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Table 2. Surgical History of Each Patient

L-ETVTF6T10C

8ang seroyy, uuy

Maximum
Indication ~ Diameter
of First of Aorta First Second Third Fourth Fifth Total Aortic
Group Patients ~ Operation (mm) Operation Operation Operation Operation Operation Replacement
D 1 Chronic 60 DTAA VSRR (49) TAAA (53) Bentall (159) Yes
AD (B) repair (remodeling) repair
+ TAR
2 Chronic 60 AAA HAR (5) DTAA (46) TAAA (85) Bentall + (154) Yes
AD (B) repair repair repair TAR
3 Chronic N/A DTAA TAR (41) TAAA (62) Bentall + (104) Yes
AD (B) repair repair MVR
4 Chronic 45 AAA No
AD (B) repair
5 Chronic 60 TAR AAA repair (110) TAAA (116) No
AD (B) repair
6 Chronic 59 DTAA Bentall + (13) TAAA (26) Yes
AD (B) repair TAR repair
7 Acute N/A Bentall TAR (132) RedoBentall (195) Redo (196) No >
AD (A) Bentall ]
8 Acute 78 HAR VSRR (51) No =2
AD (A) g
9 Acute N/A HAR VSRR + TAR  (67) No E
AD (A) )
10 Acute AD TAR DTAA repair (1) No I
(A) 9]
@]
2
N 11 AAE 57 VSRR TAR (79) DTAA AAA TAAA Yes Q
repair repair repair &)
12 AAE 50 VSRR No 0
13 AAE 45 VSRR No E
14 AAE 48 VSRR No 9
15 AAE 58 VSRR o No @
16 AAE 60 VSRR AAA repair 3) No E
».]
Numbers in parentheses indicate months from first operation. ;
AAA = abdominal aortic aneurysm;  AAE = annuloaortic ectasia;  AD (A) = aortic dissection, type A;  AD (B) = aortic dissection, type B; = DTAA = descending thoracic aortic aneurysm;  HAR = % E
hemiarch replacement; ~ MVR = mitral valve replacement;  N/A = not available; ~ TAAA = thoracoabdominal aortic aneurysm; ~ TAR = total arch replacement; ~ VSRR = valve-sparing root B
replacement. % :
=
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Fig 1. Freedom from aortic reintervention for all patients (Pts) after
first aortic operation.

TGFBR molecules are associated with cardiovascular
development and function: TGFBR1 or TGFBR2 mutations
influence collagen deposition and elastin organization in
the extracellular matrix. With respect to the histopathologic
features of aortic specimens, fragmentation of elastic fibers
is frequently seen in patients with both LDS and MFS.
Maleszewski and colleagues [5], who examined aortic spec-
imens of patients with both LDS and MFS in detail, showed
that high collagen deposition and medial degeneration of
the diffuse type with relatively little medial degeneration of
the cystic type helps differentiate LDS from MFS. Indeed, in
most of our patients, the pathologic findings showed diffuse
medial degeneration in addition to fragmentation of elastic
fibers. These changes in the media make the aortic wall
fragile and lead to arterial tortuosity with aortic aneurysms
and dissections.

In patients with LDS, management of aortic lesions is
vital for prognosis, as it is in other CTDs. Most patients in
group D, who underwent initial aortic repair after aortic
dissection, needed further aortic operations because the
dissected aorta of patients with LDS dilates easily. As a
result, 40% of patients had their aortas replaced entirely in
several rounds of aortic repair. Conversely, all patients in
group N, in whom aortic lesions were detected before aortic
events occurred, underwent aortic operations for AAE. For
all patients in group N, VSRR with a reimplantation tech-
nique using a polyester tube graft with prefashioned pseu-
dosinuses (Gelweave Valsalva graft; Vascutek, Renfrews-
hire, Scotland, UK) could be carried out successfully, and
postoperative echocardiography revealed less than trivial
aortic regurgitation. Patel and colleagues [6] demonstrated
that midterm results of VSRR for patients with LDS are
encouraging, and we also believe that it is an effective
surgical option, especially for young patients.

In our series, there were 2 cases of subdural hematoma
postoperatively. One occurred after descending thoracic
aorta replacement. In our strategy, at the time of replace-
ment of the descending or thoracoabdominal aorta, a
cerebrospinal fluid (CSF) drainage catheter is inserted,
and motor-evoked potentials are monitored for spinal

Ann Thorac Surg
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cord protection. When the amplitudes of the motor-
evoked potentials decrease or recover insufficiently, CSF
drainage commences. Therefore the cause of the subdural
hematoma might be considered to be related to rapid
drainage of CSF performed for spinal cord protection. The
other patient, who underwent thoracoabdominal aortic re-
placement for chronic type B aortic dissection, experienced
subdural hematoma 2 days postoperatively, although no
intracranial lesions were observed on preoperative brain
computed tomography. Intracranial aneurysms have been
reported as 1 of the arterial lesions related to LDS {7, 8. In
our patient, magnetic resonance or computed tomography
angiography for intracranial lesions had not been per-
formed preoperatively; however, we should pay attention
to the existence of such intracranial aneurysms.

In 1 particularly interesting case (patient 11, Table 2),
aortic dissection occurred from the aortic arch to the
abdominal aorta about 6 years after VSRR. The patient
had received regular follow-ups and a computed tomo-
graphic scan after the initial operation; the maximum
diameter of the aortic arch was only 39 mm on a com-
puted tomographic scan taken 1 month before dissection
(Fig 3). After this, she underwent total aortic replacement
through serial aortic repairs over 1 year. This experience
may suggest that a more aggressive strategy be consid-
ered to concomitantly repair the aortic arch at the root
operation for prevention of future type A aortic dissec-
tion, as Augoustides and colleagues [9] advocated. Fur-
ther follow-up is therefore necessary.

