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Fig. 1. Interictal electroencephalogram (EEG) (a, b) and brain magnetic resonance imaging (MRI) (c—f) of the patient. EEG during
both waking (a) and sleep (b) at 1 month of age showed suppression-burst pattern consisting of low-voltage, almost flat phase and
high-voltage paroxysmal-activity phase. Brain MRI showed normal findings at 1 month of age (c, d), and slightly dilated lateral
ventricles at 11 months of age (e, f) because of adrenocorticotropic hormone injection.

could affect donor splicing of exon 10, reverse
transcriptase (RT)—PCR designed to amplify exons
9-12 was performed using total RNA extracted
from LCL derived from the patient (Fig. 2a). A
single band (286 bp), corresponding to the wild-
type STXBPI allele, was amplified using a cDNA
template from a control LCL (Fig. 2b). By con-
trast, a longer band was detected from the patient’s
cDNA (Fig. 2b). The longer mutant transcript had
a 138-bp insertion of intron 10 sequences (Fig. 2¢),
producing a premature stop codon at amino acid
position 302; therefore, the mutant mRNAs are
probably to be degraded by NMD (11, 12). The
intensity- ratio of the mutant compared ‘to the nor-
mal band was increased up to 36.3% after treat-
ment with 30 uM cycloheximide, which inhibits
NMD, compared to 13.8% in the untreated condi-
tion (Fig. 2d). Thus the mutant transcript suffered
from degradation by NMD, which would result in
haploinsufficienicy of STXBPI.

To examine whether the ¢.9024+-5G>A mutation
occurred de novo, the parental DNA extracted from
whole blood were analyzed by HRM. Compared
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with the mother’s sample, the patient’s sample
showed clearly shifted melting curve, indicat-
ing that the heterozygous ¢.9024-5G> A mutation
could be surely detected (Fig. 3a). Interestingly,
the father’s sample showed a slightly shifted melt-
ing curve, suggestmg that the father may harbor
the mutation in mosaic state, which was sug-
gested by sequencing (Fig. 3a,b). Similar melting
curves and electropherograms were obtained in
DNA extracted from saliva, buccal cells, and nails
(Fig. 3a,b). We further investigated the mosaicism
by counting wild-type G and mutant A alleles after -
TA cloning of the PCR product. DNA extracted
from blood, saliva, buccal cells, and nails sug-
gested that 5.3%, 8.7%, 11.9%, and 16.9% of alle-
les (i.e. 10.6%, 17.4%, 23.8%, and 33.8% of cells)
harbored the mutation, respectively (Fig. 3c).

Discussion
To date, 13 point mutations and one deletion
of STXBP1 have been reported in individu-

als with OS (9, 10). Thirteen out of fourteen
deletion/mutations were confirmed as de novo
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Fig. 2. The ¢.902+5G>A mutation causing abnormal splicing
associated with nonsense-mediated mRNA decay (NMD). (a)
Schematic representation of the genomic structure from exons
9 to 12 of STXBPI. Exons, introns and primers are shown
by gray boxes, dashed lines and arrows, respectively. The
mutation in intron 10 was colored in red. Sequences of exon
and intron are presented in upper and lower cases, respectively.
(b) Reverse transcriptase (RT) — PCR analysis of the patient
with ¢.9024+5G>A and a normal control. Two PCR products
were detected from the patient’s cDNA: lower was the wild-
type (WT) transcript and upper was the mutant. Only a single
WT amplicon was detected in a control. The mutant amplicon
was significantly increased by 30-uM cycloheximide (CHX)
treatment compared to DMSO treatment as a vehicle control.
RT (+): with reverse transcriptase, RT (—): without reverse
transcriptase as a negative control. (¢) Sequence of mutant
amplicons clearly showed a 138-bp insertion of intron 10
sequences and a premature stop codon (asterisk) in the mutant
transcript. (d) Quantitative analysis of the NMD inhibition
by CHX based on the data shown in (b). *p = 0.00186 by
unpaired Student’s ¢-test (two-tailed). Averages of duplicated
experiments using two distinctive RNA samples, respectively,
are shown with error bars (standard deviation).

events (paternal DNA was unavailable for one
remaining mutation). Many OSs are sporadic,
probably because of their poor outcome with
severe psychomotor retardation; however, some
X-linked familial cases have been reported with
ARX mutations (6, 8). Here we have showed a
paternal somatic mosaicism of an STXBPI muta-
tion. Although DNA from the semen of the father
could not be analyzed in this study, the iden-
tical ¢.902+5G>A mutation found in both the
father and the affected daughter indicated that
the father should possess the mutation in germ
cells as a mosaic state, suggesting recurrence risks.
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Fig. 3. Paternal somatic mosaicism of the ¢.902+5G> A muta-
tion. (a) Melting curves of PCR products. Compared with the
mother’s sample (black), the patient’s sample (gray) showed
largely shifted melting curve. The father’s sample from blood
(red), saliva (green), and buccal cells (blue) showed slightly,
but distinctly shifted melting curves. (b) Electropherograms of
the ¢.902+5G>A mutation (arrow) showed mosaicism of the
mutation in the father. (c) Allele frequencies counted by TA
cloning of PCR products and sequencing. DNA extracted from
blood, saliva, buccal cells, and nails of the father showed that
5.3%, 8.7%, 11.9%, and 16.9% of alleles harbored the mutant
A allele. The numbers of colonies corresponding to each allele
are indicated within bars.

Thus, somatic and germline mosaicism of STXBPI
mutations should be carefully taken into account
especially for genetic counseling of familial OS
cases.

