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FIG. 5. Histone modification analysis of the GrbJ0 promoter in cultured cells. (A) Quantitative analysis of immunoprecipitated DNA by

real-time PCR. Quantitative values of precipitated DNA in CGI1 and CGI2 were normalized by

average value of each OGl by the

average value of Gapdh or D13Mit55. Standard errors of the means are indicated by bars. (B) Allele-specific histone modifications in CGI2 in
neurons by hot-stop PCR. Digested PCR products of CS7TBL/6 and PWK genomic DNA are shown as homozygous controls in the first two lanes.
M and P represent the products from the maternal allele and the paternal allele, respectively. The ratio of the paternal to maternal (P:M) band
intensities, corrected by the ratio in input chromatin (Inp), is indicated below each lane. (C) Allele-specific histone H3K9 methylation in CGI2 by
SSCP. PCR products of CS7BL/6 and PWK genomic DNA were shown as controls in the first two lanes. (D) Aliele-specific histone modifications

in CGI1 by seq

Glial cells and fibroblasts derived from F, hybrids [(CSTBL/6 % PWK)F,] were used for analysis. The

single-nucleatide (G/A) pulymoﬁ;hium is detected in the input sample (Inp); “G" originated from the maternal allele and A" from the paternal

allele.

results in vitro can explain the previous data that the brain type
transcript was not detected in whole embryo at E9.5 (17), when
neurogenesis has not yet occurred. In addition, our data on
Grb10 expression, i.e., brain development-dependent switching
from the major-type to the brain type transcript, can also
support the previous report that Grbl0 is expressed predomi-
nantly from the paternal allele in the adult brain (17), which
consists of neurons and glial cells.

In our expression analysis, we detected both brain type and
major-type transcripts in cultured neurons (Fig. 2B). Recently,
it was reported that the Pedh (protocadherin) gene was mono-
allelically expressed in individual nearons (10). The Pedh gene
family (Pcdha, Pedhb, and Pedhc) has variable exons and al-
ternative splice forms. Esumi et al. analyzed the expression of
transcripts in the variable exons of Pcdha by using a single-cell
RT-PCR approach for the determination of the allelic origin
for each variable exon at the individual cell level (10). The

individual cells showed monoallelic expression for each vari-
able exon. In our analysis of GrbI0, the discrepancy between
the modifications in CGI1 and the expression of the major-type
transcript in neurons was recognized. Similar to a monoallelic
expression pattern of variable Pedha exons in individual neu-
rons, the discrepancy may be explained by the existence of two
different cell populations in cultured neurons, each of which
expresses either the major-type or the brain type transcript
exclusively. As shown in Fig. 2D, the brain type transcript was
obviously highly expressed compared to the major-type tran-
script during long culture periods. The larger population of
cells with the brain type transcript may affect the result of
histone modifications more than the smaller population of cells
with the major-type transcript.

It has been reported that histone modifications and DNA
methylation are not synchronized as a transcriptionally active/
silent signal in some imprinted genes, such as NDN, Gnas, and
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FIG. 6. Histone H3K27 methylation analysis of CGl1 and CGI2 in
cultured cells. (A) Quantitative analysis of immunoprecipitated DNA
by real-time PCR. The percentage of immunoprecipitation (IP) was
calculated by dividing the quantitative value of precipitated DNA by
that of the corresponding input DNA. Standard errors of the means
are indicated by bars. (B) Allele-specific histone modifications in CGI1
by sequence chromatograms. Neurons and fibroblasts derived from F,
hybrids (C57BL/6 x PWK; PWK x CS7BL/6) were used for analysis.
The single-nucleotide (C/T) polymorphism is detected in the input
sample (Inp); “C” originaled from the C5TBL/6 allele and “T" from
the PWK allele. IgG, immunoglobulin G.
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Igf2r (21, 22, 23, 33, 35). Our data also showed an epigeneti-
cally unsynchronized active/silent signal between DNA meth-
ylation and histone modifications in GrbI0 (Fig. 7). In this
study, we showed that the brain type transcript is expressed in
neurons but not in glial cells (Fig. 2C), where both differential
methylation in CGI2 and biallelic hypomethylation in CGI1
were maintained regardless of expression (Fig. 4B). The result
that allele-specific DNA methylation is not sufficient 1o direct
imprinted expression in brain cells implies that other epige-
netic modifications may affect cell lineage-specific imprinting.

