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high-grade malignant cases.

© 2007 Published by Elsevier Inc.

one to suggest the presence of RET amplification in PTC and ATC. RET amplification was correlated
with radiation-associated, high-grade malignant potency, and p53 accumulation, suggesting genomic
instability. RET amplification might be induced by a high level of genomic instability in connection with
progression of thyroid carcinogenesis and, subsequently, be associated with radiation-induced and/or

1. Introduction

The incidence of papillary thyroid cancer (PTC) was
reported to be elevated in both atomic-bomb survivors in
Hiroshima and Nagasaki, Japan, and residents living in
arcas exposed to fallout from the Chernobyl accident,
suggesting a radiation etiology in thyroid carcinogenesis.
RET rearrangement is a well-known molecular alteration
observed in PTC. Ret oncoproteins, which function as
receptor tyrosine kinases, are dimerized by ligand-binding,
activated, and subsequently involved in regulating cell
growth and survival in normal tissues [1,2]. During thyroid
carcinogenests, if the 3’ -end of RET oncogenes rearrange
with other genes containing a coiled-coil domain, they
dimerize without ligand stimuli and constitutively activate
cell growth and survival in thyroid follicular cells, finally
promoting the occurrence of PTC [3-5].

To date, at least 15 different variants of RET rearrange-
ment have been reported [6]. RET rearrangements are the
most common oncogenic alterations in Chemnobyl-related
PTC; 4 large studies have found that 50% to 90% of
Chernobyl-related PTC show RET rearrangements—nearly
all of them to RET/PTCI or RET/PTC3 [7-10]—resulting
from paracentric inversion of chromosome 10 [11].
Although RET/PTCI and RET/PTC3 are most often found

in sporadic cases of PTC, their prevalence may vary within a
broad range, from 0% to more than 60% [6]. Other less
common variants, usually formed as a result of interchro-
mosomal translocation, occur in an extremely limited
number of cases. Most often, such translocations have been
found in radiation-induced PTC [12]. However, specific
molecular alterations have not been identified in radiation-
induced PTC.

In the present study, to find the characteristic/specific
alterations in RET rearrangements in radiation-induced
thyroid cancers, we analyzed the RET oncogene by
fluorescence in situ hybridization (FISH) on paraffin-
embedded tissues. Previous studies using FISH analysis of
RET rearrangements have demonstrated its utility in thyroid
cancers [13,14]. The FISH technique can detect RET
rearrangements at a single-cell level regardless of the
specific fusion partner involved and directly reveals RET
copy number on a per-cell basis.

Here, we describe the presence of RET oncogene
amplification, which is a rare type of RET cytogenetic
alteration in PTC. Oncogene amplification is extremely
common in human tumors. In thyroid cancers, RET
oncogene amplification correlated with radiation-induced,
high-grade malignancy and anaplastic transformation of
PTC. To our knowledge, this is the first report demonstrat-
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ing RET amplification in PTC and anaplastic thyroid cancers
(ATC), although RET amplification has been reported in
.medullary thyroid cancer cases [15].

2. Materials and methods

2.1. Subjects

All samples were. formalin-fixed paraffin-embedded
tissues. The sections were used for FISH analysis and

RNA preparation. Three cases of radiation-associated
thyroid cancers including 2 cases of PTC and 1 case of
anaplastic thyroid cancer (ATC) were explored for RET
rearrangement by dual-color interphase FISH and reverse

' transcriptase—polymerase chain reaction (RT-PCR). The

clinicopathologic profiles of the 3 radiation-associated
cases were as follows: Case 1: a 32-year-old Russian
woman received surgical- treatment for thyroid cancer that
was histologically. diagnosed as a follicular variant of PTC.

Four years before the "su_rgery, the patient had undergone

Fig.1 A case (case 1) of radiation-induced papillary-carcinoma, follicular variant (A). FISH analysiS'démonstrates cancer cells showing 2
CEP10 and several randomly distributed RET signals, suggesting RET gene amplification (B). In the nontumor area (C), infiltrating
lymphocytes and follicular cells show 2 RET signals coupled with 2 CEPI0 signals, suggesting a wild-type RET (D).

—45—
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external radiation therapy (40 Gy) for primary mediastinal
lymphoma. A novel tumorigenic rearrangement, Arfp/ret,
which was a translocation between chromosomes 6 and 10,
was identified as shown in our previous report [16]. Case
2: the patient was a 41-year-old Russian woman living in a
radioactively contaminated area around the Chernobyl-
accident site; she was 25 years old at the time of -the
accident and was operated on under the diagnosis of
thyroid cancer. A histologic examination revealed it as a
follicular variant of PTC. Case 3: a 44-year-old Japanese
man was operated on under the diagnosis of thyroid cancer
and treated by internal radiation with '*'I afier the
operation. He died of tumor recurrence at 57 years of
age. The pathologic diagnosis of the primary cancer was
“well differentiated PTC” and that of the recurrent tumor
was “ATC.” None of these radiation-associated cases
received chemotherapy. .

As a control in this study, 10 cases of sporadic PTC and
6 cases of sporadic ATC, which had no histories of exposure
to atomic bombing, radiation therapy, or chemotherapy,
were also analyzed. The clinicopathologic profiles of the

patients are summarized in Table 1. The experimental
protocol was approved by the Ethics Review Committee
of Nagasaki University Graduate School of Biomedical
Sciences (Protocol No. 0305150036-2).