We have successfully identified the paternal
somatic mosaicism of an STXBPI mutation by
HRM. DNA from blood indicated that the mosaic
ratio is as low as about 5%; therefore, HRM could
be very sensitive in detecting low-ratio mosaicism.
HRM is a rapid and simple approach to detect
heteroduplexes (13). It only requires the addition
of a saturating dye before PCR. By HRM analysis
of the PCR products, the sensitivity of successful
detection of heterozygotes is nearly 100% (13). It
should be noted that the sensitivity of HRM to
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detect somatic changes or heteroplasmy is much
better than that of DNA sequencing (14, 15): HRM
could detect the level of somatic mosaicism down
to 5-10% (15). However, the ability to detect low
percentage heterodeuplex of PCR products may
vary among mutations. Although the heterozygous
c.902+5G>A mutation showed largely shifted
melting curve, we experienced some heterozygous
mutations only showing slightly shifted melting
curve, in which we may not be able to detect
the mosaicism. Therefore, optimization of HRM
analysis for each mutation would be recommended
especially to examine parental samples.

In conclusion, we firstly described the paternal
somatic mosaicism of an STXBPI mutation. The
percentage of mosaicism was quite low (5-17%),
and no minor problems like dexterity, intelligence
(cognition), behavior or psychological state were
recognized in the father. The information described
here was quite useful for future genetic counseling
of this family.
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Proximal mterstltlal deletlons mvolvmg 20q1 1—-q12 are very
rare. Only two cases have been reported. We describe another
patient with 20q11. 21-q12 deletion. We precxsely mapped the
6.5-Mb deletion and successfully determined the deletion land-
marks at the nudeotlde level. Common clinical features among
the three cases include developmental delay, intractable feeding
difficulties with gastroesophageal reflux, and facial dysmor-
phism including triangular face, hypertelorism, and hypoplastic
alae nasi, indicating that the 20q11.2-q12 deletion can be
a clinically recognizable syndrome. This is also supported
by the fact that the three deletions overlap s1gmﬁcant1y In
addition, unique features such as arthrogryposxs/fetal akinesia
(hypokinesia) deformatlon and retmal dysplasia are recognized
in the patient reported herein. © 2011 Wiley-Liss, Inc.

Key words: 20q interstitial deletion; abnormal hands and feet;
retinal dysplasia; feeding difficulty

INTRODUCTION

Interstitial deletions of the long arm of chromosome 20 are rare. To
our knowledge, a total of 12 patients have been reported in the
literature [Petersen et al., 1987; Shabtai et al., 1993; Aldred et al,,
2002; Genevieve et al., 2005; Callier et al., 2006; Borozdin et al., 2007;
Igbal and Al-Owain, 2007]. Among them, only two cases showed
the proximal q deletion (20q11—q12), not extending to q13 [Callier
et al., 2006; Igbal and Al-Owain, 2007]. One patient had a 6.6-Mb
deletion at 20q11.21~q11.23 [Callier et al., 2006], and the other

[Igbal and Al-Owain, 2007] showed a 6.8-Mb deletion at 20q11.2~ .

q12. Here, we report on the third patient with a 6.5-Mb deletion

© 2011 Wiley-Liss, Inc.
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at 20q11.21—q12, clinically showing mental retardation, minor
craniofacial anomalies, and intractable feeding difficulties. The
deletion has been precisely analyzed at the nucleotide level and his
detailed clinical manifestations will be presented.
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CLINICAL REPORT

The 18-month-old boy was the first product of healthy 22-year-old
mother and 25-year-old father without any consanguinity. Preg-
nancy was uneventful. Family history was unremarkable. He was born
by spontaneous vaginal delivery at 38 weeks of gestation. Birth weight
was 2,230 g (—1.7 SD), length 44.0cm (—1.9 SD), and OFC 32.5 cm
(—0.3 SD). Multiple malformations including patent ductus arterio-
. sus, patency of foramen ovale, and dysmorphic face were noted. He was
tube-fed due to poor swallowing and oxygen therapy was required until
4 months because of respiratory disturbance. X-ray examination at age
of 1 month revealed small thorax and mild slender long bones. In
addition, right eye retinal fold was pointed out. At age of 3 months,
upper gastrointestinal tract was investigated because of recurrent
vomiting, and gastroesophageal reflux (GER) and esophageal hiatus

hernia were found. Esophageal hiatus hernia was alleviated spontane-

ously, but GER persisted.

At age of 4 months, he was referred to us for evaluation of
his developmental delay. He was noted to have the following cranio-
facial features: triangular face, premature closure fontanelle, slopping
forehead, wide bending eyebrows, hypertelorism, low-set and poste-
rior rotated ears, long columella nasi, mild hypoplastic alae nasi, short
and well-defined philtrum, thin lips with tucked-in lower lip, sub-
mucosal cleft palate, microretrognathia and posterior low hair-line
(Fig. 1A,B and Table I). Additionally, abnormal hands and feet were
recognized, consisted of restriction of all proximal interphalangeal
joints and over-extension of all distal interphalangeal joints of hands
and feet, radial deviation of 2nd fingers, clinodactyly of the 2nd and

5th fingers, lack of flexion creases bilaterally, right preaxial polydac- -

tyly, left single palmar, and talipes valgus. Mild restriction of elbow,
hip and knee joints bilaterally was also noted (Fig. 1C~E and TableI).
At 15 months, his weight was 7.5 kg (—2.3 SD), length 71.8 cm
(—~2.7SD), and OFC 44.4 cm (—1.6 SD). He could roll over one side
and shift a toy from one hand to the other. Social smile was seen, but
he could not recognize his parents (DQ 48). His dysphagia persisted
based on the modified swallowing study [Kanda et al., 2005]; he
required tube-feeding, and rejected oral intake. Ophthalmic exam-
ination at 15 months revealed broom-like pattern of retinal vessels
extending from optic disc to periphery with a falciform retinal fold
in the right eye, causing visual impairment. In the left eye, mild
opacity in the lateral portion of vitreous body was found. These
findings led to the diagnosis of bilateral retinal dysplasia. Anterior
segment and optic disc were normal. Left hearing loss was suspected
by auditory brainstem response, otoacoustic emission, and behav-
ioral observation audiometry. Brain magnetic resonance imaging
revealed cortical atrophy and mild ventriculomegaly. Blood
biochemistry and abdominal ultrasonographic examination were
all normal. Serological TORCH (toxoplasma, rubella, cytomegar-
ovirus, and herpes simplex) testing was negative. At 18 months, the
shortening of 5th middle phalanges of fingers and absence of middle
phalanges of the toes were confirmed by X-ray examination.