In our analysis of histone medifications, histone acetylation
status correlated with the expression status of the major-type
transcript in glial cells and fibroblasts and the brain type tran-
script in neurons (Fig. 7). Such histone acetylation status in
Grbl0 expression is consistent with the findings that alicle-
specific histone acetylation was associated with allelic gene
expression in the imprinted gene, NDN (21). Histone acetyla-
tion offers the best example of a direct link between tissue-
specific gene expression and histone modifications.

Unlike that of histone acetylation, the status of histone
methylation has been implicated as an early event for chroma-
tin conformations, Methylation of histones H3K4 and H3K9 is
associated with active chromatin and silent chromatin, respec-
tively. According to our results, allele-specific H3K4 and H3KY
methylation in CGI1 and CGI2 did not correlate with allele-
specific gene expression in each cultured cell. In glial cells,
H3K4 in CGI2 was hypermethylated in the paternal chromo-
some, which was silent with no brain type transcript. It seems
that H3mK4 is maintained during differentiation as an imprint
mark with H3mK9 but is not related 1o promoter activity (28),
although histone modifications in oocytes remain unknown. In
CGI1, H3me2K9 and H3me3K9 were hypomethylated in both
parental chromosomes independent of the expression of the
major-type transcript in cultured cells. It is likely that H3K9
methylation in germ cells is maintained as a stable and herita-
ble imprint mark but may not be secondarily acquired during
development.

Then, how is maternal chromosome-specific expression of
the major-type transcript regulated without differential DNA
methylation in CG11? The PcG protein Eed complex is known
to be a part of a memory system that maintains repression of
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FIG. 8 Working models for tissue-specific reciprocal imprinting of Grbl0. The previous enhancer/insulator model by Hikichi et al. was
modified based on the analysis of DNA methylation and histone modifications mediated by the PcG complex containing Eed (17). Tissue-specific
imprinting of GrbI0 implies neuron-specific imprinting that is different from imprinting in other undifferentiated and differentiated cells. Black and
white lollipops indicate hypmne thylated and hypomethylated DNA, respectively. Circles and squares indicate putative major enhancer and

neuronal which lerate Grb 10

from the major-type promoter and the brain type promoter, respectively. The

PeG complex nunu.m.mg Eed is wprcaenled by a triangle. CTCF is thought to be & putative insulator (gray oval). M, matemal; P, paternal.

the imprinted X chromosome (36) and silencing of some im-
printed genes (24, 33). Grbl0 is reported to be one of the
imprinted genes that are regulated by the PcG protein Eed
complex. Interestingly, in Eed ™'~ embryos, the major-type
transcript was biallelically expressed without major alteration
of allelic DNA methylation (24). The Ecd/Ezh2 PcG complex
possesses histone methyltransferase activity on H3K27 (5, B,
25) and interacts with histone deacetylases (34). Methylation
of H3K27 is a repressive epigenetic mark regulated by the SET
domain containing Ezh2/Eed complex (5, 8, 20, 25). In our
analysis, H3mK27 was clearly precipitated in neurons and fi-
broblasts in CGI1 but not in CGI2 (Fig. 6A). The paternal
chromosome-specific methylation of H3K27 in CGI1 was ob-
served in fibroblasts but not in neurons (Fig. 6B). These data
indicate that the Eed PeG complex can biallelically interact on
CGI1 as a rrans-acting factor in neurons but paternally in other
cells. In the absence of DNA methylation in CGI1, PeG com-
plexes may mediate a nonpermissive chromaltin state for tran-
scription, leading to repressive histone modifications, Interest-
ingly, other genes, Cdknlec and Ascl2, imprinting of which was
reported to be regulated by Eed (24), show tissue-specific
imprinting, and their imprinted expression in trophoblasts is
associated with repressive histone H3K27 methylation rather
than DNA methylation (22, 33).