Clinical strategies for aggressive aortic lesions in LDS
have yet to be established because there are still few
large-scale reports about surgical results and prognoses.
However Williams and colleagues [10], who have much
experience in aortic operations for patients with LDS,
suggested that the threshold for surgical intervention in
adult patients with LDS is 4 cm for the aortic root and
abdominal aorta and 5 cm for the descending thoracic
aorta or for rapid expansion (> 0.5 cm/year) regardless of
location® This surgical approach is considered more ag-
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Fig 2. Kaplan-Meier survival curve for all patients (Pts) after first
aortic operation.
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gressive than that for patients with MFS. In our experi-
ence, operative results for patients with LDS were satisfac-
tory; moreover, once aortic dissection occurs, most patients
need repeated aortic operations [11]. Before this disease
was recognized, we had considered surgical indications and
management of LDS in the same way as those for MFS.
However for the past few years, in which we have recog-
nized the fragile nature of aortic lesions in patients with
LDS, we have been adopting a more aggressive strategy for
surgical intervention. Therefore we believe that early sur-
gical intervention may improve prognosis by preventing
fatal aortic events.

Endovascular treatment should be considered a con-
traindication in patients with LDS because use of the
native aorta as a landing zone carries the risk of potential
dilatation. However a recent noteworthy case report
describes hybrid therapy, combining open aortic repair
and endovascular stent grafting [12].

This study has some limitations. First, our experience
with this recently recognized arteriopathy is still limited.
Second, this study is retrospective in nature.

In conclusion, we should recognize the aggressive
aortic pathologic process in this syndrome, and a clinical
management strategy should be established by accumu-
lating further clinical experience.
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Prenatal complex congenital heart disease with
Loeys—Dietz syndrome

Yukiko Kawazu,' Noboru Inamura,’ Futoshi Kayatani,l Nobuhiko Okamoto,? Hiroko Morisaki’

I Department of Pediatric Cardiology; *Department of Medical Genetics, Osaka Medical Center and Research Institute
for Maternal and Child Health, Izumi; > Department of Bioscience and Genetics, National Cerebral and
Cardiovascular Center Research Instituze, Suita, Osaka, Japan

Abstract We report an infantile case of Loeys—Dietz syndrome prenatally diagnosed with congenital complex
heart disease — double outlet right ventricle and interruption of the aortic arch. The patient also showed
prominent dilatation of the main pulmonary artery. Emergency bilateral pulmonary artery banding was
performed on the 9th day. However, on the 21st day, the patient died of massive bleeding due to rupture of the
right pulmonary artery. Subsequently, a mutation of the TGFBR1 gene was detected. As cardiovascular lesions
of Loeys—Dietz syndrome appear early and progress rapidly, the prognosis is generally poor. Patients require
periodic examination and early intervention with medical therapy such as Losartan administration and
surgical therapy. Early genetic screening is thought to be useful for the prediction of complications as well as

vascular disease.
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rare autosomal dominantly inherited connec-

ive tissue disorder caused by heterogeneous
mutations in the genes encoding the transforming
growth factor beta receptor one or two.' This
syndrome is characterised by the triad of arterial
tortuosity, aneurysm or dissections, hypertelorism,
and bifid uvula or cleft palate.” Here, we present a
patient prenatally diagnosed with complex conge-
nital heart disease and confirmed with Loeys—Dietz
syndrome after birth.

I:EYS_DIEIZ SYNDROME IS A NEWLY RECOGNISED,

Case report

A 31-year-old pregnant woman was referred to
our paediatric cardiology unit at the 36th week of
gestation because of foetal congenital heart disease
and dilatation of the pulmonary artery. ’

Correspondence to: Y. Kawazu, MD, PhD, 840 Murodo-cho Izumi-city, Osaka
594-1101, Japan. Tel: +81 725 56 1220; Fax: +81 725 56 1858; E-mail:
kadoy@mch.pref.osaka.jp

The first foetal echocardiography revealed a huge
aneurysm of the main pulmonary artery and
complex congenital heart disease — double-outlet
right ventricle and interruption of the aortic arch
(Fig 1). Detailed multi-planar scanning showed that
there was no pulmonary valve stenosis, because of
no acceleration in pulmonic flow, and no absent
pulmonary valve. Therefore, we suspected a con-
nective tissue disorder, such as Marfan syndrome.
The foetus was followed up weekly for foetal
decompensation and signs of hydrops until the
39th week of gestation, and an elective caesarean
section was then performed. The male infant
weighed 2834 grams at birth. After delivery, the
infant developed dyspnoea and was intubated for
artificial ventilation. Subsequently, a cleft of the soft
palate and bifid uvula were noted. To treat the
interruption of the aortic arch, we started him on a
prostaglandin infusion to maintain patent ductus
arteriosus and on nitrogen inhalation to prevent
pulmonary blood flow increase. Computed tomo-
graphy and angiocardiography confirmed the heart
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Figure 1.

Foetal echocardiography shows a lavge ventricular septal defect (*) of the double-outlet vight ventricle (a), anenrysmal pulmonary artery
(b, c), and interruption of the aortic arch (d). aAo = ascending aorta; Ao = aorta; DA = ductus arteriosus; dAo = descending aorta;
LV = left ventricle; LSCA = left subclavian artery; PA = pulmonary artery; RSCA = right subclavian artery; RV =right ventricle;
SVC = supra caval vein.

Figure 2.

Computed tomography (day 0) shows the interruption of the aortic arch and aneurysmal main pulmonary artery before operation (a).
Computed tomography (day 18) shows progress of the significant expansion of the right and left pulmonary arteries and descending aorta
after operation (b). A = anterior; alo = ascending aorta; dAo = descending aorta; L = left; [tpa = left pulmonary artery; P = posterior;
mPA = main pulmonary artery; rtPA = right pulmonary artery; R = right.

disease diagnosed prenatally (Fig 2a). Loeys—Dietz facial appearance. On the 9th day, as the patient
syndrome was strongly suspected because of the had suffered a pulmonary haemorrhage due to
presence of cardiovascular lesions, thin skin, and pulmonary blood flow increase, emergency bilateral
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pulmonary artery banding was performed. However,
during sutgery, it became apparent that application
of normal pulmonary artery banding was impossible
because of the very thin condition of the pulmonary
artery wall. Therefore, the surgeon performed
bilateral banding with the clip, not the usual tape,
but the banding was insufficient. This may be a
reason why his haemodynamics and respiratory
status were not subsequently stable. We again
performed computed tomography, which showed a
further significant expansion of the right pulmonary
arcery and descending aorta caused by the pressure
of the expanded artery (Fig 2b). Therefore, we
started internal use of Losartan. On the 21st day,
he developed sudden hypotension and massive
bleeding from the thoracic cavity, thought to be
caused by right pulmonary rupture, and he died the
same day. Subsequently, as the genetic analysis
showed p.Thr200Pro (c.598A > C) mutation of
the transforming growth factor beta receptor one,
he was definitively diagnosed with Loeys—Dietz
syndrome. The mutation was de novo.

