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ABSTRACT

We detected a rearrangement in the \-inyc gene region in a neuro
blastoma from a 9-month-old girl. In this case, the N-myc gene was
amplified 50-fold in the primary tumor, the lymph node metastasis, and
the hepatic metastasis. The rearrangement was detected only in the
primary tumor and the lymph node metastasis, whereas N-myc RNA and
protein expression were detected only in the primary tumor and the
hepatic metastasis. Both the rearranged N-myc gene and the normal V
myc gene were amplified 25-fold, and the rearrangement occurred 723
nucleotides downstream from the 3' end of exon 3. The cell line (NH-6)
derived from the primary tumor showed \-my<- gene amplification with

out this rearrangement. These results suggest the following: (a) the
primary tumor had at least two clones; (b) the rearrangement interrupted
N-myc gene expression; and (c) oncogenesis preceded N-myc gene

amplification.

INTRODUCTION

The N-myc gene is often amplified in neuroblastomas and in
cell lines derived from neuroblastomas (1, 2). It has been
clinically reported that the amplification of the N-myc gene in
neuroblastomas is correlated with progressive stages of the
disease and a poor prognosis (3, 4). The finding that the N-myc
gene can cooperate with a mutant version of the protooncogene
c-Ha-ras to transfer normal embryonic cells in culture (5)
suggests that the N-myc gene plays a role in the development
or progression of a neuroblastoma.

We have analyzed surgically resected neuroblastoma speci
mens for evidence of N-myc gene amplification (6). In 10 of 44
primary tumors, the N-myc gene was amplified more than 10-
fold. This ratio is similar to those reported in other studies (3,
4). In our analyses of metastatic neuroblastoma specimens, we
have found that the N-myc gene copy numbers were constant,
not only in tumor tissues resected from different sites but also
in tissues sampled at different times in the progression of each
case (6, 7).

Recently, restriction fragment length polymorphisms in the
N-myc gene have been reported (8, 9). When we examined the
Sphl restriction fragment length polymorphisms in the N-myc
gene in six neuroblastoma DNAs which showed N-myc gene
amplification, we detected a rearrangement in the N-myc gene
region in one of them. In some oncogenes, it is well known that
amplification accompanies recombination (2, 10, 11). Re
arrangements in c-myc genes reportedly enhance c-myc gene
expression in B and T lymphoid tumors (12, 13) and in other
solid tumors (14). In our case, however, the rearrangement
seemed to have interrupted N-myc gene expression. This re
arrangement gave us important information about N-myc gene
amplification and the oncogenesis of neuroblastomas.
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MATERIALS AND METHODS

Clinical and Laboratory Data. A 9-month-old girl, whose birth and
early developmental history were normal, was admitted to Hiroshima
University Hospital with a 1-week history of decreased activity, seizure-
type activity (i.e., tremors and shakes), vomiting, unsteady gait with
support, and irritability. Physical examination revealed opsomyoclonus,
truncal ataxia, and a right upper abdominal tumor. Her laboratory data
were: hemoglobin, 9.9 g/dl; hematocrit, 30.1%; serum lactic dehydrog-
enase, 2344 units/liter; serum neuron-specific enolase. 70.0 ng/ml; and
serum ferritin, 59.2 ng/ml. The 24-h urinary levels of vanillylmandelic
acid, homovanillic acid, and dopamine were not elevated. Bone X-ray
films, bone scintigraphy, and bone marrow aspiration showed no signs
of metastasis to the bone or bone marrow.

Surgery revealed a 5-cm-diameter primary tumor arising from the
right adrenal gland, paraaortic lymph node mÃ©tastasesforming an 8- x
6- x 5-cm cluster, and several metastatic tumors in the liver. We totally
resected the primary tumor and the lymph node mÃ©tastasesand biopsied
one of the hepatic mÃ©tastases.Histologically, these tumors consisted
of neuroblastomas at stage IV on the scale of Evans et ai. (15). The
cells of the tumors appeared morphologically homogeneous at the gross
and light microscopic levels. The patient's opsomyoclonus improved

immediately after the operation. She was treated with postoperative
chemotherapy but died 11 months after the operation because of the
deterioration of the hepatic mÃ©tastases.Her parents refused to allow
an autopsy.

Tumors and Other Samples. We stored the primary and metastatic
neuroblastoma specimens immediately after the operation at -70Â°C.

