germlinge missense mutation,
which is predicted to result in an amino
acid substitution in the eighth or ninth
exon of WTT, Little et al2 suggested that
the severe nephropathy associated with
DDS, which frequently leads to early
renal failure, might result from the
dominant-negative action of altered
WT1. By contrast, because of the less
severs genital anomalies and apparent
tack of nephropathy associated with
WABR, a reduced W77 dosage during
embryogenesis is thought o have a less
pronounced effect on development, es-
pecially on renal system development?
Breslow - et al* reviewed nearly 6000
‘patients enrolled in 4 clinical trials
administered by the US National Wilms
Tumor Study Group between 1969 and
1995. Of 22 patients with ED& 13 (59%)
developed renal failurg; of 46 patients
with WAGR, 10 (22%) developed renal
failure. The cumulative risks of renal
failure at 20 years were 62% and 38%,
respectively. These findings suggest that
nephropathy 1s not uniquely associated
with missense mutations in W77 and that
patients with the WAGR syndrome should
be followed up closely throughout life for
signs of nephropathy.

The renal prognosis of patients with
WAGR is poor. However, the renal his-
tology and its mechanisms are not well
understood. We therefore performed
renal biopsies to reveal the renal pa-
thology in 3 patients with WAGR syn-
drome who had heavy proteinuria.

CASE REPORTS
Patient 1

Patient 1 was a male diagnosed with
bilateral microphthalmos at 1 month of

e1622  llUiIMAetal

age. Wilms' tumor developed bilaterally
at 3 years of age. He also had unde-
scended testes and mental retardation.
Previous analysis of G-banded meta-
phase chromosomes revealed a dele-
tion of chromosome 11p13-15.1 in one
alleteS; the diagnosis of atypical WAGR
syndrome was therefore made® Be-
cause of a large tumor in the right
kidney after the first chemotherapy
treatment, the right kidney was nephrec-
tomized. A diagnosis of nephroblastoma
{nephrohlastic typs) was made. At the
same time, the contralateral left kidney
was biopsied, but no tumor was detec-
ted. The nephrectomized Kidney re-
vealed that there were no immature
glomeruli, and a few glomeruli-showed
segmental sclerosis (Fig 1A and B). The
patient did not have proteinuria at the
time of nephrectomy atthough micro-
albuminuria could have been detected,

The patient then underwent a second
session of chemotherapy and radio-
therapy treatment with left Kidney pro-
tection. He developed heavy proteinuria
at 6 years of age. The left kidney was
biopsied {(open biopsy) at age 7 years.
Renal biopsy findings were consistent
with focal segmental glomerulosclerosis
(FSGS) (Fig 1 C and D). At the time of
biopsy, the patient’s height was 107.3 cm
(2.9 3D}, weight was 21.7 kg (0.7 8D),
and blood pressure was 120/80 mm Hg.
Biochemical data were as follows: total
protein, 6.5 g/dL; albumin, 3.3 g/dl;
blood urea nitrogen (BUN), 12.9 mg/dl,;
creatinine, 043 mg/dl; 24-hour creati-

nine clearance {CrCl), 72.2 mL/min/1.73

m® early morning urinary protein, 3+
(as measured by using a dipstick test);
urinary protein to urinary creatinine
ratio, 38 (milligram/milligramy; and uri-
nary B-2 microglobulin, 044 mg/dL
{normal range: <<0.23 mg/dL). His renal
function -gradually deteriorated despite
angiotensin-converting enzyme inhibitar
(ACED treatment. At 14 years of age, he
underwent a preemptive living-related
renal transplantation from his father,