2.2. Dual-color interphase FISH

For hybridization, 1 ug DNA of BAC clone RP11-
351D16 (accession number AC010864, human chromosome
10q11 containing the RET locus) was directly labeled with
SpectrumGreen-dUTP by using Nick Translation Kit (Vysis
Inc, Downers Grove, 1ll) according to the manufacturer’s
instructions. Deparaffinized sections were heated by micro-
wave in a 0.01 mol/L citrate buffer (pH 6.0) and pretreated
with 0.3% pepsin. Subsequently, slides were immersed in
0.1% NP-40 and denatured by heating.in 70% formamide/
2xSSC. The mixture containing the above-mentioned
DNA probes and SpectrumOrange-labeled DNA probes
corresponding to the centromere of chromosome 10(CEPI0,
Vysis Inc) was denatured and applied to the denaturéd tissue.

The slides were covered with a coverslip, sealed with rubber

Fig. 2 A case (case 3R) of recurrent anaplastic carcinoma induced by.radiation therapy.of the primary thyroid tumor (A). FISH analysis
demonstrates RET amplification in cancer cells (B). The histologic type of the primary tumor (case 3P) was that of a well-differentiated
papillary carcinoma (C). A wild type of RET signals is evident in this primary cancer (D).
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cement, and incubated for 16 hours at 42°C in a humidified
chamber. After hybridization, slides were washed, then
counterstained and visualized with 4’ ,6-diamidino-2-phe-
nylindole dihydrochloride (Vysis Inc), -and photographed
using a fluorescence microscope (Zeiss Axioplan2, Carl
Zeiss Japan, Tokyo, Japan) equipped with a CCD camera,
and then analyzed with IPLab/MAC image software
(Scanalytics Inc, Fairfax, Va). Signals were analyzed in up
to 20 viewing areas per case at the lOOO-fold magnification.

2.3. Reverse transcnptase—polymerase
chain reaction

Total RNA was isolated from tissues with High Pure

RNA Paraffin Kit (Roche, Mannheim, Germany) according .

to the manufacturer’s protocol and examined for RET/PTC!
and RET/PTC3. Expressions of RET/PTCI, RET/PTC3, and
a-tubulin genes were assessed by RT-PCR using the
respective primers designed with the Primer Express
Software (PE Applied Biosystems, Foster City, Calif). All
reactions were performed with the SuperScript One-Step
RT-PCR with Platinum 7ag System (Invitrogen, Carlsbad,
Calif) according to the manufacturer’s protocol. Primer
sequences, annealing temperature settings in the PCR
reactions, and size of :a_mpli'cons are listed in Table 2.

2.4. ImmUnohistochemistry= :

After immersion in. 0.3% H,0,/methanol, sections. were
preincubated with 10% normal goat serum. Afier antigen
retrieval, tissues were incubated ovemight at.4°C with anti-
p53. monoclonal antibody (DO-7, DakoCytomatlon
Glostrup, Denmark) at a 1:50. dilution. The slides were
subsequently . incubated . with blotmylated goat antimouse
IgG antibody for 1 _hour, followed by incubation with
avidin-peroxidase, and visualized with diaminobenzidine.

3. Results
3.1. Fluorescence in situ hybnduahon analysus

All results are summarized in Table 1. The FISH.analysis
for RET gene demonstrated nuclei:exhibiting. several (up- to
10) green signals and 2 orange signals in-thyroid cancer
cells, suggesting amplification of the RET gene.- All
3 radiation-associated cases—cases 1 (Fig. 1), 2, and 3R
(Fig. 2)—showed RET amplification, regardless- of histo-
logic. type and tumor grade; case 1 was a low-grade
(pTINOMO) and case2 a high-grade (pT4N1bMO0) follicular
variant of PTC, whereas case 3R was a high-grade
(pT4NOMO) ATC.. RET amplification was- also: found iin all
6 cases of sporadic ATC. On the other hand;-in 10 cases of
non-radiation-associated PTC, RET amplification was
evident in.only .1.:case (case:'10; Fig. 3);: which ‘was a
poorly differentiated :and high-grade (pT4N1aM0) PTC
from a 22-year-old Japanese woman, whereas the' others

—47—

were of the classical type and low-grade (pTINOMO) PTC.
Although there was no significant difference in the
number of extracopies. of the gene between cases, the
frequency of RET amphﬁcatlon-posmve cells was higher in
ATC (mean -14. 8%, range, -7.2%-24.1%) than-in PTC
(mean, 2.2%; range, 1.5%-2.7%).. The highest frequency
of RET amphﬁcauon—posmve cells- was observed in ATC
cases with a stronig p53 1mmunoreact1v1ty ‘(Fig. 4) No RET
amphﬁcatlon was ‘observéd in case 3P (Fig. 2). No RET
ampllﬁcatlon ‘was identified by - FISH in normal thyroid
folllcles surroundmg tumors in any of thé cases

Fig. 3 A case(case 16)' o‘f iiigh-érade poerly‘ differentiated

- carcinoma with no history of radiation exposure (A). RT-PCR

reveals RET/PTCI rearrangement in this:case (B). FISH analysis
demonstrates RET amplification in cancer cells (C). Two signals in
the proximity of‘the hoinologous- centromere -are” also' observed,
suggesting a. paracentric inversion of RET/PTC rearrangements in
the same nuclei (arrows in C). -~
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p53 1mmunoreact1v1ty, suggestmg an accun{u tion of mutated
p53 proteins (C). :

3.2, RT-PCR analysis

RT-PCR analyses revealed RET/PTCI and RET/PTC3 in
cases 2 and 10 (Fig. 3C), respectively. Neither RET/PTCI
nor RET/PTC3 was demonstrated in other PTC cases or in

any ATC cases (data not shown). These results are
summarized in Table 1.