We established a cell line, NH-6, from the primary tumor of this
patient, cultured her skin fibroblasts, and then stored them in liquid
nitrogen. Mononuclear cells were separated from 10 ml of peripheral
blood using Ficoll-Paque solution.

DNA Extraction and Southern Blot Analysis. Genomic DNA from
the above-mentioned samples was prepared using proteinase K and
sodium dodecyl sulfate followed by phenol/chloroform extractions.
DNA samples (2 ^g) wreredigested to completion with several restric

tion enzymes (EcoRI. Sphl, Xbal. and others), electrophoresed on 0.6%
or 0.8% agarose gels, and then blotted onto nitrocellulose filters. The
filters were hybridized with an N-myc probe (PN-myc.l; Oncor, Inc.,
Gaithersburg, MD) that was labeled with [Â«--"PjdCTPby the random
primer method ( 16). In order to estimate the N-myc gene copy numbers,
the filters were also hybridized with ':P-labeled fi-globin probe as an

internal control to correct the DNA quantity. The filters were washed
at high stringency in 0.1 x standard saline-citrate (Ix = 0.15 M NaCl-
0.015 M sodium citrate) and 0.1% sodium dodecyl sulfate at 65Â°Cand

then autoradiographed. The copy number of the N-myc gene was
estimated by serial dilution and densitometric analysis.

Genomic Cloning and Sequencing. Genomic DNA from the primary
tumor was digested to completion with Xbal and the size fraction of
10-20 kilobases was isolated by electrophoresis. Approximately 0.4 ^g
of the fraction was ligated with Charomid 9-28 and 9-36 (Nippon Gene,
Tokyo, Japan) (17). Each mixture was packaged and adsorbed to
ED8767 cells. About 50.000 independent colonies from each library
were screened with the N-myc probe pMY828' according to the method

of Hanahan and Meselson (18). Positive colonies were purified; then a
16.5-kilobase Xbal fragment was obtained from the Charomid 9-28
library and an 11-kilobase Xbal fragment was obtained from the Char
omid 9-36 library. These fragments were digested with EcoRI or Oral

3The N-myc probe pMY828 is derived from an N-myc probe pMV'821 (6)
deleting the !..1-kilobase Bglll-Bnltl fragment.
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and subcloned into the plasmid vector pGEM-3 blue (Promega, Madi
son, WI). Each subcloned fragment was sequenced by the chain-termi
nation method (Sanger et al. ) (19) using SP6 and T7 primers (Promega).

RNA Extraction and Northern Blot Analysis. Total cellular RNA was
extracted from the tumor tissues and the NH-6 cell line by the guani-
dine/cesium chloride method (20). For each sample, 10 ^g of RNA
were electrophoresed on a 1.5% agarose gel and then blotted onto a
nitrocellulose filter. The filters were hybridized with "P-labeled N-myc
probe (PN-/n>'c.l), washed with O.lx standard saline-citrate-0.1% so
dium dodecyl sulfate at 50Â°C,and then autoradiographed.

Immunohistochemical Staining of N-myc Gene Products. The expres
sion of N-myc gene products in the primary tumor, the lymph node
metastasis, the hepatic metastasis, and the NH-6 cell line was analyzed
immunohistochemically with anti-N-m>'c gene products antibody (Med

ical Biological Laboratory, Nagoya, Japan). This assay was performed
on 6-Mm-thick sections from tissues fixed in Bouin's solution and

embedded in paraffin and on cultured cells, which were placed on a
Chamber Slide (Nunc, Inc., Naperville, IL), incubated, and fixed with
2% paraformaldehyde. The N-myc gene products were stained using
the peroxidase-antiperoxidase method (21), and the nuclei were coun-
terstained with methyl green to allow nuclear grading.