Figure 7 shows the summary of our data. In CGI2, DNA
methylation in a gametically methylated CpG island on the
maternal allele was maintained throughout development. Al-
lelic methylation of H3K4 and H3K9 associated with gametic
DNA methylation was also stable as an epigenetic mark, inde-
pendent of Grbl0 expression. Histone acetylation status was
correlated with the expression status of the brain type tran-
script: histones H3 and H4 were paternally acetylated only in
neurons, where the brain type transcript was paternally ex-
pressed. H3K27 was not methylated biallelically. In CGI1, bi-
allelic DNA hypomethylation and biallelic hypomethylation of
H3K9 were observed. Acetylation of histones H3 and H4 and
methylation of H3K4 and H3K27 were allelically detected,

corresponding to the allelic expression of the major-type tran-
script, although the discordance in histone modifications and
expression in neurons was detected, probably depending on
maturation of neurons. Methylation of H3K9 and H3K27 is
thought to be a repressive chromatin marker, but it is not
completely clear whether PcG-mediated silencing involves
methylation of H3K9 synchromzed with H3mK27 in all PcG
target genes. We did not observe coexistence of H3mK27 and
H3mK9 in both CGI1 and CGI2 of Grbl0. Umlauf et al. also
reported discordance between localizations of H3mK27 and
H3mK9 in some imprinted genes in the Kengl domain (33).
Further work should determine how histone modifications,
especially methylation of H3K9 and H3K27, are coordinated
or uncoordinated as epigenetic determinants in tissue-specific
imprinting.

These data about epigenetic modifications analyzed at the
cell level, in addition to the evidence for Dnmu3L™ '~ and
Eed ™'~ embryos, lead 10 a working model for tissue-specific
reciprocal imprinting of GrbI0 (Fig. 8). The previous model by
Hikichi et al. (17) was modified in our model based on the data
of DNA methylation and repressive histone modifications me-
diated by the PcG complex in brain cell lineages. In undiffer-
entiated cells, a DNA methylation-sensitive insulator, CTCF,
binds to the paternal CGI2 and blocks the paternal activity of
the downstream major enhancer, resulting in silent expression
of the major-type transcript on the paternal allele. On the
maternal allele, the major enhancer works on the major-type
promoter to recruit transcription factors. In CGI1, the Eed/
Ezh2 PcG complex binds on the paternal allele, whereas it
competes with transcription factors on the maternal allele. The
Eed/Ezh2 PeG complex methylates H3K27 and interacts with
histone deacetylases, leading to silencing of the chromatin on
the paternal CGI1. In Dnmu3L™ "'~ embryos, biallelic hypom-
ethylation in CGI2 makes CTCF bind biallelically on CGI2,
resulting in null expression of the major-type transcript, re-
gardless of the PcG complex. In Eed™'™ embryos, the silent
state on the paternal CGI1 regulated by the Eed PcG complex
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is released to the biallelically active state without major alter-
ation of DNA methylation in maternal CGI2. In neurons, the
other molecular mechanism of imprinting works in a promoter-
specific manner, different from that in other differentiated
cells. During neurogenesis, expression of Grb10 shifts from the
major-type to the brain type transcript by switching from the
major-type promoter to the brain type promoter. The neuronal
enhancer instead of the major enhancer may work on the brain
type promoter, depending on DNA methylation in CGI2. The
maternally active major-type promoter becomes silent without
transcription factors, and consequently, the Eed/Ezh2 PcG
complex binds to make the chromatin structure silent. This
implies that the PeG complex is necessary to maintain cell-
type-specific imprinting. It remains unknown how neuron-spe-
cilic imprinting is regulaled by DNA methylation and/or his-
tone modifications mediated by the PeG complex, because
Dnmu3L™"'" and Eed ™'~ embryos are lethal by E10.5 (4, 14)
and E8.5 (11), respectively, just before neurogenesis,