3.3. P53 expression

Immunohlstochemxcal results for p53 expression are also
shown in Table 1. Intense arid diffuse p53 |mmunoreact|v1ty
was evident in the nuclei of cancer cells in 3 cases of ATC,
including both a radiation- associated case (case 3R) and
2 sporadic cases (cases 4 4nd 5), but not in any of the PTC
cases. All of the pS3-positive ATC cases showed a high
frequency (mean, 21.3%; range, 19.5%-24.1%) of RET
amplification-positive cells (Fig. 4). )

4. Discussion

Gene amplification is a term used to ‘indicate the
production of multiple copies of a specific gene [17]; it is
associated with genomic instability, the main characteristic
of cancer cells, and it frequently involves prdto-oncogengs
[18]. Oncogenes are often amplified in advanced solid
tumors, and the amplification correlates with a poor
prognosis for patients with ovarian cancer (HER-2/neu),
breast cancer (C-MYC, HER-2/neu), neuroblastoma
(N-MYC), or small cell lung cancer (C-MYC) [l9~22] We
found RET oncogene amplification in thyroid :cancers. in
vivo. In PTC, RET amplification was found in radiation-
associated and'high-grade cases. Because RET amplification
was not observed'in sporadic, well-differentiated, ‘and low-
grade-cases of PTC, RET armplification could be a molecular
marker - for ‘radiation-inducéd and/or ' high-grade PTC.
Furthermore, RET amplification was frequently observed
in ATC regardless of whether it was a radiation-associated
or a sporadic'case. In case 3, RET amplification was only
found“in recurrent ‘cancer’ with anaplastic transformation
after irradiation therapy but not in the primary tumor,
which was a conventional type PTC. Thus, RET amplifica-
tion may be associated with anaplastic transfonnatlon durmg
thyroid tumorigenesis.

Anaplastic thyroid cancer has. been reported to arise from
preexisting differentiated therId cancer [23,24]. In thyroid
carcinogenesis, mutations of the P33 gene are involved in
anaplastic and poorly.- differentiated: thyroid carcinomas but
not. in well-differentiated PTC [25,26]. The .cell cycle
checkpoint function of wild-type p53 maintains genomic
stability and ploidy. Therefore, loss of wild-type p53
functions may be associated with genomic instability—
manifested as a complex karyotype during anaplastic
transformation-—after DNA-damaging chemotherapy and
radiation. In our cases, the highest frequency of RET
amplification-positive cells. was- observed’ in ATC cases
showing a diffuse: p53 overexpression, which included a
case of anaplastic transformation afier irradiation therapy.
These findings suggest that RET- amplification may be
induced by a high level of genomic instability-due to P53
mutation. Interestingly, other authors - have also reported



RET amplification in thyroid cancer

627

correlations between P53 aberrations and oncogene ampli-
fications in other solid tumors, such as esophageal, ovarian,
bladder, and colorectal cancers [27-30].

Amplification of oncogenes leads to the overexpression
of proteins participating in the transduction of growth-
related signals and confers a growth advantage to tumor
cells during carcinogenesis [31,32]. In such tumors, a
majority of cancer cells should express oncogene ampli-
fication, suggesting a clonal oncogenesis. However, in our
results, RET amplification-positive cells were restricted to
only a small proportion (1.5%-24.1%) of cells and were
never clustering in thyroid cancers. Therefore, we suggest
that RET amplification is not directly involved in thyroid
carcinogenesis, but is rather a randomly induced subclonal
event in cancer cells due to a high level of genomic
instability associated with progression of cancer stages,
which results in intratumoral heterogeneity. A distinct
intratumoral heterogeneity has previously been reported for
many solid tumors [33-35], suggesting that clonal evolu-
tion in such tumors is more complex than predicted by
linear models [36]. Similarly, Unger et al {14] have found
a heterogeneity in the distribution of RET rearrangements
in PTC with interphase FISH and have suggested that
RET protein does play a role in the generation of tumor,
perhaps through paracrine interaction with RET rearrange-
ment-negative cells. Furthermore, Zhang et al [37]
have demonstrated low-level amplifications of oncogenes,
such as TERT, C-MYC, CCNDI, and ERBB2, which
contribute to the development and progression of tumors
through different pathways and are frequently detected
in cervical cancers. A combination of these amplifica-
tions often occurred in different proportions in advanced
turmnors [37]. Thus, RET amplification might play a role
in advanced thyroid cancer cooperatively with other
oncogenes. Further analyses, such as studies on the
expression of the RET protein or mRNA, are required to
confirm the oncogenic role of RET amplification during
thyroid carcinogenesis.

In conclusion, we found RET amplification, which is a
rare cytogenetic aberration, in thyroid cancer. To the best of
our knowledge, this report is the first one to suggest the
presence of RET oncogene amplification in thyroid cancers
other than medullary carcinoma. RET amplification was
correlated with radiation-associated, high-grade malignant
potency and p53 accumulation, suggesting genomic insta-
bility. RET amplification might be induced by a high level of
genomic instability connected with progression of thyroid
carcinogenesis and, subsequently, be associated with radi-
ation-induced and/or high-grade malignant cases.
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Congenital arhinia, complete absence of the nose, is an
extremely rare anomaly with unknown cause. To our
knowledge, a total of 36 cases have been reported, but
there has been no molecular-genetic study on this anomaly.
We encountered a sporadic case of congenital arhinia
associated with a de novo chromosomal translocation,
(3;12)(q13.2;p11.2). This led us to analyze the patient by
BAC-based FISH for translocation breakpoints and whole-
genome array CGH for other possible deletions/duplications
in the genome. We found in this patient an approximately
19 Mb deletion spanning from 3q11.2 to 3q13.31 but no
disruption of any gene(s) at the other breakpoint, 12p11.2.
As the deleted segment at 3q was a strong candidate region
containing the putative arhinia gene, we also performed the

array CGH in four other arhinia patients with normal
karyotypes, as well as mutation analysis of two genes,
COL8A1 and CPOX, selected among hundreds of genes
located to the deleted region, because they are expressed
during early stages of human craniofacial development.
However, in the four patients, there were no copy number
aberrations in the region examined or no mutations in the
two genes. Although our study failed to identify the putative
arhinia gene, the data may become a clue to unravel the
underlying mechanism of arhinia. © 2007 Wiley-Liss, Inc.