Discussion

Loeys—Dietz syndrome is a recently described
connective tissue disorder characterised by aggres-
sive ascending aortic aneurysm and dissection. The
clinical features are similar to Marfan syndrome,’
but this is a more severe syndrome because life-
threatening aortic dissection may occur even in
early childhood.*’ Most patients have the triad of
vascular aneurysms, hypertelorism, and bifid or
broad uvula/cleft palate associated with variable
features. Heterogeneous mutations in the genes
encoding for transforming growth factor beta
receptors one and two are a consistent finding among
affected patients.

In addition, this syndrome shows various cardio-
vascular manifestations involving not only aortic
lesions — such as distortion, aneurysm, and dissec-
tions — but also congenital heart diseases.® The case
described in this report was also complicated with
congenital heart disease. The patient’s pulmonary
artery showed an abnormal expansion because of his
heart defect. That is, because he had an interruption
of the aortic arch, much more blood than normal
flowed through the pulmonary artery and the artery
was stressed by “volume overload”. Furthermore,
the pulmonary artery was stressed by high “pressure
overload” because the patient had double-outlet
right ventricle and a large ventricular septal defect.

It is thought that a pulmonary artery spread for

both reasons from the foetal period.
Muramatsu et al® reported a case that was
complicated with a ventricular septal defect and

February 2012

showed aortic and pulmonary expansion. It is
thought that, in the Muramatsu case, the mechanism
producing pulmonary artery dilatation was similar to
that in the case reported herein. After birth, the
patient’s pulmonary blood flow increased due to the
ventricular septal defect, which led to acute heart
failure. He then underwent pulmonary artery
banding on the 12th day. After surgery, however,
the root of the main pulmonary artery, which was
stressed by pressure, had spread in the shape of an
aneurysm and intracardiac surgical repair, that is,
closure of ventricular septal defect, was performed on
the 42nd day. After the operation, the vascular
expansion stopped worsening, and in conclusion they
recommended early radical operation. However,
because our case was a Fontan candidate, he required
gradual surgery and radical operation was impossible
in early infancy. Therefore, we performed bilateral
pulmonary artery banding as a life-saving procedure,
but, owing to mural abnormal thinning, the banding
was insufficient, and his vascular expansion and .
thinning progressed, which finally led to explosion
and bleeding to death.

In the case reported herein, significant pulmonary
expansion from the foetal period led us to suspect a
connective tissue disorder such as Marfan syndrome.
Viassolo et al’ reported a similar case in a female
patient with Loeys-Dietz syndrome, who showed
dilated aortic root from the foetal period. Only aortic
dilatation was noted in screening foetal echocardio-
graphy at 19 gestational weeks and a connective tissue
disease was suspected. She underwent genetic analysis
and Loeys—Dietz syndrome was confirmed after birth.
At present, the Viassolo case and the one we report
herein are the only two cases showing a manifestation
of Loeys—Dietz syndrome from the foetal period.

Some cases of Loeys—Dietz syndrome are compli-
cated with congenital heart diseases.”®® However,
those reported hitherto are associated with “simple”
congenital heart diseases such as ventricular septal
defect, atrial septal defect, patent ductus arteriosus,
and aortic bicuspid valve. There is no previous report
of Loeys—Dietz syndrome combined with complex
congenital heart disease, such as double-outlet right
ventricle and interruption of the aortic arch. In such
a case, the cardiovascular lesion as an expansion of
the great vessels, that is, the aorta or pulmonary
artery, may be aggravated during the foetal period.
Consequently, the foetus may die in utero. Even if
they can be born, their great vessels are continuously
or more strongly stressed after birth. Therefore, their
arteries expand and finally explode, leading to an
early death without undergoing any surgery.

This may be the reason why this is the first
reported case of complex heart disease with Loeys—
Dietz syndrome.
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ORIGINAL ARTICLE

Genetic analysis of PAX3 for diagnosis of Waardenburg syndrome type I

TATSUO MATSUNAGA!, HIDEKI MUTAI', KAZUNORI NAMBA!, NORIKO MORITA? &
SAWAKO MASUDA?
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Abstract

Conclusion: PAX3 genetic analysis increased the diagnostic accuracy for Waardenburg syndrome type I (WS1). Analysis of the
three-dimensional (3D) structure of PAX3 helped verify the pathogenicity of a missense mutation, and multiple ligation-
dependent probe amplification (MLPA) analysis of P4AX3 increased the sensitivity of genetic diagnosis in patients with WS1.
Objectives: Clinical diagnosis of WS1 is often difficult in individual patients with isolated, mild, or non-specific symptoms. The
objective of the present study was to facilitate the accurate diagnosis of WS1 through genetic analysis of P4AX3 and to expand
the spectrum of known PAX3 mutations. Methods: In two Japanese families with WS1, we conducted a clinical evaluation of
symptoms and genetic analysis, which involved direct sequencing, MILPA analysis, quantitative PCR of PAX3, and analysis of
the predicted 3D structure of PAX3. The normal-hearing control group comprised 92 subjects who had normal hearing
according to pure tone audiometry. Results: In one family, direct sequencing of PAX3 identified a heterozygous mutation, p.
I59F. Analysis of PAX3 3D structures indicated that this mutation distorted the DNA-binding site of PAX3. In the other
family, MLPA analysis and subsequent quantitative PCR detected a large, heterozygous deletion spanning 1759-2554 kb that
eliminated 12-18 genes including a whole PAX3 gene.