As far as we know, this is the first report of an epigenetic

analysis of cultured cells where DNA methylation and chro-
matin remodeling by PcG proteins establish and maintain cell-
type-specific imprinting at one gene locus. Although allelic
DNA methylation established in the gamete contributes pri-
marily 10 tissue-specific imprinting, lissue-specific Grbl0 im-
printing is directly regulated by the repressive chromatin me-
diated by the PcG complex during development. Our analysis
of promoter-specific and cell-type-specific imprinting of Grbl0
gives an important clue for understanding the mechanism of
tissue-specific imprinting.
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Thyroid 4 Summary A radiation etiology is well known in thyroid carcinogenesis. RET oncogene rearrangement is

RET ’ S the most common oncogenic alteration in Chemnobyl-related papillary thyroid cancer (PTC). To find the
al_nphﬁr.mnu. characteristic alteration associated with RET rearrngements in radiation-induced thyroid cancers, we

f_‘l‘s‘f;_"““' analyzed the RET oncogene by fluorescence in situ hybridization. The fluorescence in situ hybridization
G Ve bility technique has the possibility of detecting 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. Our study
demonstrated RET amplification in all 3 cases of radiation-associated thyroid cancers but not in sporadic
well-differentiated PTC (n = 11). Furthermore, RET amplification was observed in all 6 cases of
sporadic anaplastic thyroid cancers (ATCs). The frequency of RET amplification-positive cells was
higher in ATC (7.2%-24.1%) than in PTC (1.5%-2.7%). The highest frequency of RET amplification-
positive cells was observed among ATC cases with a strong pS3 immunoreactivity. In conclusion, we
found RET amplification, which is a rare oncogenic aberration, in thyroid cancer. This report is the first
* This work was supported in part through Nagasaki Uni y 215t Century Center of Excellence (COE) program and by Grant for Research Project of
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one to suggest the presence of RET amplification in PTC and ATC. RET amplification was correlated
with radiation-associated, high-grade malignant potency, and pS3 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

high-grade malignant cases.

© 2007 Published by Elsevier Inc.

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
areas exposed to fallout from the Chemoby!l accident,
suggesting a radiation etiology in thyroid carcinogenesis.
RET rearrangement is a well-known molecular alteration
observed in PTC. Ret oncoproteins, which function as
receplor tyrosine kinases, are dimerized by ligand-binding,
activated, and subsequently involved in regulating cell
growth and survival in normal tissues [1,2]. During thyroid
carcinogenesis, 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 vaniants 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/PTC] 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 pariner 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 cylogenetic
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-

Table 1 Clinicopathologic profiles of paticnts and summary of results

Case Age Sex Px PTNM Radiation  RET rearrangement  RET amplification ps3
Positive cells  Copy no.”

1 32 F FV  TINOMO Tx Arfplret™ 1.5% 56(48) -
2 41 F FV T4ANIBMO C PTC3 2.7% 48 (39 -
ip 44 M WD TINOMO - - - -
IR 5T M ATC T4NOMO  Tx - 24.1% 52(38) +
4 64 M ATC  T3NOMO - - 20.3% 6.3 (4-10) +
5 77 F ATC  T4NOMO - - 19.5% 6.6 (4-8) +
6 | F ATC  T4NIbMO - - 13.1% 58 (3-8) -
7 B4 F ATC  T4NOMO - - 7.2% 48 (3-6) -
8 78 M ATC  T4NOMO - - 8.9% 56 (4-7) -
9 81 F ATC  T2NOMO - - 102% 61(3-7) -
10 22 F PD  T4NIaMO - PTCI1 2.4% 45 (4-6) -
Others (n=10) 52° F/M (8:2) WD  TINOMO S - ¥ -
Abbreviations: M, mal; F, female; Px, pathologic dingnosis, FV, follicular variant PTC; WD, well-differentiated PTC; PD, poorly differcntiated PTC; Tx,
irdiation therapy; C, Chemobyl casc; P, primary; R, recurrent (after imadiation therapy),

* Values are shown as mean (range),

* Ref [16].