Key words: arhinia; translocation breakpoint; deletion; 3q;
12p; FISH; array CGH
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INTRODUCTION

Congenital arhinia, complete absence of the nose,
is an extremely rare abnormality with unknown
cause. Congenital arhinia is often associated with
microphthalmia, choanal atresia, and/or cleft palate

[Graham and Lee, 2006). To the best of our knowl- -

edge, only 36 cases of arhinia have been reported
[Ruprecht and Majewski, 1978; Kaminker et al., 1985;
Cohen and Goitein, 1986; Sakai et al., 1989; Galetti
et al., 1994; Onizuka et al., 1995; Thiele et al., 1996;
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Choietal., 1998; Cusick etal., 2000; Olsenetal., 2001;
McGlone, 2003; Hou, 2004; Jules et al., 2004; Mathur
etal., 2005; Shino et al., 2005; Graham and Lee, 2006}.
Most cases were sporadic, but two familial cases
were also reported [Ruprecht and Majewski, 1978;
Thiele et al., 1996]. As two sisters with arhinia and
microphthalmia were born to non-consanguineous
parents, an autosomal recessive mode of inheritance
has been suggested in this family [Ruprecht and
Majewski, 1978]. In the other family, an aunt and a
niece were affected with arhinia, suggesting a
dominant mode of inheritance with reduced pene-
trance [Thiele et al., 1996). Of the 17 patients who
were karyotyped, 14 had a normal karyotype,
whereas three cases had 46,XX/47,XX,+9 [Kaminker
et al., 1985], inv(9) [Cohen and Goitein, 1986), or
1(3;12)(q13.2;p11.2) [Hou, 2004]. These findings may
indicate that genetic factors play a role in the
occurrence of arhinia. Several genes have been
proposed as candidates for arhinia, such as PAXGand
its downstream targets, those of the FGF signaling,
MSX1, NRP2, GSC, ALX3, and ALX4 [Hou, 2004;
Graham and Lee, 2006]. However, no genetic
analysis has yet been undertaken. A de novo
balanced reciprocal chromosomal translocation with
a congenital disorder provides a good opportunity to
discover the gene causing the disease [Mizuguchi
et al., 2004].

We previously encountered a patient with con-
genital arhinia, small eyes and other abnormalities
who was cytogenetically diagnosed to have a

translocation, t(3;12)(q13.2;p11.2) [Hou, 2004].
Under a hypothesis that a gene responsible for
arhinia is disrupted at either of the breakpoints of the
translocation, we performed breakpoint analysis of
the patient as well as genome analyses of four other
patients with arhinia.

MATERIALS AND METHODS

Subjects

This study was approved by the Committee for
Ethical Issues on Human Genome and Gene
Analysis, Nagasaki University. Five patients with
arhinia were collected and analyzed as a collabora-
tion study among six medical institutions (Nagasaki
University Graduate School of Biomedical Sciences,
Nagasaki, Japan; Great Ormond Street Hospital for
Children, London, UK; Chang Gung Children’s
Hospital, Taoyuan, Taiwan; Plastic Surgery Arabella,
Munich, Germany; Center for Medical Genetics and
Molecular Medicine, Haukeland University Hospital,
Bergen, Norway; and Osaka Medical Center and
Research Institute for Maternal and Child Health,
Osaka, Japan). Clinical findings of these five patients
are shownin Table 1. One patient (Patient A) had ade
novo translocation, t(3;12)(q13.2;p11.2) and the
other four patients (Patients B—~E) were karyotypi-
cally normal.

We first focused our interest on Patient A and
carried out a breakpoint analysis to try to isolate the

TABLE I. Clinical Findings of Five Patients With Arhinia

- Patients [References]

A B C D E
[Okamoto, {Muhlbauer [Olsen [Sakai
Clinical findings [Hou, 2004] unpublished] etal, 1993 et al., 2001] et al., 1989]
Sex F M F F M
Karyotype 46,XX,1(3;12) 46, XY 46,XX 46,XX 46,XY
(q13.2;p11.2)
High arched palate + + + + +
Hypertelorism + + + + + (pseudo)
Microphthalmia Bilateral Left NA NA -
Coloboma iris + Left NA Bilateral -
Published
Development NA N N N N
Brain imaging N N N N N
Olfactory bulbs - - NA -~ NA
Family history - - - - -
Pregnancy UN UN UN PH NA
Birth weight (g) 2,800 2,368 2,640 3,070 3,346
Paranasal sinuses uD + - - NA
Nasolacrimal ducts NA - - ~ -
Complications Scoliosis, epilepsy Hypogonadism, autism - - -
Current status Living Living Living Unknown Living
DD ND
GR ~ GR
NNB

F, female; M, male; +, observed; —, not observed; NA, not assessed; N, normal; UN, uneventful; PH, polyhydramnios; UD, underdeveloped; DD, delayed development;
ND, normal development; GR, growth retardation; NNB, no nasal breathing.
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Fic. 1. Patient B at age 6 days, showing the absence of the nose.