CYTOGENETIC AND MOLECULAR ANALYSIS

G-banded chromosomal analysis (550 bands level) of the patient’s
blood lymphocytes indicated normal karyptype (46,XY) (data not
shown). Fluorescence in situ hybridization (FISH) analysis using all

chromosomal subtelomeric clones did not show any abnormalities.
Array CGH analysis using NimbleGen 385K Array (Roche NimbleGen,
Inc., Madison, WI) demonstrated a 6.5-Mb heterozygous deletion at
20q11.2—q12 (UCSC genome coordinates 2006 Mar. version, chromo-
some 20: 31,269,661—37,782,841 bp) (Fig. 2A). The deletion was also
confirmed by FISH using BACs (RP11-322B6 and RP11-782C16 at
21q11.21,and RP11-54P22 and RP11-467]15 at 20q12), RP11-787Cl16
and RP11-54P22 was deleted while RP11-322B6 and RP11-467]15 were
not deleted (Fig. 3). The deletion junction was successfully amplified by
PCR using primers (Primer A: 5-TGATAG AGC CAA CTG GGT CAT
GTG C-3, Primer C: 5-TCT AGC TTG CTG AAT TCCTGC CTG A-
3') (Fig. 2B) and its product was sequenced. The deleted region was
from 31,274,015 to 37,783,826 bp (6,509,811 bp) with 5-bp overlap
(ATAGA) (Fig. 2C). The deletion occured de novo as FISH and
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junction PCRs denied the deletion in parental samples (FISH data not
shown and Fig. 2B by PCR using primers A, B,and C [ primer B: 5'-AGC
TGC TCA AAG TGG GGT ATT CTG G-3'}).

DISCUSSION

In this study, we precisely analyzed the 6.5-Mb deletion at 20q11.2—
ql2 in a boy, presenting with abnormal hands and feet, retinal

25

dysplasia, and intractable feeding difficulty. Proximal interstitial
deletions of 20q11—ql2 are very rare. Only two cases have been
reported and analyzed either by chromosomal CGH and FISH
analysis or BAC array CGH with 1-Mb resolution [Callier et al.,
2006; Igbal and Al-Owain, 2007]. Clinical features are presented
in Figure 1 and summarized in Table I. Three deletions are over-
lapping and the shortest region of overlap is from 20q11.22 to
q11.23 (Fig. 3). Common clinical features among three cases are
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growth/developmental retardation, intractable feeding difficulties
with GER, cerebral atrophy, and dysmorphic face including trian-
gular face, hypertelorism, and hypoplastic alae nasi. In addition,
two out of three patients shared many other facial dysmorphism
including sparse hair, downslanting palpebral fissures, long
columella, short and well-defined philtrum, thin lips, microretrog-
nathia, and low-set ears. These findings suggest that the 20q11.22—
q11.23 deletion can be a recognizable microdeletion syndrome. In
addition, unique findings of hands and feet abnormalities as well
as retinal dysplasia were found in our patient.

Intractable feeding difficulties in the three patients, is the largest
concern for the family, and are speculated to be caused by combined
factors: prolonged dysphagia (in our case), aspiration associated
with GER (in all three), upper gastrointestinal tract abnormalties
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(pyloric stenosis [Callier et al., 2006] or esophageal hiatus hernia in
our case), vomiting/diarrhea because of feeding intorerance
[Callier et al., 2006], sensory abnormalities (in all), and food refusal
(in the Callier et al. and our patient).

According to UCSC genome browser (March 2006 assembly),
the 6.5-Mb deleted segment identified in our patient encompasses
at least 96 known genes, including nine genes related to human
disorders. One of these is growth/differentiation factor-5 (GDF5,
also known as CDMP1I). This is a protein which belongs to the GDF-
subgroup of BMPs and plays an key regulatory role in embryonic
skeletal and joint development. GDF5 abnormalities are known to
cause avariety of different skeletal disorders. Interestingly, Everman
etal. [2002] and Yang et al. [2008] indicated that functional GDF5
haploinsufficiency was the culprit of brachydactyly type C (BDC,
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OMIM #113100) by in vitro studies. As our patient has the GDF5
haploinsufficiency, he may have the risk for BDC. However, he
did not show this manifestation. He did have polydactyly, talipes
valgus, and absence of the middle phalanges of the toes, which have
been often found in individuals with BDC [Everman et al., 2002;
Temtamy and Aglan, 2008]. Our patient did have a fetal akinesia (or
hypokinesia) deformation phenotype (FADP). The short neck,
hypertelorism, micrognathia, small thorax, postnatal respiratory
disturbance, prolonged feeding difficulty, and slender long bone
could represent FADP. FADP is a clinically and genetically hetero-
geneous constellation arising from fetal akinesia or decrease in utero
movement due to intrinsic factors including neuropathy, myopathy,
and restrictive dermopathy or extrinsic factors that limit fetal move-
ment (e.g., tetragen exposure or fetal crowding) [Witters et al., 2002;
Bamshad et al., 2009]. As extrinsic factors (e.g., abnormality of
amniotic fluid, fetal crowding, congenital infection, and use of the
drug in utero) could not be confirmed in this patient and the
arthrogryposis and FADP are accompanied by other organ anomalies
and developmental delay, the gene(s) at 20q11.21-q11.23 may be a
primary intrinsic cause. Unfortunately, as skeletal malformations in
the other two cases having the 20q11.2—q12 deletion were not fully
described [ Callier et al., 2006; Igbal and Al-Owain, 20071, it is difficult
to discuss the relationship between skeletal features and gene(s) in
20q11.2—q12 deletion.