Keywords: Mutation, MLPA, clinical diagnosis, hearing loss, dystopia canthorum, pigmentary disorder

Introduction

Waardenburg syndrome (WS) is a hereditary auditory
pigmentary disorder that is responsible for 1-3% of
congenital deafness cases [1]. WS is classified into four
types based on symptoms other than the auditory and
pigmentary disorder. Type I WS (WS1) includes dys-
topia canthorum, and this feature distinguishes
WS1 from type II WS. Type III WS is similar to
WS1 but is associated with musculoskeletal anomalies
of the upper limbs. Type IV WS is similar to type I but
is associated with Hirschsprung disease. Diagnostic
criteria for WS1 have been proposed [2]. The clinical
features of WS1 demonstrate incomplete penetrance
and highly varied expression [3,4], which makes

diagnosis in individual patients challenging. For exam-
ple, WS1 patients may present only one isolated symp-
tom. Diagnosis of high nasal root and medial eyebrow
flare can be difficult when they are mild. Hearing loss
and early graying are relatively common in the general
population and are not specific to WS1. Thus, the
accuracy of WS1 diagnosis needs to be improved by the
use of additional diagnostic procedures.

It is reported that more than 90% of patients with
WS1 harbor point mutations in PAX3 [5], and an
additional 6% of WS1 patients harbor partial or
complete PAX3 deletions [6]. This high frequency
of PAX3 mutation in WS1 suggests that clinical
diagnosis of WS1 could be facilitated by PAX3
genetic analysis. To date, more than 80 PAX3

Correspondence: Tatsuo Matsunaga, Department of Otolaryngology, Laboratory of Auditory Disorders, National Institute of Sensory Organs, National Tokyo
Medical Center, 2-5-1 Higashigaoka, Meguro, Tokyo, 152-8902, Japan. Tel: +81 3 3411 0111. Fax: +81 3 3412 9811. E-mail: matsunagatatsuo@kankakuki.go.jp

This study was presented at the annual meeting of the Collegium Oto-Rhino-Laryngologicum Amicitiae Sacrum, Rome, August 28, 2012.

(Received 19 September 2012; accepred 20 October 2012)

ISSN 0001-6489 print/ISSN 1651-2251 online © 2013 Informa Healthcare

DOI: 10.3109/00016489.2012.744470

RIGHTE LN K

— 243 —



Acta Otolaryngol Downloaded from informahealthcare.com by Keio University on 11/30/13
For personal use only.

346 T. Marsunaga et al.

mutations are reported to be associated with WS1 [5].
A de novo paracentric inversion on chromosome 2 in
a Japanese child with WS1 provided a clue for iden-
tification of PAX3 in the distal part of chromosome 2
[7]. However, only a few PAX3 mutations including
the chromosomal inversion have been reported in
Japanese patients with WS1 since then [8,9].

In the present study, we conducted PAX3 genetic
analysis to facilitate diagnosis of WS1 in two Japanese
families. In one family, to verify the pathogenicity of
an identified missense mutation, we analyzed the effect
of the mutation on the three-dimensional (3D) struc-
ture of PAX3. In the other family, no mutations were
identified by direct sequencing, so multiple ligation-
dependent probe amplification (MLPA) analysis was
used to search for large deletions in PAX3 and thereby
increase the sensitivity of genetic diagnosis.

Material and methods
Parients and control subjects

Two Japanese families with WS1 were included in the
study. The diagnosis of WS1 was based on criteria
proposed by the Waardenburg Consortium [2]. The
normal-hearing controls comprised 92 subjects who
had normal hearing according to pure tone audiome-
try. This study was approved by the institutional ethics
review board at the National Tokyo Medical Center.
Written informed consent was obtained from all sub-
jects included in the study or from their parents.

Clinical evaluation

A comprehensive clinical history was taken from
subjects who were examined at our hospitals or
from their parents. During physical examination,
special attention was given to the color of the skin,
hair, and iris, and to other anomalies such as dystopia
canthorum, medial eyebrow flare, limb abnormalities,
and Hirschsprung disease. After otoscopic examina-
tion, behavioral audiometric testing was performed.
The test protocol was selected according to the devel-
opmental age of the subject (conditioned orientation
response audiometry, play audiometry, or conven-
tional audiometric testing, from 125 to 8000 Hz),
and testing was performed using a diagnostic audi-
ometer in a soundproof room. Auditory brainstem
response (ABR) and otoacoustic emission were also
evaluated in some subjects.

Direct sequencing

Genomic DNA from the subjects was extracted from
peripheral blood leukocytes using the Gentra

Puregene® Blood kit (QIAGEN, Hamburg, Ger-
many). Mutation screening of PAX3 was performed
by bidirectional sequencing of each exon (exons 1-11)
together with the flanking intronic regions using an
ABI 3730 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA). Primer sequences for
PAX3 are listed in Table I. Mutation nomenclature
is based on the genomic DNA sequence of [GenBank
accession no. NG_011632.1], with the A of the trans-
lation initiation codon considered as +1. Nucleotide
conservation between mammalian species was evalu-
ated using ClustalW (http:/www.ebi.ac.uk/Tools/
msa/clustalw2/). PolyPhen-2 software (http://genet-
ics.bwh.harvard.edu/pph2/) was used to predict the
functional consequence(s) of each amino acid
substitution.

MLPA

MLPA analysis was performed using an MLPA kit
targeting PAX3, MITF, and SOX10 (SALSA MLPA
Kit P186-B1, MRC-Holland, Amsterdam, The Neth-
erlands) according to the manufacturer’s protocol.
Exon-specific MLPA probes for exons 1-9 of
PAX3 and control probes were hybridized to genomic
DNA from the subjects and normal controls and
ligated with fluorescently labeled primers. A PCR
reaction was then performed to amplify the hybridized
probes. The amplified probes were fractionated on an
ABI3130x] Genetic Analyzer (Applied Biosystems)
and the peak patterns were evaluated using Gene-
Mapper (Applied Biosystems).