putative-arhinia gene. Detailed clinical features of
Patients A, C, D, and E were reported previously
[Sakai et al., 1989; Muhlbauer etal., 1993; Olsen et al.,
2001; Hou, 2004, respectively]l. Patient B was a
Japanese boy whose clinical manifestations have
been unpublished. He was born to healthy and non-
consanguineous parents by cesarean at 39 weeks of
gestation with a birth weight of 2,368 g, length 48 cm,
and OFC of 33.7 cm (Fig. 1). Because of his
congenital arhinia, a nasal airway was created by a
surgical operation at age 17 days to facilitate oral
feeding. Other clinical manifestations included
bilateral microphthalmia, coloboma of the iris, mid-
face hypoplasia, high arched palate, hypertelorism,

A B

RTTUTE G TN D

and absent nasolacrimal ducts. He had neither cleft
palate nor low set ears. Atage 4 years, his weight was
12.7 kg, height 94.7 cm, and OFC 50 cm, and had
paranasal sinuses, normal hearing acuity, autistic
behavior, and hypogonadotropic hypogonadism.
He is currently able to eat foods through his mouth
by himself. His psychomotor developmental quoti-
ent was estimated at 65.

Fluorescence In Situ
Hybridization (FISH) Analysis

Metaphase chromosomes were prepared from an
immortalized lymphoblastoid cell line according to
the standard protocol [Shimokawa et al., 2005]. The
RPCI-11 human BAC clones mapped around the

. breakpoints, 3q13.2 and 12pl11.2, -were selected
- and used for FISH analyses. Mapping information

was retrieved from the UCSC genome browser,
2003 July version (http://genome.ucsc.edu/cgi-bin/
hgGateway). BAC-clone DNA was extracted using an
automatic DNA extraction system (Kurabo, Osaka,
Japan) and labeled with SpectrumGreen-11-dUTP or
SpectrumOrange-11-dUTP (Vysis, Downers Grove,
IL) by nick translation. Fluorescent probes were
hybridized to metaphase chromosomes for 16—-72hr,
and then chromosome slides were washed and
counterstained with DAPI using standard protocols
[Shimokawa et al, 2005]. Fluorescence signals
were observed under Zeiss Axioskop microscope
equipped with a quad filter set with single-band
excitation filters (84000, Chroma Technology Cor-
poration; Brattleboro, VT). Images were captured by
cooléd CCD camera (TEA/CCD-1317-G1, Princeton
Instruments, Trenton; NJ) and merged with IPLab/
MA.

53

der{12)—#

-cdrr{3}

Fic. 2. A:Partial karyotype of Patient A. Arrows and arrowheads show the breakpoints. B: FISH analysis in Patient A. Green signals for a BAC clone, RP11-55L17, that
spans the 12p breakpoint appear on der(3), der(12) and normal chromosome 12, while red signals for a chromosome 3-derived clone, RP11-803P6, are seen only on

normai chromosome 3. The findings indicate a deletion only in der(3).

—53—
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Array Comparative Genomic
Hybridization (CGH)

DNA was extracted from peripheral blood lym-
phocytes by conventional method [Sambrook and
Russell, 2001). To detect chromosomal aberrations,
we performed homemade whole-genome BAC-
based array CGH (array CGH) using genomic DNA
of all five patients according to the method described
previously [Miyake et al, 2006]. The microarray
contains 2,173 BAC and PAC clones which span the
whole genome at each of 1.5 Mb average.

Mutation Analysis

A screening for mutations of COL8AI and CPOX
was performed in the four arhinia patients with
normal karyotypes. All exon sequences and their
flanking intron sequences of the two genes were

amplified by PCR for direct sequencing. PCR condi-
tions were set at 40 cycles of 94°C for 30 sec, 62°C for
30 sec, and 72°C for 45 sec in a 15 pl mixture
containing 1 x PCRbuffer with 1.5 mM MgCl,, 0.2 mM
each of dNTP, 1 uM each primer and 0.4 Units Taq
polymerase (TaKaRa, Otsu, Japan). PCR products
were treated with ExoSAP-IT (Amersham Bio-
sciences, Piscateway, NJ) and both strands were
sequenced with BigDye Terminator Sequencing kit
version 3.1 according to the supplied protocol
(Applied Biosystems, Foster City, CA). The reaction
mixture was purified using Sephadex G-50 superfine
(Amersham Biosciences) and analyzed on the ABI
Genetic Analyzer 3100 (Applied Biosystems) with
the Sequence Analysis software (Applied Bio-
systems) and aligned with the Auto Assembler
version2.1.1 software (Applied Biosystems) to find
DNA alterations.

A B
3cen 12pter
- BACs Gene
. BACs: 29.4Mb-—d
RP11-1149K 14 ARG99
95Mb. —{ @ RP11-12403
96Mb =1 @ RP11:56M23 -1
— @ RPH1-12H14 _ —
97Mb. O RP11ABIMIa ™ 3“"'2
- 0 -RP11-38H18 —
98Mb 18 ‘Rp11:1067x8 -
‘99Mb =1 ~~  |RP11-780A5
; " gRP11-412121
‘deletion 30.0Mb = P I th‘:siuz _bre_ak Mm
—_— 19.0Mb . RP11-1006M14.
——— - " 4§ RPI1-104A18
, RP11.11862
115Mb =0 RP11-1089L23 -
O, RP11-826D14
16Mb —{D Rorioia RpYT-89013
o RP1t3ba0e24™ 3q13.31
117Mb. —{ e RP11-1148F6 o
o RPTANIAZ RP11.268M13
118Mb —4{®: RP11-318M8 —  RP11-154D14
3q13.31-qter ' 1PO8
119Mb - ‘transiocated — l
t012p
30.8Mb~4
v v
3qter - 12cen

Fic. 3. A: Physical map covering the 3q11.2-3q13.31 deleted region of Patient A.