Patient 2

Patient 2 was a male with aniridia, bila-
teral undescended testes, hypospadias,
grade NIl to IV bilateral vesicoureteral
reflux, and mental retardation. High-
resolution G-banding revealed dele-
tion of chromosome 11p13-p14.2inone
allele (Fig 24), and flucrescence in situ
hybridization showed heterozygous
deletions of PAXS, D1182163, PER, and
WT1 (Fig 2B), indicating WAGR syn-
drome. He had a single febrile urinary
{ract infection at 2 years of age and
underwent an antirefiux operation at 4
years of age, which resolved his ves-
icoureteral reflux. A dimercaptosuscinic
acid radionuclide scan showed several
defects in his right Kidney. His pro-
teinuria was detected at 10 years of age
by the school urinary screening pro-
gram. His proteinuria gradually in-
creased, and he underwent renal biopsy
(right kidney} at age 16 years. Renal
biopsy findings were consistent with
FSGS (Fig 1 £ and F), At the time of bi-
opsy, the patient’s height was 163.2 cm,
weight was 67.4 kg, and blood pressure
was 128/78 mm Hg. Biochemical data
were as Tollows: total protein, 6.8 g/dl;
albumin, 4.3 g/dL; BUN, 250 mg/dL;
creatinine, 1.20 mg/dl; 24-hour CrCl;
91.0 mL/min/1.75 m?% early morning
urinary protein, 3+ (as measured by
‘using a dipstick test); urinary proteir to
urinary creatinine ratio, 2.7 {milligram/
milligram); daily urinary protein, 3.1 &;
and urinary -2 microglobulin, 0.0684
mg/dL, At the latest follow-up (24 years
‘of age), his renal function was stable
(BUN: 25.0 mg/dL; creatinine: 1.20 mg/
dL) with ACE! treatment; and he had not
developed Wilms’ tumor.

Patient 3

Patient 3was a female with aniridiaand
‘mental retardation. G-banding revealed
deletion of chromosome 11p13-p14 in
one allele {Fig 20), and she was there-
fore diagnosed with WAGR syndrome.
The patient developed proteinuria at
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FIGURE 1

Renal histology.A, G, E;and G, Low magnification. B, D, F, and H, High magnification. Arrows show glomeruli
with segmental glomerulosclerosis.Aand B, Nephrectomized right kidney frompatient 1. Patient 1 had no
proteinuria at the time of nephrectomy. However, a few glomeruli exhibited segmental glomerulo-
sclerosis although there were no immature glomeruii. G and D, Renal biopsy of left kidney from patient 1.
Twenty-eight of 50 glomeruli showed segmental glomerulosclerosis. There were no tubulointerstitial
lesions. E and F, Renal biopsy from patient 2. Two of eight glomeruli showed segmental glomerulo-
sclerosis with interstitial fibrosis. G and H, Renal biopsy from patient 3. Ten of 30 glomeruli showed
segmental glomerulosclerosis with interstitial fibrosis. All 3 patients exhibited FSGS (not otherwise

specified).

the age of 6 years and nephrotic syn-
drome with normal renal function at
age 15 years {urinary protein to uri-
nary creatinine ratio, 10.6 [milligram/
milligramy}; total protein, 5.6 g/dL; al-
bumin, 2.3 g/dL; BUN, 15.0 mg/dL;
creatinine, 0.65 mg/dL; estimated glo-
merular filtration rate, 100.7 mL/min/

PEDIATRICS Volume 129, Number §, June 2012

1.73 m?). We were unable to obtain her
parents’ consent for renal biopsy, and
they chose to start drug treatment.
However, treatment with prednisolone
and ACEl was not effective, and her
renal function gradually deteriorated.
Therefore, she underwent renal bi-
opsy at age 19 years. At the time of

CASE REPORT

biopsy, her height was 144.5 cm, weight
was 72.5 kg, and blood pressure was
130/83 mm Hg. Biochemical data were
as follows: total protein, 5.5 g/dL;
albumin, 2.5 g/dL; BUN, 300 mg/dL;
creatinine, 1.40 mg/dL; 24-hour CrCl,
44.65 mL/min/1.73 m? early morning
urinary protein, 3+ {(as measured by
using a dipstick test); daily urinary
protein, 5.89 g and urinary -2 micro-
globulin, 0.495 mg/dL. Renal biopsy
findings were consistent with FSGS {Fig
1 @ and H). To date, she has not deve-
loped Wilms’ tumor.

DISCUSSION

The current study demonstrated that 3
patients with atypical WAGR syndrome
developed heavy proteinuria with FSGS,
suggesting that the nephropathy seen
in this syndrome is responsible for the
FSGS lesion.