* Mecan age.
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Table 2 List of primers and PCR conditions

Target Sequence Annealing ("C) Amplicon (bp)
RET/PTCI

Forward GCCTGGAGGAGCTCACCAA 56 255
Reverse CTCTGCCTTTCAGATGGAA

RET/PTC3

Forward ACCTGCCAGTGGTTATCAAGCT 58 154
Reverse TTCGCCTTCTCCTAGAGTTTTTCC

2-Tubulin

Forward AGATCATTGACCTCGTGTTGGA 56 101
Reverse ACCAGTTCCCCCACCAAAG

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 | 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 surgery, the patient had undergone

Fig. 1

A case (case 1) of radiation-induced papillary carcinoma, follicular variant (A). FISH analysis demonstrates cancer cells showing 2

CEPI0 and several randomly distributed RET signals, suggesting RET gene amplification (B). In the nontumor area (C), infiltrating
Iymphocytes and follicular cells show 2 RET signals coupled with 2 CEPJ0 signals, suggesting a wild-type RET (D)
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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 4]-year-old Russian woman living in a
radioactively contaminated area around the Chemobyl-
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 vanant of PTC. Case 3: a 44-year-old Japanese
man was operated on under the diagnosis of thyroid cancer
and ftreated by internal radiation with "*'l after 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 atormic bombing, radiation therapy, or chemotherapy,
were also analyzed. The clinicopathologic profiles of the

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

patients are summarized in Table 1.

2.2, Dual-color interphase FISH

For hybridization, | ug DNA of BAC clone RP1I-
351D16 (accession number AC010864, human chromosome
10g11 containing the RET locus) was directly labeled with
SpectrumGreen-dUTP by using Nick Translation Kit (Vysis
Inc, Downers Grove, [ll) 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/
2x88C. The mixture containing the above-mentioned
DNA probes and SpectrumOrange-labeled DNA probes
corresponding to the centromere of chromosome 10 (CEP10,
Vysis Inc) was denatured and applied to the denatured tissue.
I'he shides 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 tumeor (A), FISH analysis
demonstrates RET amplification in cancer cells (B). The histwologic type of the primary tumor (case 3P) was that of a well-differentiated
papillary carcmoma (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 hybndization, 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 1000-fold magnification.

2.3. Reverse transcriptase-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/PTC1
and RET/PTC3. Expressions of RET/PTC1, 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 Tag System (Invitrogen, Carlsbad,
Calif) according to the manufacturer's protocol. Primer
sequences, annealing temperature settings in the PCR

reactions, and size of amplicons are listed in Table 2.

2.4, Immunohistochemistry

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

3. Results
3.1. Fluorescence in situ hybridization analysis

All results are summarized in Table 1. The FISH analysis
for RET gene demonstrated nuclei exhibiting several (up fo
10) green signals and 2 orange signals in thyroid cancer
cells, suggesting amplification of the RET gene. All
3 radiation-associated cases—cases | (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 case 2 a high-grade (pT4N1bMO0) follicular
variant of PTC, whereas case 3R was a high-grade
(pTANOMO) ATC. RET amplification was also found in 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 (pT4Nl1aMO0) PTC
from a 22-year-old Japanese woman, whereas the others

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 amplification-positive 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 amplification-positive cells was observed in ATC
cases with a strong p53 immunoreactivity (Fig. 4). No RET
amplification was observed in case 3P (Fig. 2). No RET
amplification was identified by FISH in normal thyroid
follicles surrounding tumors in any of the cases.