Solid and open cirdles indicate the presence and ahsence of clones in Patient A,

respectively. B: Physical map of the 12p11 breakpoint region. Thick lines indicate BAC clones covering the breakpoint. Genes ARG99 and /PO8 are located close to the

breakpoint.



American Journal of Medical Genetics Part A: DO1 10.1002/ajmg.a

550 SATO ET AL.

RESULTS AND DISCUSSION

Although the translocation of Patient A looked
balanced (Fig. 2A) [Hou, 2004, there was actually a
relatively large deletion at the 3q13.2 breakpoint
region of her derivative chromosome 3. FISH analysis
revealed that the 3q proximal end of the deleted
segment was confined to 3q11.2 between BAC
- clones, RP11-12H14, and RP11-481M14, and the
distal end to 3q13.31 between RP11-5H2 and RP11-
1030E24 (Figs. 2B and 3). Since lacking signals were
confirmed for 16 other BACs that are located
between the two ends, the deletion extended to
approximately 19 Mb in size from 3q11.2 to 3q13.31
(UCSC Genome Browser). As for the other derivative
chromosome 12, as two neighbor BAC clones, RP11-
412121, and RP11-55L17, in a contig were identified
to cover the 12p11.22 breakpoint, there was no
deletion at the breakpoint.

To know whether any other chromosomal aberra-
tions exist in the genome of the five patients
examined, whole-genome array CGH was per-
formed. Consequently, the array CGH confirmed in
Patient A the presence of the 3q deletion (Fig. 4)
without deletions or duplications in any other
chromosomes. In Patient D, four regions were
suspected to have duplication, but this could not be
confirmed by subsequent FISH, because her chro-

mosome preparation was not available. There was
no chromosomal aberration in the remaining three
patients.

A literature search for deletions for 3qll.2-
3q13.31 found eight reported cases [Arai et al,
1982; Jenkins et al., 1985; McMorrow et al., 1986;
Okada et al., 1987; Fujita et al., 1992; Genuardi etal.,
1994; Ogilvie et al., 1998]. The smallest region of
overlap (SRO) for deletion among them is almost
confined to 3q12-3q13.31 (Fig. 5). The deletion in
one patient (Case 8 in Fig. 5) [Jenkins et al., 1985} was
reported to lie between 3q11 and 3q21. However, the
exact location of the proximal border in this patient
was not clear since either FISH or molecular analysis
was not carried out. None but one patient {Arai etal,,
1982] had any nose anomaly, and none of the eight
patients manifested microphathalmia that is virtually
accompanied with arhinia [Graham and Lee, 2006).
The exceptional patient whose deletion involved
3q13—q21 (Case 7, Fig. 5) had alobar holoprosence-
phaly, arhinia, and cleft lip [Arai et al, 1982].
Although arhinia of this case seems atypical and to
be a holoprosencephaly-associated median facial
anomaly, the patient might provide possible infor-
mation for localization of the arhinia locus. If the
locus exists at the long arm of chromosome 3, it
might be confined to a segment between 3qll.2
and the proximal border of the deletion of Case 8

Chromosone 3

e ([ H Y
(0112

mib ol nans

S — ] 9350
| — 350

deletion .

Fic. 4. Array CGH analysis in Patient A, showing a deletion on 3q. The clone at the proximal end within the deletion was RP11-262019 (3q11.2), and the distal end
clone was RP11-342J15 (3q13.31), the results suggesting that the deletion is approximately 18 Mb in size.
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4—— SN0} aleppued
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Fic. 5. Extent (bars) of 3q11.2-3q13.31 deletion in Patient A and eight
reported cases. Lanes 1-8 are from McMorrow etal. {1986}, Ogilvie etal. [1998],
Okada etal. {1987, Fujita etal. [1992], Genuardi etal. [1994], Arsi et al. (1982], and
Jenkins et al, [1985]. respectively.

(Fig. 5). We selected two genes, COL8A 1 and CPOX,
from 3q11.2 within the deletion of Patient A, and
analyzed for their mutations in Patients B—E.
According .to the Craniofacial and Oral Gene Ex-
pression Network (COGENE, http://hg.wustl.edu/
COGENE/index.html), COL8A1 and CPOX are
expressed in the frontnasal prominence at the 4th
week, and between the 4th and Sth weeks, respec-
tively, suggesting they play some roles in the nasal
development. However, there was no pathogen-
omonic mutation of COL8AI or CPOX in the four
arhinia patients with normal karyotypes.

As for the other breakpoint of Patient A, we have
confirmed that any known genes were not disrupted
at 12p11.22. Two genes, ARG99 and IPOS8, located
near the breakpoint, seem to have no functions
related to the human nasal development. However,
it cannot totally be ruled out that there may be
unknown RNA transcript(s) on the breakpoint or the
breakage may affect a long-distance position effect
[Velagaleti et al., 2005].

The nasal placode, the anlage of the nose, begins to
develop from the 12th to the 13th Carnegie stage, at
the end of the fourth embryonic week. The stage
between the end of the 4th week to the 7th week is

the most active, important period in the human nose
development [O’Rahilly, 1967; Kim et al., 2004]. A
failure of the developmental process may result in
arhinia, for example, failure of growth or overgrowth
of the medial and lateral nasal process sequentially
leads to premature fusion of the medial nasal
processes [Albernaz et al., 1996).