Retinal dysplasia associated with falciform retinal fold and
impaired vision was also noted. Retinal dysplasia is defined as
abnormal growth and differentiation of embryonic retina either
due to in utero environmental factors such as viral infection,
tetragen exposure, retinopathy of prematurity or genetic factors.
To our knowledge, this is the first description of retinal dysplasia
associated with 20q11.2—q12 deletion.
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Clinical phenotypes of and genetic aberrations in three unrelated
Japanese patients with Axenfeld-Rieger anomalies and various
accompanying malformations of systemic organs are described.
GTG-banded chromosome analysis showed terminal deletions of
the short arm of chromosome 6 in two patients and an inversion,
inv(6)(p25q14), in the other. FISH and DNA array analyses
revealed that the two patients with deletions had 5.0-5.7 Mb
and 6.6 Mb 6p terminal deletions, respectively, and FOXCI was
apparently deleted in both patients. In the other patient, the
inversion breakpoint at 6p25 was estimated to be in or very close
to the FOXCI locus, but DNA array analysis did not reveal a
deletion around the breakpoint. Common extraocular findings
in these patients included broad forehead, brachycephaly, hyper-
telorism, downslanting palpebral fissures, small anteverted nose,
and cardiac defects. Two patients also exhibited autistic char-
acteristics. The two patients with deletions exhibited poor mus-
cle tone and developmental delays. Most of these extraocular
findings were similar to those found in previous patients with
FOXC1 mutations and distinct from those found in patients with
PITX2 mutations, who frequently develop umbilical and dental
anomalies. We suggest that the psychomotor retardation is a
clinical manifestation associated with a deletion of multiple
contiguous genes in the 6p terminus and that this phenomenon
is similar to the 6p25 deletion syndrome. Understanding the
relationship between genetic lesions and the spectrum of extra-
ocular findings in patients with Axenfeld—Rieger anomalies may
lead to better clinical management. © 2011 Wiley Periodicals, Inc.

Key words: Axenfeld—Rieger anomaly; FOXCI; PITX2; DNA
array; FISH; Rieger syndrome
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INTRODUCTION

Axenfeld—Rieger anomalies, a group of genetically and phenotypi-
cally heterogeneous disorders leading to aberrant development of
the anterior eye chambers, are frequently accompanied by a variety
of major and minor anomalies of systemic organs, and patients with
Axenfeld-Rieger anomalies have a 50% or higher incidence of
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glaucoma [Fitch and Kaback, 1978; Alward, 2000]. Genetic loci
associated with Axenfeld—Rieger anomalies have been mapped to
three chromosomal regions: 4q25, 6p25, and 13q14 [Mears et al.,
1996; Phillips et al., 1996; Semina et al., 1996a]. While the gene at
13q14 has not been identified, it is known that mutations in PITX2
cause Axenfeld—Rieger anomalies mapping to 4q25 [Semina et al.,
1996b] and that mutations in FOXCI underlie Axenfeld—Rieger
anomalies mapping to 6p25 [Mears et al., 1998; Nishimura et al,,
1998].

Historically, Axenfeld—Rieger anomalies and related conditions
have been classified as Axenfeld anomaly, Rieger anomaly, or Rieger
syndrome. Patients were considered to have Axenfeld anomaly
when they presented with iris strands connecting the iridocorneal
angel to the trabecular meshwork and a prominent, anteriorly
displaced Schwalbe’s line (posterior embryotoxon). If those
patients presented with iris hypoplasia, corectopia (abnormal
situation of pupil), or polycoria, they were considered to have
Rieger anomaly. When these ocular findings were concurrent with
facial, dental, or umbilical defects, patients were considered to have
Rieger syndrome. However, the overlap in the spectrum of clinical
manifestations and genetic heterogeneity in these patients makes
this classification scheme somewhat confusing and has led to
the proposal that these defects be classified as Axenfeld—Rieger
anomaly (ARA) for patients presenting ocular defects only and

Axenfeld-Rieger syndrome for patients with ocular and extraocular
defects [Shields, 1983]. The term Axenfeld—Rieger anomalies is
used to describe ARA with or without extraocular defects [Lines
et al., 2002], but the correlation between the clinical and genetic
findings in the subsets of patients has not been clearly established.

Here, we describe the clinical phenotypes of and genetic aberra-
tions in three Japanese patients with ARA. Separate terminal
deletions of chromosome 6p were found in two patients with
phenotypes characteristic of so called Axenfeld—Rieger syndrome.
The other patient who had congenial glaucoma and Rieger anomaly
visited us asking whether his ocular anomaly was related to his
abnormal karyotype: 46,XY,inv(6)(p25.1q12.1),t(4;12)(p25;q14).

CLINICAL REPORTS

This project was approved by the Committee for genetic test and
counseling, Tenshi Hospital, Japan.

Patients

Patient1. ThisJapanese girl was born after 42 weeks of gestation
with a birth weight of 2,258 g (<5th centile), length of 47.4cm
(32nd centile), and head circumference of 33.0 cm (47th centile) to
unrelated Japanese parents, who were both phenotypically normal.
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She exhibited a number of congenital anomalies, including
apparent hypertelorism, downslanting palpebral fissures, high
palate, fusion of labia minor, redundant peri-umbilical skin,
agenesis of corpus callosum, atrial septal defect, and bilateral
sensorineural deafness. Ocular findings included buphthalmos in
the neonatal period, posterior embryotoxon, and strabismus. Her
intraocular pressure and pupil shape were normal, leading to a
diagnosis of Axenfeld anomaly. Her developmental milestones were
delayed; she controlled her head at 4 months of age, sat without
support at 11 months, walked at 22 months,and had not spoken any
meaningful words at 24 months. When measured at 19 months of
age, her height was 80:2 cm (49th centile) and weight was 9.2kg
(21st centile). She showed autistic behavior at 5 years of age.