Patient 1 had possible bilateral Wilmsg’
tumor and underwent unilateral ne-
phrectomy, chemotherapy, and radio-
therapy. Therefore, it is possible that
the treatment of the remaining kidney
for bilateral tumor or nephrogenic rest
might account for the development of
FSGS. However, the kidney nephrec-
tomized after the first chemotherapy
session but before radiotherapy freat-
ment already showed segmental scle-
rosis in a few glomeruli, suggesting
that radiotherapy was not the main
cause of FSGS. Chemotherapeutic drugs
such as adriamycin may induce FSGS as
well as tubulointerstitial inflammation
and fibrosis.” However, there were no
tubulointerstitial lesions, suggesting
that chemotherapy might not have been
the main cause of FSGS. Nevertheless, it
is possible that surgical renal ablation
caused FSGS in patient 1.

Patients 2 and 3 did not develop Wilms'
tumor during the course of clinical
observation, and thus they did not un-
dergo nephrectomy, chemotherapy,
or radiotherapy, thereby eliminating
any effect of these therapies on renal

e1623
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FIGURE 2
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High-resolution G-banding of chromosome 11 and fluorescence in situ hybridization (FISH) in patient 2
and G-banding of chromosome 11in patient 3.A, Patient 2 had deletion of chromosome 11p13-p14.2inone
allele. B, FISH using P l-derived artificial chromosome elones (108363 for PAXB, 65P5 for D1182163,685F3
for PER: and 104M13 for WTT) as probes was performed for patient 2, as previously reported.® Each
FISH signal for PAX6, D1152163, PER, and WT{ was observed in only one chromosome 11 homolog,
‘indicating heterozygous deletion of the WAGR region of 11p. C, Patient 3 had deletion of chromosome

11p13-p14 in one allele.

histology. The possibility of reflux ne-
phropathy, however, could not be ruled
out in patient 2. The perihilar variant
with glomerular hypertrophy is partic-
ularly common in the secondary FSGS
such as reduced renal mass—induced
£5GS.2 However, all 3 patients exhibited
FSGS {not otherwise specified) without
glomerular hypertrophy, suggesting
that surgical renal ablation (patient 1)
and reflux nephropathy (patient 2) may
not have been the main cause of FSGS in
these 2 patients. These findings suggest
that the complete deletion of one Wr?
allele might have a pathogenetic role in
the development of nephropathy.
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Subtelomeric deletions of 1q43qg44 and severe brain
impairment associated with delayed myelination

Keiko Shimojima!, Nobuhiko Okamoto?, Yume Suzuki®, Mari Saito®, Masato Mori’, Tatanori Yamagata’,
Mariko Y Momoi®, Hideji Hattori?, Yoshiyuki Okano*, Ken Hisata’, Akihisa Okumura® and

Toshiyuki Yamamoto!

Subtelomeric deletions of 1q44 cause mental retardation, developmental delay and brain anomalies, including abnormalities
of the corpus callosum (ACC) and microcephaly in most patients. We report the cases of six patients with 1q44 deletions; two
patients with interstitial deletions of 1q44; and four patients with terminal deletions of 1q. One of the patients showed an
unbalanced translocation between chromosome 5. All the deletion regions overlapped with previously reported critical regions
for ACC, microcephaly and seizures, indicating the recurrent nature of the core phenotypic features of 1q44 deletions. The
four patients with terminal deletions of 1q exhibited severe volume loss in the brain as compared with patients who harbored
interstitial deletions of 1g44. This indicated that telomeric regions have a role in severe volume loss of the brain. In addition,
two patients with terminal deletions of 1q43, beyond the critical region for 1q44 deletion syndrome exhibited delayed
myelination. As the deletion regions identified in these patients extended toward centromere, we conclude that the genes
responsible for delayed myelination may be located in the neighboring region of 1q43.

Journal of Human Genetics advance online publication, 21 June 2012; doi:10.1038/jhg.2012.77
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INTRODUCTION
Submicroscopic subtelomeric chromosomal deletions have been
found in 7.4% of children with moderate to severe mental retarda-
tion.! Some subtelomeric deletion syndromes are clinically
recognizable and identified by characteristic features, whereas some
others cannot be identified by such means. The recent development of
molecular karyotyping using chromosomal microarray testing has
revealed clear genotype-phenotype correlations and identified the
critical chromosomal regions of the characteristic features of sub-
telomeric deletions. The most striking example is the Miller-Diecker
syndrome, which has shown clear genotype—phenotype correlations.?
Miller-Diecker syndrome is caused by the subtelomeric deletion
of 17p, and is well recognized and characterized by lissencephaly
and distinctive facial features,® which result from the involvement of
the platelet-activating factor acetylhydrolase 1b regulatory subunit
1 gene (PAFAHIBI) and tyrosine 3-monooxygenase/tryptophan
5-monooxygenase-activation protein epsilon polypeptide gene
(YWHAE), respectively; both these genes are located on 17p13.?
Several studies have investigated the critical region for 1q44
subtelomeric deletion syndrome and found that the core phenotypic

features of 1q44 subtelomeric deletion syndrome are microcephaly,
abnormalities of the corpus callosum (ACC) and seizures.*-16 Recently,
Ballif et all” analyzed patients with microdeletions of 1q44
and proposed certain genes that may be responsible for individual
features. '