In conclusion, analysis of five patients with arhinia
revealed, although a 19 Mb large deletion involving
3ql11-q13 was identified in one patient, no chromo-
some aberrations or gene mutations were found in
the other four patients. Nevertheless, our findings
may become a clue to isolate the putative arhinia
gene. Further molecular studies in new patients, as
well as that on other genes within the deleted region
in Patient A, are needed to unravel the underlying
cause of arhinia. This is the first report of molecular-
genetic study on congenital arhinia.
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FBN2, FBN1, TGFBR1, and TGFBR2 were analyzed by direct
sequencing in 15 probands with suspected congenital
contractural arachnodactyly (CCA). A total of four novel
FBN2 mutations were found in four probands (27%, 4/15),
but remaining the 11 did not show any abnormality in either
of the genes. This study indicated that FBN2 mutations were
major abnormality in CCA, and TGFBR and FBN1 defects may
not be responsible for the disorder. FBN2 mutations were

How to cite this article: Nishimura A, Sakai H, lkegawa S, Kitoh H, Haga N, Ishikiriyama S, Nagai T,

only found at introns 30, 31, and 35 in this study.
Thus analysis of a mutational hotspot from exons 22 to 36
(a middle part) of FBN2 should be prioritized in-CCA as
previously suggested. © 2007 Wiley-Liss, Inc.

Key words: FBN2; FBN1; TGFBR1; TGFBR2, congenital
contractural arachnodactyly (Beals syndrome)
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INTRODUCTION

Congenital contractural arachnodactyly (CCA,

OMIM #121050), also known as Beals syndrome, is
characterized by skeletal features including arachno-
dactyly, dolichostenomelia, scoliosis and pectus
‘deformity similar to those found in Marfan syndrome
(MFS), but is not usually associated with cardiovas-
cular or ocular features. CCA also shows joint
contractures and a crumpled ear deformity. It is
often difficult to differentiate between the two
syndromes [Viljoen, 1994; Pyeritz, 2000; Gupta
et al., 2002, 2004]. Since the first description of
FBNZ2 abnormalities in CCA, only 22 mutations, to
our knowledge, were reported in the literature
[Putnam et al., 1995, 1997; Wang et al., 1996; Maslen
et al., 1997; Babcock et al., 1998; Park et al., 1998;
Belleh et al., 2000; Gupta et al., 2002, 2004] (see also
the human gene mutation database: http://
www.hgmd.cf.ac.uk/ac/gene.php?gene=FBN2). All
FBN2 mutations clustered in exons 24-33, being

analogous to FBNI mutations in exons 24-32 identi-
fied in neonatal MFS [Tiecke et al., 2001].
Dysregulation of TGFp signaling is now con-
sidered as an important pathogenesis of MFS and
MFS-related disorders. Mice with manipulated Fbr1
showed abnormal TGFp signaling in affected tissues
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[Pereira et al., 1997, 1999; Judge et al., 2004] and
mutations of TGRBR2 and TGFBR1 have been
found in MFS and MFS-related disorders including
Loeys—Dietz syndrome (LDS) and familial thoracic
aortic aneurysm and dissection (TAAD) in human
[Mizuguchietal., 2004; Loeysetal., 2005; Pannu etal.,
2005; Matyas et al., 2006; Singh et al., 2006]. However
TGFp signaling was not investigated in CCA.

In this study, FBN2, FBN1, TGFBR1, and TGFBR2
were systematically analyzed in a total of 15 CCA
patients. Genetic and clinical profiles will be
presented.

MATERIALS AND METHODS

Subjects

Patients with CCA or suspected CCA, mostly
presenting with joint contractures, marfanoid skele-
tal features, and ear deformity were recruited for this
study. Their detailed clinical features are given in
Table 1. Among 17 patients including a family
with 3 affected, 12 were reasonably evaluated.
After written informed consent, genomic DNA of
peripheral blood leukocytes was isolated using DNA
isolation systems [Quick Gene-800 (Fuijifilm, Tokyo,
Japan) and/or NA-3000 (Kurabo, Osaka, Japan)l.
Ethical approval for this study was obtained from the
Committee for Ethical Issues at Yokohama City
University School of Medicine.

Sequence Analysis

FBNZ2, TGFBR1, and TGFBR2 were analyzed in all
probands. FBN1 was lastly analyzed when none of
the genes showed abnormality except for one patient
(BS9) whose DNA was used up. Exons 22-35 of
FBN2 supposed to cover mutation hotspots were
initially screened. If no mutation was found in the
hotspots, remaining exons were analyzed. Primer
sequences were described elsewhere [Sakai et al.,
2006). Coding exons of FBN2 (65 exons), FBN1
(65 exons), TGFBR1 (9 exons), and TGFBR2
(7 exons) and their flanking intronic regions were
amplified by PCR. PCR products were purified with
Ex0SAP-IT (USB, Cleveland, OH) and sequenced by
a standard protocol using BigDye terminator
(Applied Biosystems, Foster City, CA) on an ABI
PRISM 3100 Genetic analyzer (Applied Biosystems).
Nucleotide changes were confirmed using the
SeqScape software ver. 2.5 (Applied Biosystems). If
nucleotide substitutions were identified in patients
whose parental samples were unavailable, at least
100 normal controls were additionally screened to
confirm whether they were polymorphisms or not.