Standard G-banded chromosome analysis and multiple-
chromosome painting revealed 46,XX,del(6)(p25.1). The karyo-
types of the parents were normal.

Patient 2. This Japanese boy was born after 37 weeks of
gestation with a weight of 2,926 g (64th centile), length of 48.0 cm
(45th centile), and head circumference of 34.0 cm (62nd centile) to
unrelated Japanese parents, whowere phenotyplcallynorrnal Inthe
neonatal penod he presented w1th cloudy cornea. Ophthalmolog-

(q35;q11.1) (Fig. 1). When he visited us for gene ¢ cour eling at
age 14 months he had a 'b‘oa for

METHDDS

head and brachycephaly,w

trabeculectomy on both eyes several times to control intraocular
pressure. His growth and development were normal. He showed
autistic behavior at 3 years of age. G-banded chromosomal analyses
of the parents were normal.

Patient 3. This Japanese boy was born after 40 weeks of gesta-
tion with a birth weight of 3,230 g (56th centile), length of 49.1 cm
(39th centile), and head circumference of 32.5 cm (28th centile) to
unrelated Japanese parents, who were phenotypically normal.
Atrial septal defect and pulmonary stenosis were found in the
neonatal period, but no treatment was needed. Buphthalmos
was noticed at 4 months of age. Ophthalmological examination
revealed increased intraocular pressure and posterior embryotox-
on. He was referred to us for genetic counseling at 8 months. He had
abroad forehead, apparent hypertelorism, downslanting palpebral
fissures, low-set and malformed ears, and a small anteverted nose.
Brain MRI and brainstem auditory evoked potential were normal.
No dental or umbilical anomalies were found. No surgery was

‘necessary to treat the mcreased mtraocular pressure. He was
~hypotonic, - and his development was mildly delayed. His

growth was normal Chromosomal analysis revealed an abnormal
karyotype 46,XY,der(6)t(X; 6)(p2 3,p25)dn or 46,XY,der(6)t-

(Y 6) (p22 3,p25)dn. The karyotypes of the parents were normal.

C omosomal analym was performed on peripheral blood lym-
phocytes. Metaphase chromosomes were G-banded for karyotype
nalysis and prepared | for fluorescence in situ hybridization (FISH)
analysw{ RP-11 human BAC clones that map near the 6p25

ic.: breakpomts and the dlstal part of 6p were selected and utilized for

and ultrasound screening 1 fo abdominal organs were both normal ;
By the age of 2 years, he had undergone trabec lotomy nd

31

FISH analys1s, which - was performed ‘according to the standard

- protocol [Shunokawa et al.; 2005]. Mapping information was
 retrieved from ,the;UCSCmgeno;‘ne,browser, 2004 May version



2928

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

(http://genome.ucsc.edu/cga-bin/hgGateway). We also performed
DNA array examination with Affymetrix GeneChip 250K Nsp array
of 263,000 SNPs according to the manufacruer’s protocols, and the
data were analyzed using CNAG 3.0 software.

RESULTS ‘

In Patient 1, FISH analyses using BAC clones, GS-62I11 (6p25.3),
RP11-139J12 (6p25.3), RP11-939G22 (6p25.3), RP11-205]J13
(6p25.3) (which encompasses the FOXCI gene), RP11-45212
(6p25.3), RP11-45212 (6p25.2), RP11-420G6 (6p25.2), and
RP11-349H3 (6p25.1) resulted in a single spot of fluorescence.
In contrast, hybridization with clones RP11-324B14 (6p25.1),
RP11-796J17 (6p25.1),

RP11-69L16 (6p24.3), and RPI11-

1065N24 (6p24.2) resulted in two fluorescent signals (Table I and
Fig. 2). These results were confirmed by a comparative genomic
hybridization study that revealed a 5.0—5.7 Mb 6p terminal deletion
(data not shown).

In Patient 2, three FOXCI-containing clones, RP11-205]J13, RP11-
13F18, and RP11-265E5, gave split signals on the inv(6)chromosome,
while clones distal and proximal to FOXCI gave signals at the original
position and at the inverted position, respectively (Table I and Fig. 2).
DNA array analysis revealed no loss or gain of signals on any part of
chromosomes 6 (Fig. 3a), 4, or 22 (data not shown).

In Patient 3, DNA array tests revealed a 6,610kb deletion of
the short arm of chromosome 6 encompassing SNP A-2058596
(position 119,769) to SNP A-1892272 (position 6,735,864)
(Fig. 3b). '
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DISCUSSION

We analyzed the genomic lesions in three patients with ARA. The
FISH analyses and DNA array examinations along with G-banded
chromosome analyses clearly showed a 5.0—-5.7 Mb and a 6.6 Mb 6p
terminal deletion in Patients 1 and 3, respectively (Fig. 4). FOXCI
coding sequence is located at position 1555680—~1557341 in 6p25.3,
and the gene was apparently deleted both in Patients 1 and 3. In
Patient 2, the results of FISH analyses and DNA array examination
indicated that the chromosomal breakpoint at 6p25.3 was in or very
close to the FOXCI locus (Fig. 4). Therefore, it is plausible that in
Patient 2 the breakpoint at 6p25.3 directly interrupted the

gene structure or somehow impaired the function of FOXCI BAC concs
through a position effect, similar to that in a patient with a balanced RPLL-LS7I24 |- froxct
translocation, t(6;13)(p25.3;q22.3) [Nishimura et al., 1998]. RPI113F18