Real-time PCR

To determine the length of each deleted genomic
region, 100 ng of genomic DNA from the subjects
and a normal control were subjected to quantitative
PCR (Prism 7000, Applied Biosystems) using Power
SYBR® Green Master Mix (Life Technologies, Carls-
bad, CA, USA) and 12 sets of primers designed to
amplify sequence-tagged sites on chromosome 2 (Gen-
Bank accession nos: RH46518, RH30035, RH66441,
GDB603632, 1988, RH24952, RH47422, RH65573,
RH26526, RH35885, RH16314, and RH92249).

Homology modeling of the PAX3 paired domain

The DNA-binding site of the paired domain of
PAX3 was modeled using SWISS-MODEL [10]
with the crystal structure of the PAX5 paired
domain-DNA complex (PDB ID:1PDN_chain C)
as the template because PAX3 and PAXS5 are func-
tionally and structurally similar [11]. The amino acid
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Table I. Primer sequences for PAX3.

Genetic analysis of PAX3 for diagnosis of WS1 347

Exon 1 Forward 5'-TGTAAAACGACGGCCAGTAGAGCAGCGCGCTCCATTTG-3'
Reverse 5-CAGGAAACAGCTATGACCGCTCGCCGTGGCTCTCTGA-3’

Exon 2 Forward 5-TGTAAAACGACGGCCAGTAAGAAGTGTCCAGGGCGCGT-3"
Reverse 5-CAGGAAACAGCTATGACCGGTCTGGGTCTGGGAGTCCG-3’

Exon 3 Forward 5-TGTAAAACGACGGCCAGTTAAACGCTCTGCCTCCGCCT-3"
Reverse 5-CAGGAAACAGCTATGACCGGGATGTGTTCTGGTCTGCCC-3"

Exon 4 Forward 5-TGTAAAACGACGGCCAGTAATGGCAACAGAGTGAGAGCTTCC-3'
Reverse 5’-CAGGAAACAGCTATGACCAGGAGACACCCGCGAGCAGT-3’

Exon 5 Forward 5-TGTAAAACGACGGCCAGTGGTGCCAGCACTCTAAGAACCCA-3’
Reverse 5’-CAGGAAACAGCTATGACCGGTGATCTGACGGCAGCCAA-3’

Exon 6 Forward 5-TGTAAAACGACGGCCAGTTGCATCCCTAGTAAAGGGCCA-3’
Reverse 5-CAGGAAACAGCTATGACCGGTGTCCATGGAAGACATTGGG-3

Exon 7 Forward -AACTATTATTTCATCAGTGAAATC-3'
Reverse -ATTCACTTGTATAAAATATCCACC-3’

Exon 8 Forward 5-TGTAAAACGACGGCCAGTTGAAGCCAGTAGGAAGGGTGGA-3
Reverse 5-CAGGAAACAGCTATGACCTGCAGGTTAAGAAACGCAGTTTGA-3"

Exon 9a Forward 5-TGTAAAACGACGGCCAGTTTGATACCGGCATGTGTGGC-3
Reverse 5'-CAGGAAACAGCTATGACCTGCAGTCAGATGTTATCGTCGGG-3"

Exon 9b . Forward 5-TGTAAAACGACGGCCAGTCACAACTTTGTGTCCCTGGGATT-3'
Reverse 5'-CAGGAAACAGCTATGACCGGGACTCCTGACCAACCACG-3’

Exon 10-11 Forward 5-TGTAAAACGACGGCCAGTGCAAATGGAATGTTCTAGCTCCTCG-3
Reverse 5’-CAGGAAACAGCTATGACCGGTCAGCTCCAGGATCATATGGG-3

sequences of the PAX3 and PAX5 paired domains
were 79% homologous. The predicted PAX3 struc-
ture and the p.I59F mutation structure were super-
imposed on the backbone atoms of the PAX5 paired
domain-DNA complex and displayed using the
extensible visualization system, UCSF Chimera [12].

Results

In family 1, the proband, a 9-month-old male, was the
first child of unrelated Japanese parents. Abnormal

responses were found upon newborn hearing
screening in the left ear, and left hearing loss was
diagnosed by ABR. On physical examination, dysto-
pia canthorum was noted, with a W-index of 2.77.
The patient’s mother also had dystopia canthorum,
with a W-index of 2.68. She also had a history of early
graying that started at age 16 years. She had not been
diagnosed with WS1. According to the. parents,
10 members of this family, including the proband
and the mother, showed clinical features consistent
with WS1 (Figure 1). ABR performed in the proband

Pﬂ
[alb] a.heterochromia irides  b. congenital hearing loss
@

c. early graying

d. dystopia canthorum

Figure 1. Pedigree of family 1. The proband is indicated by an arrow. The individuals we examined personally are indicated by a bar over the
symbol. Phenotypes observed in this family are indicated symbolically as detailed below the pedigree.
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revealed normal hearing in the right ear and no
responses to 105 dB click stimuli in the left ear.
Computed tomography (CT) of the temporal bone
showed normal structures in the inner, middle, and
outer ears.

Genetic analysis of PAX3 was conducted in this
family, and direct sequencing of PAX3 revealed a
heterozygous mutation, ¢.175A>T, in the proband
and his mother. This mutation resulted in a missense
mutation, p.I59F (Figure 2A). The proband’s father
did not harbor this mutation. p.I59F is located within
exon 2 and is part of the paired domain of PAX3,
which is a critical region for interaction between
transcription factors and target DNA (Figure 2B).
A multiple alignment of PAX3 orthologs at this region
demonstrated that 159 was evolutionarily conserved
among various species (Figure 2C). The p.I59F
mutation was not identified in any of the 184 alleles
from the normal control subjects. This mutation was
predicted to be ‘probably damaging’ according to
PolyPhen-2 software.