RESULTS

Southern Blot Analysis. The N-myc gene was detected as a
2.0-kilobase band with EcoRl digestion using the PN-myc. 1
probe. It was amplified about 50-fold in the primary tumor, the
lymph node metastasis, and the hepatic metastasis, and about
200-fold in the NH-6 cell line. No variant band was detected in
these Â£coRI-digested DNAs (Fig. 1/1). The polymorphic Sphl
site is mapped in the second intron, and polymorphic bands of
3.4 kilobases (S1 type) and 14 kilobases (S2 type) and a constant
band of 11 kilobases appear with the PN-/?i>r.l probe (Fig. \B).
The DNAs from the primary tumor and the lymph node me
tastasis had identical 9.3-kilobase variant bands corresponding
to a 25-fold amplification and the typical S2 bands correspond
ing to a 25-fold amplification; in the DNA from the hepatic
metastasis, the typical S2 band was amplified 50-fold without
any variant bands. In the DNA isolated from the NH-6 cell
line, the N-myc gene was amplified and the variant band was
not detected (Fig. \B). With Xbal digestion, a 25-fold-amplified
16.5-kilobase fragment and a 25-fold-amplified variant 11-
kilobase fragment were found in both DNAs isolated from the
primary tumor and the lymph node metastasis. In the DNAs
isolated from the hepatic metastasis and the NH-6 cell line,
only the typical 16.5-kilobase fragment was amplified and no
variant band was detected (Fig. 1C). The DNAs isolated from
fibroblasts and mononuclear cells of this patient and from other
patients' neuroblastoma DNAs with N-myc gene amplification

showed no variant band with any of these restriction enzymes.
These findings indicate that the appearance of the Sphl variant
band was not caused by a polymorphism but rather by a re
arrangement in the N-myc gene region in a tumor cell. Fur
thermore, the Southern blot analysis using the probe pMY828
(data not shown) revealed that the rearrangement occurred
between the EcoRl site and the Sphl site in the 3' flanking

region (Fig. 2A).
Sequence of the Breakpoint Region. The two sequences of the

breakpoint region obtained by cloning the typical 16.5-kilobase
Xbal fragment and the variant 11-kilobase Xbal fragment from
the primary tumor DNA are compared in Fig. 2. The breakpoint
was 723 nucleotides downstream from the 3' end of the N-myc

exon 3.
Northern Blot Analysis (Fig. 3/1). The N-myc gene was

strongly expressed in the hepatic metastasis and the NH-6 cell

ÃŸ-globin

N-myc

ftf

Kb
â€¢â€”5.6

1â€”2.0

Pr H Mnc Fib PI NH-6

B (long exposure)

â€”3.5 (S1)

(short exposure)

â€”11
-9.3

Pr L H Mnc Fib PI NH-6

Kb
â€”165

â€”11

Pr L H Mnc Fib PI NH-6

Fig. 1. Southern blot analysis with EcoRl (A), Sphl (B). and Xbal (C) digestion
using the "P-labeled N-myc probe (PN-myc. I ). The "P-Iabeled fÃ-globinprobe
was hybridized as an internal control (.4). Lane Pr, primary iunior; Lane L, lymph
node metastasis; Lane H, hepatic metastasis; Lane Mnc, mononuclear cells from
the patient's peripheral blood; Lane Fib, skin fibroblasts from the patient; Lane
PI, human placenta; Lane NH-6, the NH-6 cell line. With EcoRl digestion, the
N-niyrgene of the primary tumor, lymph node metastasis, and hepatic metastasis
DNAs were found to be amplified about 50-fold and no variant band was detected.
With Sphl digestion, the amplified alÃelewas shown to be an S2 type and another
alÃelewas an SI type. The primary tumor and lymph node metastasis DNAs had
9._Vkilobase (Kb) variant bands. With Xbal digestion, the primary tumor and
lymph node metastasis DNAs had 11-kilobase variant bands. Both the 9.3- and
11-kilobase variant bands were amplified about 25-fold.

line but only slightly expressed in the primary tumor. No
expression was detected in the lymph node metastasis.

Immunohistochemical Staining of N-myc Gene Products. His-

tologically, the primary tumor, the lymph node metastasis, and
the hepatic metastasis had the same findings: predominantly
undifferentiated neuroblasts with surrounded vascular and
stromal elements. These tissues were analyzed with anti-N-wyc

gene products sera (Fig. 3Ã„).In the primary tumor, most of the
cells did not react, but a small number of them reacted strongly,
most notably in their nuclei. In the lymph node metastasis, no
tumor cells reacted. On the other hand, most of the tumor cells
in the hepatic metastasis and all of the cells of the NH-6 cell

line showed nuclear staining. These findings were consistent
with our results on N-myc RNA expression. The intensity of

the nuclear staining varied from cell to cell, as reported by
Slamon et al. (22).
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A:

B

C:

ProbeCPN-mKC-1) Probe(pMY-828)

Exon3

XS R

I

S X

XS R

I
S X 1Kbp

EcoRI
b : GAATTCATTGTTAAAAACATTCACTACÃŒGATCTGTGGAGGTTCTAGGCTAAGCAGAGTAAGCAGAATAAAC

JH************!******************************;***************************c : GAATTCATTGTTAAAAACA'ITCACTAGGATCTGTGGAGG'ITCTAGGCTAAGCAGAGTAAGCAGAATAAAC