M PTC3 PTCI

255bp

Fig. 3 A case (case 10) of high-grade poorly differentiated
carcinoma with no history of radiation exposure (A). RT-PCR
reveals RET/PTC] rearrangement in this case (B). FISH analysis
demonstrates RET amplification in cancer cells (C). Two signals in
the proximity of the homologous centromere are also observed,
suggesting a paracentric inversion of RET/PTC rearrangements in
the same nuclei (arrows in C).
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Fig. 4 A case (case 4) of anaplastic carcinoma with no history of
radiation exposure (A), In this case, FISH analysis demonstrates
several cancer cells showing RET amplification (arrows) in a
high-power ficld (B). Immunostaining reveals diffuse and intense
p33 immunoreactivity, suggesting an accumulation 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

Immunohistochemical results for p53 expression are also
shown in Table 1. Intense and diffuse p53 immunoreactivity
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 and 5), but not in any of the PTC
cases. All of the p53-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 proto-oncogenes
[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) [19-22], 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 amplification could be a molecular
marker for radiation-induced 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
afler irradiation therapy but not in the primary tumor,
which was a conventional type PTC. Thus, RET amplifica-
tion may be associated with anaplastic transformation during
thyroid tumorigenesis.

Anaplastic thyroid cancer has been reported to arise from
preexisting differentiated thyroid cancer [23.24]. In thyroid
carcinogenesis, mutations of the P53 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
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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 suggesied that
RET protein does play 2 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
tumors [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 i1s 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 reponed, 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,
1(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,
COLBAT and CPOX, selected among hundreds of genes
located 1o 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 1o 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; Galeti
etal., 1994; Onizuka et al., 1995; Thiele et al., 1996;
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Choi etal., 1998; Cusick et al., 2000; Olsen et al., 2001;
McGlone, 2003; Hou, 2004; Jules et al., 2004; Mathur
etal., 2005; Shino etal., 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
E:::nts, an autosomal recessive mode of inheritance
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 no karyotype,
whereas three cases had 46, XX/47 XX,4-9 [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 PAX6 and
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 undertzken, A de novo
balanced reciprocal chromosomal translocation with
a congenital disorder provides a good opportunity 1o
discover the gene causing the disease [Mizuguchi
etal., 2004],
We previously encountered a patient with con-
genital arhinia, small eyes and other abnormalities
who was cytogenetically diagnosed to have a

translocation, 1(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; 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 shown in Table I. One patient (Patient A) had a de
novo tmanslocation, ©(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 1. Clinical Findings of Five Patients With Arhinia

Patients [References)
A B c D E
[Okamata, [Muhlbaver Olsen [Sakai
Clinical findings [Hou, 2004] unpublished] et al, 1993] et al, 2001) et al., 1969]
Sex F M P P 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 + Lefi NA Bilateral -
Published
Development NA N N N N
Brain imaging N N N N N
Olfactory bulbs - - NA - NA
Family history — = e 7 =
Pregnancy UN UN UN PH NA
Birth weight (g) 2,800 2,368 2,640 E L] 3,346
Paranasal sinuses uD + - - NA
Nasolacrimal ducts NA - - - -
Complications Scoliosis, epilepsy Hypogonadism, aotism - — -
Current status Living Living Living Unknown Living
DD ND
GR GR
NNB
F. female; M, male; 4, observed; —, notol ed: NA, not d; N L UN, ful; PH. polyk UD, undend ped, DD
ND, normal develor GR, growth m: NNB, no nasal breathing
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Fuo. 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
[Sakaiet al., 1989: Muhlbauer etal., 1993; Olsen et al.,
2001; Hou, 2004, respectively]. Patient B was a
Japanese boy whose clinical manifestations have
been unpublished. He was bomn 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

A

mam I*l-lll m
*
E i B
A

MmAmeE®

3 12

and absent nasolacrimal ducts. He had neither cleft
palate nor low set ears. At age 4 years, his weight was

2.7 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 (hup://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 16-72 hr,
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
cooled CCD camera (TEA/CCD-1317-G1, Princeton
Instruments, Trenton, NJ) and merged with IPLab,
MA.