The predicted 3D structures of the paired domain
of the PAX3-DNA complex indicated that the
PAX3 paired domain binds to the corresponding
DNA (white double helixes) via hydrogen bonds
(pink lines) at the N-terminal of o-helixl (H1), o~
helix2 (H2), and o-helix3 (H3) (indicated in
blue; Figure 3A). I59 is located in the middle of
H1, H2, and H3 and is surrounded by hydrophobic
residues (green) protruding from H1, H2, and H3.
Because the van der Waals radius of phenylalanine
(Figure 3C; white arrows) is larger than that of iso-
leucine (Figure 3B, white arrowheads), F59 repels the
surrounding hydrophobic residues by van der Waals
forces and increases the distance between F59 and the
surrounding hydrophobic residues, resulting in struc-
tural distortion of the DNA-binding site of PAX3.
Since this site is precisely shaped for maximal binding
to the corresponding DNA, this mutation is likely to
reduce the binding ability of the paired domain of
PAX3 and cause WSI. A mutational search found the
same mutation in another Japanese family [8].

In family 2, the proband, a female aged 4 years and
4 months, was the first child of unrelated Japanese
parents. Abnormal responses were found upon new-
born hearing screening in the right ear, and right
hearing loss was diagnosed by ABR. On physical
examination, dystopia canthorum, medial eyebrow
flare, and a white forelock were noted. She was
admitted to hospital suffering from ketotic hypogly-
cemia of unknown cause when aged 4 years. Her
mother presented with heterochromia iridis, dystopia
canthorum, and medial eyebrow flare, and her grand-
mother presented with early graying that started at
around 20 years of age, dystopia canthorum, and

Proband
(Iv-1)

o

Paired domain Homeodomain

Octapeptide

Human
Mouse(Pax3a)
Mouse(Pax3b)
Rat

Cow

Dog

Rabbit
Chicken
Flog(Pax3a)
Flog(Pax3b)
Zebrafish

Figure 2. The p.I59F mutation of PAX3 detected in family 1. (A)
Sequence chromatogram for the proband and unaffected control.
A heterozygous A to T transversion (red arrowhead) that changes
codon 59 from ATC, encoding isoleucine (I), to TTC, encoding
phenylalanine (F), was detected in the proband but not in the control
(green arrowhead). (B) Localizaton of the p.I59F mutation and
functional domains of PAX3. (C) A multple alignment of PAX3
orthologs. Regions of amino acid sequence identity are shaded gray.
The position of I59 is indicated by an arrow and shaded yellow.

medial eyebrow flare. According to the grandmother,
the father of the grandmother also had dystopia
canthorum and medial eyebrow flare. The pedigree
of family 2 is shown in Figure 4. The grandmother
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Figure 3. The predicted structure of the PAX3 paired domain-
DNA complex. (A) The stereo view indicates that the mutated
residue was surrounded by hydrophobic residues (green) protrud-
ing from H1, H2, and H3 of the paired domain (blue), which binds
to DNA (white, sugar; blue, nitrogen; red, oxygen). The pink lines
indicate hydrogen bonds. Magenta and yellow residues indicate
159 and F59, respectively. (B, C) The colored spheres indicate the
van der Waals surface boundaries, the radius of the hydrophobic
residues is shown in green, I59 is shown in magenta and is also
indicated by arrowheads, and F59 is shown in yellow and is also
indicated by arrows.

and her father had never been diagnosed with WS1.
Pure tone audiometry of the proband showed severe
hearing loss in the right ear and normal hearing in the
left ear. The results of ABR and distortion product

i1 ]
1

v

P
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otoacoustic emissions in the proband were compatible
with those obtained for pure tone audiometry.
Because direct sequencing of P4AX3 in the proband
and her grandmother revealed no mutations, we con-
ducted MLPA analysis to search for a large deletion of
PAX3, and found that the copy number of all tested
exons (exons 1-9) of PAX3 was half that of the
number of other chromosomal regions in both sub-
jects (Figure 5A). In control subjects, all tested exons
of PAX3 showed the same copy number as the other
chromosomal regions (Figure 5B). To determine the
size of the deleted region, quantitative PCR was
performed at 12 sequence-tagged sites on chromo-
some 2q36, which includes PAX3. In the proband,
copy numbers at nine sites in the middle of the tested
region (white arrows) were half that of those examined
in normal controls, but the copy numbers at three of
the sites near the 5’ and 3’ ends of the tested region
(black arrows) were identical to those examined in
normal controls (Figure 6). This result demonstrated
that the chromosomal region spanning 1759-2554 kb
at 2q36, which includes the whole PAX3 gene, was
deleted in one of the alleles of the proband. The same
results were detected in the grandmother. A search for
the deleted region revealed that this region contained
between 12 and 18 genes, including PAX3.

Discussion

The heterozygous missense mutation, p.I59F, was
identified in family 1. The pathogenicity of a novel
or rare missense mutation in the causative gene is not
necessarily verified even when the mutation is absent
from a large number of normal controls, when the
residue is evolutionary conserved among different
species, or if the mutation is associated with the
phenotype within a family, because an identified

b. congenital hearing loss

% @ a. heterochromia irides
c. early graying or white forelock d. dystopia canthorum

+ medial eyebrow flare

Figure 4. Pedigree of family 2. The proband is indicated by an arrow. The individuals we examined personally are indicated by a bar over the
symbol. Phenotypes observed in this family are indicated symbolically, as detailed below the pedigree.
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Figure 5. Results of MLPA analysis of PAX3 in family 2. (A, B) Relative ratios of DNA quantity in each exon compared with that in the control

region are shown for the proband (A) and control (B).

missense mutation may be a rare normal variant.
Thus, the pathogenicity of such mutations needs to
be verified by detection of the same mutation in
multiple families with the same phenotype or by
functional analysis. The functional consequences of
a few PAX3 mutations have been tested and reduced
DNA-binding properties have been reported [13-15].
The p.I59F mutation was reported in a Japanese
family [8], but functional analysis has not been con-
ducted. We analyzed the predicted 3D structures of
the paired domain of the PAX3-DNA complex and
showed that this mutation was likely to distort the
structure of the DNA-binding site of PAX3 and lead
to functional impairment. This result substantially
supports the hypothesis that the p.I59F mutation is
pathogenic, although it is based on a theoretical
prediction rather than functional experiments.