TACGTAGTCCAGAGCAAGTACCAGGTGCAGGAGAGACCCTGGGGTCACAATGGAGACCCCATATGGGTGG
*****************H<********>(Cl(C>(t>)t>(C54<S(,S(c************************************

TACGTAGTCCAGAGCAAGTACCAGGTGCAGGAGAGACCCTGGGGTCACAATGGAGACCCCATATGGGTGG

CATGG(rrCTCTAC7^GCCATTC(rTATTACACAGCAG'rGTCrrTGGCTACTTGGGCTGCCCTGCCTCAGTTT
tt***********************************************************CATGGCTCTCrrACl^GCCA'rrcCTA'rrA(;A(:AGCAGTGTCrrrGGCTACrrTGGGCTGCCCTTTGGAAATGG

CATGATC AGTAAAGTGGGTGTAAAAATATCTAC CTC AAAGAATAGTC CAGAGAAGTCTTTAAAAATGTC A
GATCAATCTTGCAGGCTCCAGAAGACAGAGCCAAGACTTGTGTGTTAAGGAGATAGTTTACCTGTTGGGA

TATATGTAAATACCTGGCCCACAGTGAGCA'in'ITTAAACTGTTTTCTATrAlTTCTAGGACATTGAAGG
CATAAGAGCCnT'GCri^GTAAGCAGCTIXrrCAGAACrAAAAGTGTACAAATAACCrA'rTTCTCTTTTGAC}

Fig. 2. Restriction map of the N-myc gene (A) (32, 33) and the sequence of the breakpoint region obtained by cloning the typical (B) and variant (C) Xba\
fragmentsfrom the primary tumor. Positions of the coding (â€¢)and noncoding(D)portions of the exons are indicated(A). B. BamttV,R. EcoRI:S, Sphl; X, Xbal;S*.
polymorphicSph\ site. Some additional restriction sites in the 3' flanking region are not shown. *, homologousnucleotides:arrow, breakpoint (h, c). Kbp, kilobase

pairs.

DISCUSSION

The studies have shown that, while the cells of the primary
and metastatic tumors appeared morphologically homogeneous
at the gross and light microscopic levels, phenotypically at the
biochemical level, there were two distinct populations of cells.
Only the DNAs from the primary tumor and the lymph node
metastasis contained the rearranged, 25-fold-amplified N-myc
gene as well as the normal N-myc gene. This rearrangement
was not detected in the DNAs isolated from the hepatic metas
tasis and the NH-6 cell line. Two explanations of our findings
for the primary tumor and the lymph node metastasis are
possible: (a) tumor cells with and without the rearrangement
coexisted in both sites; or (b) only one-half of the amplified N-
myc genes had this rearrangement in each cell in both sites.
Our observation that the intensity ratios of the rearranged and
the typical bands were almost the same in the DNAs from the
primary tumor and the lymph node metastasis points toward
the latter explanation. The results of the Â¡mmunohistochemical
staining with anti-N-Â»i)'cgene products sera indicate that tumor
cells in the lymph node metastasis and in the large part of the
primary tumor seemed to belong to a clone different from that

which produced the tumor cells in the hepatic metastasis, the
NH-6 cell line, and the small part of the primary tumor (see
Fig. 3B). This result also supports the second explanation. The
clone with the rearrangement occupied such a large part of the
primary tumor that the results of the Southern blot analysis of
the primary tumor were similar to those for the lymph node
metastasis. On the other hand, the NH-6 cell line was derived
from the small part of the primary tumor that did not have the
rearrangement: therefore the results of DNA analysis on it were
different from those of the primary tumor. These findings
indicated that at least two clones (one with the rearrangement
in one-half of the amplified N-myc genes and another without
this rearrangement) existed in the primary tumor. The clone
with the rearrangement then spread to the lymph nodes, while
the clone without the rearrangement spread to the liver. It is
difficult to believe that both clones separately transformed to
oncogenous cells simultaneously. It is much easier to believe
that a single cell first transformed into an oncogenous cell, then
divided, and then the rearrangement in the N-myc 3' flanking

region occurred in one of the daughter cells. We postulate that
the N-myc gene had already been replicated as two copies on
one chromosome in such a cell, and then the rearrangement
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A N-/nycRNA Expression