We report the cases of six newly identified patients with 1q44
deletions; two with interstitial deletion of 1g44; and four with
terminal deletion of 1q. As the patients with terminal deletion of
1g44 exhibited more severe phenotypes compared with the patients
with interstitial deletion, the phenotypic differences would be derived
from additionally deleted region of 1q43q44.

MATERIALS AND METHODS

Subjects

Six Japanese patients were diagnosed as having chromosomal deletions in
the region of 1q43q44 in our ongoing study to analyze genomic copy number
aberrations. This study was approved by the ethical committee of
our institution. After obtaining written consents, we accumulated samples
from the patients. Parental samples were also obtained to study their carrier
status.
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Methods
Genomic copy number was analyzed using the 244, 105 or 60K Human
Genome CGH Microarray (Agilent Technologies, Santa Clara, CA, USA) as
described previously.? Genomic DNAs was extracted from peripheral blood
using a standard method. Genomic copy number aberrations were visualized
using Agilent Genomic Workbench version 5.5 (Agilent Technologies).
Fluorescence in sity hybridization (FISH) was performed as previously
described, when metaphase spreads were available.? Bacterial artificial clones
were selected from the UCSC genome browser (http://www.genome.ucsc.edu).
Physical positions refer to the March 2009 human reference sequence. Bacterial
artificial clone DNAs were extracted by an automatic DNA extraction system
GENE PREP STAR PI-80X (Kurabo, Osaka, Japan).

RESULTS

Chromosomal deletions

Chromosomal microarray testing revealed aberrations in the 1q43q44
region in six patients (Figure 1). In patient 1 and 2, interstitial
deletions of 1.9 and 2.2 Mb, respectively, were identified within the
1q43q44 region. In patient 1, FISH analysis confirmed the deletion
(Figure 2a). Subsequent FISH analysis revealed no abnormalities
in the parents of both families, indicating de novo deletions in
both patients. Molecular karyotyping defined the aberrations as

arr 1q44(243 809 193-245665521) x 1 dn for patient 1 and arr
1q43q44(243 303 991-245 506 920) % 1 dn for patient 2.

In patient 3, terminal deletions of 1q43 were identified and
confirmed by FISH analyses (Figure 2b). As FISH analyses for both
parents showed no abnormalities, this deletion occurred as de novo.
Molecular karyotyping of patient 3 was indicated as arr
1q43q44(242 442 098-249250621) x 1 dn.

In patient 4, a loss of genomic copy number at 1q43g44 and an
additional gain at 5p15.33 were identified (Supplementary Figure 1).
Subsequent FISH analysis confirmed an unbalanced translocation
between 1q43 and 5p in patient 4 (Figures 2c—e), and no translocation
was found in either parents. Consequently, the patient’s unbalance
translocation was determined to be de novo in origin. Her karyo-
type was 46,XX,der(1)t(1;5)(q43;p15.33).arr  1q43q44(242 223 230—
249212668) x 1, 5p15.33(57 640-1705515) x 3 dn. The duplicated
region of 5p was only 1.7 Mb of the terminal region.

In patient 5, terminal deletions of 1q43 were identified with a
breakpoint in the v-akt murine thymoma viral oncogene homolog 3
gene (AKT3). The molecular karyotype was arr 1q44(243 880099—
249212 668) x 1. The largest deletion was identified in patient 6 with
arr 1q43q44(238 888 870-249 212 668) x 1.

| Patient 1T

Figure 1 Results of chromosomal microarray testing presented by Gene View of Agilent Genomic Workbench (Agilent Technologies). Vertical axis and
horizontal axis represent logy signal ratio and genomic position, respectively. Aberrant regions are shown by blue rectangles. Dots indicate the genomic

positions and the log, ratio of each probe.
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