In family 2, the distinct phenotypes of the pro-
band, the proband’s mother, and the proband’s

2'55L4kb

grandmother were congenital unilateral hearing
loss, heterochromia iridis, and early graying, respec-
tively. Because of these differences, they were not
aware of the hereditary nature of the symptoms.
Identification of the PAX3 mutation in the proband
and the proband’s grandmother led to an accurate
diagnosis of WS1 and facilitated understanding of
the symptoms. In this family, direct sequencing of
PAX3 did not detect any mutations, but MLPA
analysis detected a large heterozygous deletion. Fur-
thermore, quantitative PCR analysis revealed that the
deleted region spanned 1759-2554 kb and included
12-18 genes. Large deletions of PAX3 in patients with
WS1 have been reported in several families [6,16-18].
To our knowledge, however, this is the largest dele-
tion identified in patients with WS1 and has, there-
fore, expanded the spectrum of PAX3 mutations.
There is no reported correlation between the nature
of the mutation (deleted vs truncated or missense) or
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Figure 6. Genetic map showing the estimated location of the PAX3 deletion together with the regions surrounding P4X3. Sites examined by
quantitative PCR are indicated by arrows. Blank and white arrows indicate that the quantities of DNA at these sites are half or identical to the
quantities of DNA at the corresponding sites in the control, respectively. The 5" and 3" ends of the deletion are located within the blue regions
flanking the white region, designated as ‘deletion,” and flanked by the green regions, designated as ‘no deletion.” All genes mapped within this

region, including P4X3, are shown in the lower map.
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its location in PAX3, and the severity of the
WS1 phenotype [19,20]. Similarly, no evidence of
such a correlation was found in the data presented in
this study.

In the present study, PAX3 genetic diagnosis con-
tributed to the accurate diagnosis of WS1. Such
diagnosis could help provide genetic counseling to
patients with isolated or few phenotypic symptoms,
those with mild phenotypes or few first-degree rela-
tives, or those who have yet to develop any symptoms.
In addition, analysis of the predicted 3D structure of
PAX3 facilitated the verification of pathogenicity of a
missense mutation, and MLPA analysis increased the
sensitivity of genetic diagnosis of WS1.
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INTRODUCTIOR

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 tumorigenesis such as the develop-
ment of basal cell carcinoma, medulloblastoma, or keratocystic
odontogenic tumor (KCOT) (formerly known as odontogenic
keratocysts) [Gorlin, 1987]. The gene responsible for NBCCS is
the human homologue of the Drosophila patched gene, PTCHI
[Hahn et al., 1996; Johnson et al., 1996]. The human PTCHI
gene contains 23 coding exons spanning approximately 70kb
and encodes a protein of 1447 amino-acid residues containing
12 transmembrane-spanning domains and two large extracellular
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How to Cite this Article:

Kosaki R, Nagao K, Kameyama K, Suzuki M,
Fujii K, Miyashita T. 2012. Heterozygous
tandem duplication within the PTCHI gene
results in nevoid basal cell carcinoma
syndrome.

Am J Med Genet Part A 158A:1724—1728.

loops [Johnson et al., 1996]. To date, we have analyzed 42 NBCCS
families. Nine of the families (21%) did not harbor PTCHI muta-
tions detectable by PCR-based direct sequencing of the exons. Five
of these mutation-negative families could be explained by large
deletions involving complete loss of one copy of PTCH1 [Fujii et al.,
2007; Nagao et al.,, 2011].

Here we report on a novel mutation involving duplication of
eight exons detected in one of the four remaining families. This is
the first report of a multiexon duplication event in NBCCS.

CLINICAL REPORT

The propositus was a Japanese girl who was referred to our genetic
clinic at the age of 14 years for evaluation. The parents were
non-consanguineous and phenotypically normal. The propositus
was a second child and had been delivered vaginally at 38 weeks
of gestation. Her birth weight was 3,676 g (+1.8 SD), her crown-to-heel
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length was 54 cm (+2.7 SD), and her head circumference was 36 cm
(+1.0 SD).

Her development was normal. She gained head control at the
age of 3 months, sat at the age of 6 months, and walked alone at the
age of 14 months. At the age of 10 years, she developed bilateral
maxillary and mandibular cysts, which were surgically enucleated.
Ahistological examination of the cystic linings showed the presence
of KCOT, prompting a clinical diagnosis of NBCCS. The presence
of numerous pits over her palms and soles and lamellar calcification
on the falx detected using cranial computed tomography was
compatible with the diagnosis. Two additional surgeries were
subsequently performed to remove KCOTs. Vertebral defects,
including fusion of the vertebral bodies or hemivertebrae, were
not noted on a skeletal survey.

Attheage of 15 years and 6 months, she weighed 54.8 kg (+0.3 SD)
and was 168.5 cm tall (+2.1 SD). Physical examination identified
macrocephaly, ocular hypertelorism and several pits over her palms
and soles. Ten patches of basal cell nevi were noted on her back.
Radiological examination did not show rib or vertebrate anomalies.
Her parents did not have NBCCS manifestations.

METHODS
ONA and BNA Byraction

All experiments described below were approved by the ethics
committee at Kitasato University. DNA was extracted from periph-
eral blood lymphocytes using a QIlAamp DNA blood midi kit
(QIAGEN, Germantown, MD) and RNA from established lym-
phoblastoid cell lines derived from the patient and a healthy control
using a QIAamp RNA Blood Mini Kit (QIAGEN) and cDNA
prepared using standard laboratory protocols. Lymphoblastoid
cell lines were grown in the presence or absence of puromycin
(100 pg/ml) for 6 hr prior to RNA extraction.

PCR and Sequence Anslysis

The complete coding region of the PTCH1 gene, including all splice
junctions, was amplified from constitutional DNA as described
previously [Fujii et al., 2003]. Amplified products were gel-purified
using a QTAEX II gel extraction kit (QIAGEN) and cycle sequenced
with a BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Carlsbad, CA) in both directions. The sequence was
analyzed on a 3130 Genetic Analyzer (Applied Biosystems). The
duplication junction was determined by direct sequencing for the
PCR product obtained with a forward primer P1 (5-TGCGAA-
GCTCAGCTTCTGTGC-3') hybridizing to intron 16 and a reverse
primer P2 (5-TACTGGGTCAGACTGAGGAA-3') hybridizing
to intron 11. The mutant mRNA was sequenced for the RT-PCR
product obtained with a forward primer P3 (5-TTACGACCTA-
CACAGGAGTT-3') hybridizing to exon 15 and a reverse primer P4
(5'-ATCCAGTCTCCTGTCCTCGC-3") hybridizing to exonl3.