RP11-964J7
RP11-265E5

‘Several patients with 6p terminal deletions have been reported
[Kume et al., 1998; Law et al., 1998; Nishimura et al., 1998; Baruch
and. Erickson, 2001; Lehmann et al., 2002; Anderlid et al., 2003;
Maclean et al., 2005; Suzuki et al.; 2006; Martinez-Glez et al., 2007;
Martinet et al., 2008]. Recently, Gould et al. [2004] and Lin et al.
[2005] s summarlzed the phenotypes of patients with 6p25 deletions,
showmg that these patients exhibited a recogmzable pattern‘
of malformatlons, " namely '6925 deletion syndrome. These
malformations 1nclude hypertelonsm, downslanting palpebral ,
fissures, ARA, hearing loss, anomalies in the central nervous system,
and developmental delay. As shown in Table II, manifestations of
Patients 1 and 3 were consistent with those of the 6p25 deletion
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syndrome. Most of the clinical manifestations in these patients were
thought to be due to haploinsufficiency of multiple genes in the 6p
terminal region. Patient 2 in this study and a patient reported by
Nishimura et al. [1998] each had a balanced chromosomal rear-
rangement and exhibited diverse multiple extraocular findings; for

e QZ:Ii’Stup Ak

—— 10-bp del atnt 93

——— 10-bp del at nt 99
$-bp del at nt 116

— 1-bp del at nt 210%**

PTOT*%%
S82T***
I87M

example, Patient 2 exhibited apparent hypertelorism, downslanting
of palpebral fissures, maxillar hypoplasia, and aortic coarctation,
while the patient from the previous report exhibited hypertelorism,
palatal anomaly, CNS anomaly, and hypoplastic lungs. The diver-
sity of these phenotypes suggests that chromosome breakage at

1-bp ins at nt 262

— 1-bp del at nt 1512
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6p25 in those two patients might influence the function of FOXCI
and other neighboring genes because most patients with simple
FOXCI mutations had only intraocular abnormalities. The array of
FOXCI mutations with which clinical phenotype are documented
isshown in Figure 5 [Mears et al., 1998; Nishimuraetal., 1998, 2001;
Swiderski et al., 1999; Mirzayans et al., 2000; Kawase et al., 2001;
Suzuki et al., 2001]. Of the 70 patients with documented FOXCI
mutations, 8 patients had hypertelorism, and 7 had cardiac anom-
alies. These two phenotypes may be relatively frequent in patients
with FOXCI mutations. In contrast, dental and umbilical defects
were frequently observed in ARA patients with PITX2 mutations,
and hypertelorism and cardiac anomalies were rarely seen in these
patients [Semina et al., 1996b; Schinzel et al., 1997; Alward et al.,
1998; Flomen et al., 1998; Kulak et al., 1998; Doward et al., 1999;
Perveen et al., 2000; Priston et al., 2001; Saadi et al., 2001; Semina;
2004]. Although actual frequencies of extraocular dysmorphic
features associated with of Rieger syndrome have not been
established, umbilical and dental anomalies seem to accompany
PITX2 defects frequently, while hypertelorism and cardiac anoma-
lies are often associated with FOXCI defects. This difference in the
spectrum of extraocular phenotypes between FOXCI and PITX2
lesions could be due to differences in tissue-specific expression of
PITX2versus FOXCI [Sémina et al., 1996b; Nishimura et al., 1998].
Understanding the relationship between the genetic lesions and
clinical manifestations in patients with Axenfeld—Rieger syndrome
would provide better clinical management and genetic evaluation,
but this relationship is a complex and difficult matter. Further
studies on the function(s) of two genes, FOXCI and PITX2, or other
unrecognized genes in the 6p25 region are necessary.
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~ identify any causative. mutauons : o
Objective To carry out exome sequencrng of entrre e

~ High-throughput,

SHORT REPORT

Rapid detection of a mutation causing X-linked
leucoencephalopathy by exome sequencing

Yoshinori Tsurusaki,
Megumi Tsuji,2 Hiroshi Doi,"
Noriko Miyake'

ABSTRACT

~ Background Conventronal PCR based dlrect sequencrng>

of candidate genes for a family with X- linked
leucoencephalopathy with unknown aetroiogy farled 10

transcripts of the whole X chromosome to rnvestrgate :

“a family with X llnked leucoencephalopathy

male subj ect {his brother) A nonsense mutatron in MCT8
(c.1102A—-T (p. R368X)) was rdentlf ed-in the proband
Subsequent PCR-based drrect sequencing- of other family.
members confirmed. the presence of thi ‘
hemizygous in the other affected broth
heterozygous in the proband’s mother :
grandmother. MCT8 mutations usually caus
thyroid function in addition-to neurological abnormalities,
but this proband had normal thyroid function.
Conclusion Single-lane exome next-generation
sequencing is sufficient to fully analyse all the transcripts
of the X chromosome. This method is particularly suitable
for mutation screening of X-linked recessive disorders and
can avoid biases in candidate gene choice.

INTRODUCTION
next-generation  sequencing
(NGS) can have a tremendous impact on human
genetic research.! Even personal whole-genome
analysis is possible,? but the cost of obtaining and
analysing an entire genome from many people is
still unrealistic for many laboratories. Selection and
enrichment of regions of interest (genome
partitioning) enable us to use NGS efficiently for
reasonable numbers of patients with genetic
disorders.®~

Ready-to-use microarray-based and solution-
based hybridisation systems are now commercially
available. A combination of genome partitioning
using these systems and NGS is one of the most
promising ways to identify genes causing Mende-
lian disorders.’

Here, we performed exome sequencing of entire

transcripts of the whole X chromosome to inves-

tigate a family with X linked leucoencephalopathy
with unknown aetiology after intensive candidate
gene analysis by conventional exon-by-exon Sanger
sequencing. A single-lane run of NGS on only two
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. farmly ‘members
vleucoencephalopathy-causing mutation.

‘referred to us at age 5months.