Computational Analysis

Splice site finder (http://www.genet.sickkids.
on.ca/~ali/splicesitefinder.html) and ESEfinder

(http://rulai.cshl.edu/tools/ESE/) were used for
characterization of splice-site-related mutations.
At least 30 bp sequences from an exon-intron
border and corresponding exonic sequences were
analyzed. A wild-type and mutated alleles were
compared.

RESULTS AND DISCUSSION

A total of four novel FBN2 mutations were found in
four of 15 CCA probands (27%): IVS30-24A > C,
IVS30-5T> G, IVS35+1G >T, and IVS31+1G > A
(Table D). Two of them (IVS30-5T>G and
IVS31 +1G > A) were confirmed to be de novo
and one (IVS30-24A > C) was shared by three affect-
ed members [dizygotic twin (BS2b and BS2c) and
their mother (BS2a)] in one family with a healthy
father without the mutation. No mutations were
found in TGFBR1, TGFBR2, or FBN1. Polymorph-
isms were listed in Table II, which were registered
in the SNP database (http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?CMD=DisplayFiltered&DB=snp)
or observed among 18 normal controls. FBN2
mutation detection ratios in CCA patients ranged
from 18% to 77% [Putnam et al., 1995; Park et al,,
1998; Gupta et al., 2002). This variability could be
explained by different techniques, that is, single
stranded conformational polymorphism analysis
(SSCP) (18%) and SSCP followed by complete
sequencing of partial cDNA (78%). In our study, the
rate was low regardless of complete sequencing
analysis of entire exons including exon-intron
borders. This could be partly due to sample bias as
each patient was diagnosed with CCA by each
clinician. It was noted that all probands with a
positive mutation showed joint contractures, marfa-
noid skeletal features, and ear deformity. FBN2
analysis is warranted for such full spectrum of CCA
phenotypes.

The four mutations we found occurred only at
introns 30, 31, and 35 (in the middle of FBN2)
regardless of complete sequencing of all 65 exons.
Thus analysis of mutation hotspots (exons 24-34) is
justified as previously suggested [Park et al., 1998].
1IVS354+1G >T is the most 3'-side mutation ever
found. Thus we recommend primary screening of
FBN2 exons 22-36 for CCA.

All FBN2 mutations found are located at or close
to splicing donor or acceptor sites. Splice site finder
program demonstrates that IVS30-24A>C and
IVS30-5T > G abolish original acceptor sites and the
latter creates a new donor site. IVS31+1G>A
and IVS35+1G>T abolish original donor sites
(data not shown). Similarly in ESEfinder analysis,
IVS30-24A > C creates a new SRp40 site, IVS30-
5T > G abolishes an original. SRp40 site, IVS31 +
1G > A abolishes original SF2/ASF and SRp40 site to
an SRp5S site, and IVS35 4- 1G > T abolishes original

SF2/ASF and SRp40 sites. Furthermore IVS30-5T > G
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TABLE II. Polymorphisms Found in This Study

Gene : Exon‘

Polymorphism SNP ID Allele frequency in normal control
FBN2 1 244G > A (V82M) Found in a healthy parent
FBN2 22 IVS22+23G>T 5255690
FBN2 23 2893G > A (V965D) rs154001
FBN2 27 3518C> G (T11738) Found in a healthy parent
FBN2 44 IVS449C>T rs27713
FBN2 46 5823T > C (H1941H) rs11955288
FBN2 48 IVS48+24G > A 528763934
FBN2 50 IVS50-26T>C 5516338560
FBN2 51 IVS51+15A>G 7/36
FBN2 54 IVS54+17G > A rs2042327
FBNZ2 55 6931A > G (M2311V) 532209
FBN2 55 IVS55-5T>C rs28763927
FBN2 57 7200T > C (524005) rs190450
FBN2 61 7739C> T (S2580L) 52291628
TGFBR1 7 IVS7+24G> A rs334354
TGFBR2 s'-UTR 5'-UTR-128C> G rs2306856
TGFBR2 2 IVS24+7A>G rs1155705
TGFBR2 3 IVS3-4T > A rs11466512
TGFBR2 4 1242C> T (T414T) 52228048

and IVS31+1G>A were do novo changes and -

IVS30-24A > C and 1VS31 + 1G > A were not found
in atleast 100 normal controls. Thus all mutations are
likely to be pathogenic.

TGFBR mutations were not found in our CCA
series, but found in MFS, LDS, TAAD, and Shprint-
zen-Goldberg craniosynostosis syndrome (SGS)
[Mizuguchi et al., 2004; Loeys et al., 2005; Pannu
et al., 2005; Kosaki et al., 2006; Matyas et al., 2006;
Singh etal., 2006). Dysregulation of TGFp signaling is
now considered as the core pathogenesis of MFS and
MFS-related disorders. Fibrillin 2 and fibrillin 1 are
the major structural components of extracellular
microfibrils [Handford et al., 2000). We expected that
a subset of CCA patients may have TGFBR mutations,
but they did not. Fbn2 homozygous knockout mice
presented with contractures of forelimbs and stiff
large joints of hindlimbs which are found in human
CCA and also unexpected syndactyly [Arteaga-Solis
et al., 2001). As functional interaction of Fbn2 and
Bmp-7 was suggested by double heterozygous
Fbn2/Bmp-7 mice which showed combined the
patterning defects of each nullyzygous mice, Bmp
signaling instead of Tgfp signaling may be function-
ally correlated with Fbn2 [Arteaga-Solis et al., 2001].

In conclusion, we found four novel FBN2 muta-
tions in 4 of 15 CCA patients (27%), but none of other
did show TGFBR1, TGFBR2, FBN2, or FBN1 abnorm-
ality, being genetically unexplained. It would be
interesting to investigate BMP signaling in CCA
patients.
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