MLPA Anslusis

The multiplex ligation-dependent probe amplification (MLPA)-
Gorlin kit was obtained from MRC-Holland (Amsterdam, The
Netherlands). MLPA reactions were performed according to the

manufacturer’s instructions. Products were analyzed using a 3130
Genetic Analyzer (Applied Biosystems) and GeneMapper software
(Applied Biosystems).

Southern Blotting

Southern blotting was performed using standard laboratory
protocols. The probe DNA hybridizing with the intron 16 sequence
was amplified by PCR with a forward primer P5 (5'-CTTGGAA-
TCAGAGTGGCTGC-3') and a reverse primer P6 (5'-TCTGGCC-
CAATCCCATTTGT-3') and radiolabeled with o->*P-dATP during
the PCR procedure.

RESULTS

In this case, direct sequencing of all PTCH] exons amplified from
peripheral blood DNA failed to identify a pathogenic germline
mutation. However, MLPA analysis showed an increase in the copy
number of exons 11-17, suggestive of a duplication event involving
one copy of the PTCH1 gene (Fig. 1A). This observation warranted
further investigation to establish the effect of exon duplication on
gene expression and the phenotype of this patient.

MLPA alone cannot provide an insight as to the precise location
and potential functional outcomes of the duplication. Therefore,
we next determined the breakpoint of the duplication. An aberrant
PCR product was obtained from the genomic DNA of this patient
with the P1 and P2 primers (Fig. 1B, lane 3), and sequencing of
the PCR product suggested a tandem duplication involving 8 of the
23 coding exons of PTCHI (g.39362_58175dup18814 based on
NG_007664.1 sequence) (Fig. 1C). The duplicated region was
predicted to be 18,814-bp long and the fusion occurred between
non-repétitive elements in exon 10 and intron 17 with an overlap of
three nucleotides, TGC (Fig. 1D). No microhomology was observed
around the duplication junction except for the 3-bp overlap.
According to Repeatmasker (http://www.repeatmasker.org), the
proximal breakpoint was located 314 bp upstream of an MER5A
element and 2,128 bp upstream of an LTR element, LTR85b. The
distal breakpoint was 2,773 bp downstream of an MIR3 element.
Her parents did not carry the breakpoint sequence, thus this
duplication was a de novo event (Fig. 1B, lanes 4 and 5).

To confirm the tandem duplication, we performed Southern
blotting using genomic DNA digested with each of the three
restriction enzymes and a probe hybridizing to intron 16
(Fig. 2A). As shown in Figure 2B, rearranged bands of expected
sizes were detected in the patient but not in a healthy control,
verifying the predicted gene structure of the mutant allele.

To investigate the effect of the duplication on the transcription
and translation, we next performed an RT-PCR analysis using
RNA extracted from lymphoblastoid cell lines derived from
the patient and a healthy control. mRNA species harboring a
premature termination codon (PTC) usually undergo nonsense-
mediated mRNA decay (NMD) [Holbrook et al., 2004]. NMD is a
highly conserved surveillance process leading to the detection
and selective reduction of PTC-harboring mRNAs to prevent
the synthesis of abnormal proteins. Since NMD is a translation-
dependent process, the degradation is suppressed by translation
inhibitors such as puromycin [Carter et al.,, 1995]. An aberrant
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product was amplified with the P3 and P4 primers specifically
from the patient’s RNA in the presence of, but not in the
absence of puromycin, suggesting the presence of a PTC in the
mutant sequence (Fig. 3A). Sequencing of the aberrant product
identified a junction between exon 17 and exon 11, generating
the duplicated segment composed of exons 11-17 (Fig. 3A,B).
According to the junctional sequence, the duplication event
was predicted to introduce 12 novel amino acids and then a
PTC (Fig. 3C). This provided an explanation for the pathogenesis
in this individual.
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A
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DISCUSSION

Using MLPA analysis, we identified an approximate 19-kb dupli-
cation of the PTCHI gene in an individual with NBCCS. The
duplicated segment harbored a part of exon 10 and exons
11-17. To date, more than 10 NBCCS patients with a constitutional
interstitial deletion involving PTCH have been reported [Shimkets
et al., 1996; Olivieri et al., 2003; Haniffa et al., 2004; Midro et al.,
2004; Boonen et al., 2005; Fujii et al., 2007; Takahashi et al., 2009;
Nagao et al,, 2011]. However, this is the first report of a multiexon
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duplication event that occurred in one of the PTCH] alleles. Our
findings demonstrate that this tandem duplication results in a loss-
of-function mutation and caused NBCCS due to haploinsufficiency
of PTCH]1. Accordingly, this patient did not exhibit manifestations
inconsistent with the NBCCS phenotype.

As to the mechanism of the duplication, Alu-Alu-mediated
homologous recombination is reported to be responsible for
27% of all segmental duplications in humans [Bailey et al,
2003]. In our study, the comparison of the proximal and distal
normal sequences that span the duplication junctions did not
identify apparent sequence motifs common to both parental
strands at or near the junctions, suggesting that a non-homologous
recombination is responsible.

Since large deletions or duplications are found in a considerable
fraction of mutation-negative NBCCS patients [Fujii et al., 2007;
Nagao et al., 2011], copy number analysis using techniques such as
MLPA is strongly recommended to complement DNA sequence
analysis. Although cost- and labor-intensive, copy number micro-
arrayisanother powerful method to detect copy number alterations
as reported previously in NBCCS patients [Fujii et al., 2007;
Nagao et al., 2011]. When a duplication is detected, RNA analysis
is necessary to elucidate the effect on coding since the splicing
event taking place in the affected allele is not always predicted in
silico.
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