Hitoshi Osaka,? Haruka Hamanoue,' Hiroko Shimbo,?
“Hirotomo Saitsu," Naomichi Matsumoto,’

successfully - determined the

E susdecrs AND METHODS

nystag, us was noted as a . neonate. Because of his
- poor. welght gain and developmental delay, he was

He showed
progressive’ spasticity and dystonia with exagger-

- ated: deep tendon reflexes as well as myoclonic and
- ‘tonic seizures, which responded to valproic acid

and clonazepam at age 21 months. Brain MRI at
2years showed diffuse hyperintensity of the
frontal lobe on T2-weighted images, suggesting
hypomyelination, and normal T1-weighted
images (figure 1B,C). The peak latency intervals
in auditory brainstem responses (I-V/III-V)
were 4.63/2.37 ms, which were elongated compared
with those of age-matched controls (4.24%0.08/
1.97+0.08 ms (mean=*SD)). He was clinically diag-
nosed  with  Pelizaeus—Merzbacher  disease
(MIM#312080), although neither mutation
nor duplication was found in PLP1 (RefSeq Gene ID,
NM_000233) or GJA12 (NM_020435)
(the duplication in GJA12 was not checked). He was
never able to follow objects or control his head.
The dystonia worsened and he is now mechan-
ically ventilated because of tracheomalacia. A thyroid
function test at age 13 years indicated all normal
levels: free tri-lodothyronine (T) 1.2 ng/ml (normal
range 0.8—1.6 ng/ml), free thyroxine (T4) 6.4 pg/dl
(normal range 6.1—-12.4 pg/dl) and thyroid-stimu-
lating  hormone 1.2 pIU/ml  (normal range

0.5—5 pIU/ml). Brain MRI at age 13 years demon-

strated improvement of myelination in the white
matter, but he still presented with severe mental
retardation (figure 1D,E). His younger brother was an
8-year-old boy (III-3) with an almost identical clinical
course and MRI findings. His grandparents (I-1, 1-2)
were both healthy. The elder uncle (II-1) died at age
27 years who, initially, could walk with support but
who declined towards the end of his life. Another
uncle (II-2) was diagnosed with cerebral palsy and
died at 7 months of age of unknown causes.
Informed consent was obtained from the
patient’s family members in accordance with
human study protocols approved by the
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Figure 1 Pedigree and brain MRI of
the proband. (A) Family pedigree. (B)
T2-weighted image at age 2 years
shows diffuse hyperintensity, especially

in the frontal lobe. (C) T1-weighted
image at 2 years shows nearly
complete myelination. (D and E) At age
13 years, both T2 (D) and T1

(E}-weighted images demonstrate
complete myelination; the '
hypomyelination observed at age

2 years can therefore be regarded as
delayed myelination. (F) Flow of
informatics analysis. A MAQ-based
method and NextGENe analysis were
performed (lli-2). The selection methods
included variation relative to the human
genome reference sequence; variants
mapped to the X chromosome;
unknown variants {excluding registered
SNPs); variants identified in the proband
only {not in his healthy brother);
variants in known genes; coding region
variants; variants in genes at
Xq13.1—qg25; and variants common to
the two informatics methods. MAQ,
Mapping and Assembly with Qualities;
SNP, single nucleotide polymorphism.

institutional review board at Kanagawa Children’s Medical
Centre and Yokohama City University School of Medicine.

Genome-wide single nucleotide polymorphism (SNP) genotyping
Genome-wide SNP genotyping was undertaken for individuals
I-1, 1-2, 11-3, 114, III-1, II-2 and III-3 using the GeneChip
Human Mapping 10K Array Xba 142 2.0 (Affymetrix Inc, Santa
Clara, California, USA), according to the manufacturer’s
protocols. Mendelian errors in the pedigree to exclude conflicted
SNPs were checked using GeneChip operating software 1.2
(Affymetrix) and batch analysis in GeneChip genotyping anal-
ysis software 4.0 (Affymetrix), with the default settings for
a mapping algorithm. Copy Number Analyzer for GeneChip 2.0
was used to validate copy number alterations.” The linked region
with SNPs shared between individuals III-2 and III-3 (not
observed in III-1) was checked manually.

Genome partitioning, short-read sequencing and sequence
alignment

Genomic DNAs from the proband (III-2) and his unaffected
brother (III-1) were used for this study. Three micrograms of
DNA were processed using a SureSelect X chromosome test kit
(1582 transcripts covering 3053 kb) (Agilent Technologies, Santa
Clara, California, USA), according to the manufacturer’s
instructions. Captured DNAs were analysed using an Illumina
GAIlx (Illumina Inc, San Diego, California, USA). We used only
one of the eight lanes of the flow cell (Ilumina), performing
single 76 bp reads for each sample. Image analysis and base
calling were performed by sequence control software (SCS) real-
time analysis (Illumina) and/or offline Basecaller software v1.6
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(llumina) and CASAVA software v1.6 (Illumina). Reads were
aligned to the human reference genome sequence (UCSC hgl8,
NCBI build 86.1) using the ELAND v2 program (Illumina).
Coverage was calculated statistically. Identified variants were
annotated based on novelty, impact on the encoded protein, the
number and frequency of reads and conservation. NextGENe
software v1.99 (SoftGenetics, State College, Pennsylvania, USA)
was also used to analyse reads, with the default settings.

‘Mapping strategy and variant annotation

Approximately 9.9 million reads from III-1 (the unaffected
sibling) and 7.8 million reads from III-2 (the proband), which
passed the quality control (Path Filter), were mapped to the
human reference genome by Mapping and Assembly with
Qualities (MAQ)® and NextGENe software (SoftGenetics)
(figure 1F). The bait region of the X chromosome based on the
manufacturer’s information was carefully evaluated. MAQ was
able to align 7359 688 and 6 614 972 reads to the whole genome
for ITI-1 and III-2, respectively, which were statistically analysed
for coverage using a script created by BITS Co Ltd (Tokyo,
Japan). SNPs and indels were extracted from the alignment data
using another script created by BITS, along with information on
registered SNPs (dbSNP build 130). A consensus quality score of
=40 was used for the SNP analysis in MAQ.