Fa. 2. A: Pamial karyotype of Patient A. Arrows and arrowheads show the breakpoints. B: FISH analysis in Patient A. Green signals for a BAC clone, RF11-55L17, that
spans the 12p breakpoint appear on der(3), derl 121 and nomal chromosome 12, while red signals for 2 chromosome 3-derived clone, RP11-803P5, are seen only on

normal chromosome 3. The Andings indicate a delation only in der(3)
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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 COL8A1 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 PCR buffer with 1.5mM 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, N]J) 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-30 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
A A
BACs Gene
BACs 29 4Mb—
RP11- 1143514 ARGS9
95Mb —{ ® RP11-124L3
96Mb — e RPI.56M23 —
9TMb —18 BRI - qn.2 =
Mo —18 EENI 0% =1
oMb — — 1.7B0AS
11412121
30.0Mb — RP11-85L17
TRE - O breakpoint
—— 19.0Mb 2 RP11-1006M14
—— ’ 11-104A18
r 1.119G2
115Mb —g RP11-1089L23 = r
826014
0 gﬂ-mm n RP11.58D13
116Mb  — gRenmg - 3q13.31 ,
1MTMb =—=l@ RP11-1148F6 —
® RP11-1012L2Z3 it
118Mb —{® RP11-318ME - RP11-154D14
3q13.31-gter Pos
119Mb = transiocated — I
o 12p
30.8Mb—
v v
3qter 12cen

Fio. 3. A: Physical map covering the 3q11.2-3q13.31 deleted region of Patient A. Salid and open circles 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 ARGD9 and [PO8 are located close to the

breakpoint.
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RESULTS AND DISCUSSION

Although the wanslocation 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
berween 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
tomthelZpllﬂbwukpdm:hmwssno
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-

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

A literature search for deletions for 3qil.2-
3q13.31 found 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 them is almost
confined to 3q12-3q13.31 (Fig. 5). The deletion in
one patient (Case 8in Fig. 5) [Jenkins et al., 1985] was
reportedto 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 virually
accompanied with arhinia [Graham and Lee, 2006].
The exceptional whose deletion involved
3q13—q21 (Case 7, Fig. 5) had alobar holoprosence-
phaly, arhinia, and cleft lip [Arai et al., 1982]
Althougﬁarhmiaofﬂmmsematw:alandm
be a holoprosencephaly-associated median facial
anomn.ty the patient might provide possible infor-

for localization of the arhinia locus. If the
Iocus exists at the long arm of chromosome 3, it
might be confined to a segment between 3q11.2
and the proximal border of the deletion of Case 8

| ==l
R

= — 5D
—1 350

S A S 3 _....,:-_
EFSSF FL PSP EFA D PP IS IREF S
S5 »»*fiwﬁf IS FIIIIe
bens
-
delstion
Fo 4. CGH hm&m.ﬁhﬁlwh The done at | end within the del was RP11-262019 (3q11.2), and the distal end

clone was RF11-34215 (3q13.31), the results suggesting that the deletion umlam in size.
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Fia, 5. Extent (bars) of 3q11.2-3q13.31 deletion in Patient A and eight
reported cases. Lanes 1-Bare from McMomow et al, [1986], Ogilvie etal. [1998],
Okada et al, [1987], Fujita et al [1992], Genuardi etal, [1994), Arai etal. [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, hup://hg.wustl.edu/
COGENE/index.html), COL847 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 COL8AT or CPOX in the four
arhinia patients with normal karyotypes.

As for the other breakpoint of Patient A, we have
confinmed that any known genes were not disrupted
at 12p11.22, Two genes, ARG99 and IPOS, located
near the breakpoint, seem to have no functions
related to the human nasal development. However,
it cannor 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, beginsto
develop from the 12th to the 13th Camegie 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 1o 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
3q11-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 (o unravel the underlying
cause of arhinia. This is the first report of molecular-
genetic study on congenital arhinia.
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