Capillary sequencing

Possible pathological variants were confirmed by Sanger
sequencing using an ABI 3500x! or ABI3100 autosequencer (Life
Technologies, Carlsbad, California, USA), following the manu-
facturer’s protocol. Sequencing data were analysed by
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Sequencher software (Gene Codes Corporation, Ann Arbor,
Michigan, USA).

RESULTS AND DISCUSSION

Coverage analysis showed that 78.9% of all the X chromosome
transcripts were completely covered by reads, and that 11.6% of
transcripts were at least 90% covered. Almost all (99%) of these
regions were covered by 20 reads or more (100 reads or more in
97%) by only single-lane sequencing. SNP genotyping was able
to delineate the minimal linked region from rs763739 to
rs1073455 (UCSC genome browser hgl9 assembly, X chromo-
some coordinates: 76804 990—126844262) (50 Mb). The
maximum linked region was from rs1926354 to rs859587 (UCSC
genome  browser  coordinates: 68404 915—128933907)
(60.5 Mb). Exome GAIIx sequencing with the two informatics
methods identified four potentially interesting changes in the
maximum linked region: c.1102AT (p.R368X) in MCTS
(NM_006517; alternatively called SLC16A2); c.1402T—G (p.
S468A) and c.1943A—G (p.H648R) in CYLCY (NM_021118);
and c1606G— A (p.D536N) in LRCH2 (NM_020871) (figure 1F).
c.1102A—-T (p.R368X) in MCT8 was found heterozygously in
the proband’s healthy mother (II-3) and maternal grandmother
(I-2), and hemizygously in the proband and his affected younger
brother; each was confirmed by Sanger sequencing (figure 2).
This change was not present among 92 normal female controls
(0/184 alleles).

The MCT8 gene encodes a thyroid hormone transporter and is
implicated in syndromic X-linked mental retardation,
Allan—Herndon—Dudley syndrome and Pelizaeus—Merzbacher-
like disease (PMLD).”~'? This nonsense mutation, c.1102A—T
(p-R368X), which might lead to nonsense-mediated decay
resulting in no protein production, is highly likely to be
pathological. Based on the human gene mutation database
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Figure 2 Electropherograms of a normal control, a carrier (mother) and
the affected proband.
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(http://www.hgmd.cf.ac.uk/ac/index.php), three nonsense
mutations in this gene have been previously registered: p.R245X,
p-Q335X and p.5448X. The other identified variants, in CYLC1
and LRCH2, are all SNPs because they were identified in normal
controls: ¢.1402T—=G (CYLC1): 5/182 alleles, c.1943A—G
(CYLC1): 12/184 alleles and c1606G— A (LRCH2): 5/184 alleles.
We concluded that the MCT8 mutation was pathogenic in this
family.

PMLD caused by MCT8 mutations presents with infantile
hypotonia, severe psychomotor development, nystagmus,
generalised muscle weakness, dystopia, joint contracture and
progressive spastic paraplegia. All affected male subjects develop
the disease, while heterozygous female subjects are clinically
normal or sometimes show mild thyroid dysfunction.? !? Brain
MRI shows delayed myelination in the first few years of life,
which subsequently improves but with residual neurological
disability. The unique diagnostic feature of the disease is an
abnormal thyroid hormone profile: increased free T, decreased
free T4 and normal thyroid-stimulating hormone.* The cases
we analysed here showed clinical features and brain MRI find-
ings typical of PMLD, but no thyroid hormone abnormalities.
Based on regular laboratory testing and conventional PCR-based
gene screening, we might have failed, or taken much longer, to
identify the causative mutation. Thus, unbiased screening
without prior knowledge is one of the advantages of NGS.

Thyroid hormone (T4 and T3) is important in neuronal
development and its deficiency in the pre/neonatal stage causes
a form of mental retardation called cretinism. Ty is released from
the thyroid as a prohormone and is altered to biologically active
T3 by iodothyronine deiodinases.’® Active Tj is delivered to the
peripheral organs via thyroid hormone transporters. MCT8 is
a thyroid hormone-specific transporter and is mainly expressed
in the brain and liver.'* 1 In MCT8 deficiency; T3 and T4 uptake
is impaired and deiodinase 2 is activated.'® This results in
increased serum T3 levels because of T3 accumulation in the
peripheral blood. In previous. reports, the majority of patients
showed abnormal levels of thyroid hormones, but some
displayed values within the normal range.” *° *2 ¥ 18 The vari-
able range for abnormal thyroid hormone levels might be
explained by unidentified modifier effect(s) and/or other trans-
porter(s) that can compensate for MCT8 function.'® Addition-
ally, although MCT8 deficiency has been determined by
abnormalities in thyroid function tests, it is unknown what
proportion of the patients with MCT8 deficiency show
abnormal thyroid function. We suggest that it is important to
evaluate thyroid hormone function in PMLD with unknown
cause.

Before the exome NGS analysis, we screened PLP1, GJA12, and
seven other candidate genes mapped to the linked region: MISN
(NM_002444), IGBP1 (NM_001551), SNX12 (NM_013346),
OGT (NM_181672), HDAC8 (NM _018486), SH3BGRL
(NM_003022.2) and PCDH11X (NM_032967.2). Because we
found no pathological changes, we adopted the exome
sequencing strategy. We determined that exome sequencing with
a single lane for each sample was sufficient to analyse all the
transcripts of the X chromosome. In X-linked recessive diseases,
male subjects are usually affected, and therefore the single X
chromosome is the primary target of exome sequencing. Except
for mosaic mutations, the hemizygous (rather than heterozy-
gous) status of disease-related nucleotide changes is relatively
easy to detect using all-or-none NGS reads (0% or 100% of
reads). There was no difference in the ability of our two infor-
matics methods (MAQ and NextGENe) to detect pathological
changes. This approach could equally be applied to the analysis
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