N-myc

Pr l H NH-6

Kb

B Immunohistochemical analysis

Fig. 3. Northern blot analysis and immu-
noperoxidase staining with anti-N-myc sera of
the neuroblastoma specimens and the NH-6
cell line. Lane Pr, primary tumor; Lane L,
lymph node metastasis: Lane H, hepatic me
tastasis: Lane NH-6, the NH-6 cell line. The
Northern blot analysis (.4) showed overexpres-
sion of the N-myc gene in the hepatic metas
tasis and the NH-6 cell line. N-m}'f gene

expression was slightly detected in the primary
tumor, but it was not detected in the lymph
node metastasis. In immunohistochemical
analysis (B), most of the primary neuro
blastoma cells (Pr) did not react: the exception
was a small tumor island where tumor cell
nuclei reacted (arrow). No tumor cells in the
lymph node metastasis (/.) reacted. However,
nuclei in most of the tumor cells of the hepatic
metastasis)//) reacted strongly. All cells in the
NH-6 cell line (NH-6) reacted strongly both in
their nuclei and in their cytoplasm. The results
of immunohistochemical analysis were in ac
cord with those of Northern blot analysis. Kb,
kilobases. Pr

,-â€¢Â«*

Ti Â«'/â€¢": i

V%^?il-' â€¢**&>.*' NH-6

occurred in one of those two copies. Then each of the N-w>r blastoma cell lines have demonstrated that rearrangements
genes, whether they had the rearrangement or not, was rerepli- surrounding the N-myc gene occurred in various locations but
cated onto the same copies. Thus, based on this premise, that each amplified segment was homogenous in each cell line
oncogenesis preceded N-myc gene amplification to more than (23, 24). These data suggest that such rearrangements occurred
two copies. Studies of amplified N-myc gene segments in neuro- before, not during, amplification.
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Although the mechanisms of gene amplification have been
mentioned often (25, 26), such as the onion skin model, the
double rolling cycle theory, the chromosomal spiral theory, the
deletion plus episome model, the sister chromatid exchange
model, and others, they are still not clearly understood. For
example, the type II episome (26) that is seen in the amplifi
cation of the CAD gene (27) and the Leishmania H region (28)
involves a two-step amplification mechanism: (a) replication to
two copies and excision; then (b) rereplication. In this model,
if a rearrangement were to occur at the time of excision, then
the ratio of normal and variant genes would be like that found
in our patient.

This study verified a rearrangement in the N-myc 3'-flanking

region in DNA from the resected neuroblastoma. The RNA
and immunohistochemical analyses showed that the N-myc
gene was overexpressed in the hepatic metastasis, in a small
part of the primary tumor, and in the NH-6 cell line, whereas
no N-myc expression was detected in tumor cells from the
lymph node metastasis and from a large part of the primary
tumor. The rearrangement seemed to have interrupted the
expression of the N-myc gene. An N-myc gene enhancer might
exist in the 3' flanking site, but given that the normal N-myc

gene also existed in the half of the copies of amplified N-myc
genes without expression, truncation of the enhancer by the
rearrangement seems an inadequate explanation for the inter
ruption. One possible explanation might be that the re
arrangement distorted the amplified shape of the N-myc gene
enough to disturb its transcription.

We cloned the rearranged N-myc gene region and found that
the breakpoint was located 723 nucleotides downstream from
the 3' end of the N-myc exon 3. The rearranged fragment was

sequenced about 1 kilobase from the breakpoint and compared
with entries in the GenBank and EMBL data bases using the
program DNASIS (Hitachi Software Engineering Co., Ltd.,
Tokyo, Japan), but it failed to show a significant homology to
any known sequences. We then hybridized the rearranged frag
ment with DNAs isolated from other neuroblastoma samples.
This experiment revealed that the amplification of the rear
ranged fragment always corresponded to that of the N-myc
gene. It has been reported that the N-myc gene amplification
units are approximately 300 to 3000 kilobases long (29). The
cloned rearranged fragment seems to be included within the
amplification unit of the N-myc gene.

Most neuroblastoma patients with opsomyoclonus enjoy a
remarkably good prognosis independent of the stage of the
disease or their age at diagnosis (30). Colin et al. (31) reported
that four primary neuroblastomas from patients with opsomy
oclonus had only single copies of the N-myc genes and that all
four patients were alive and showed no evidence of reoccurr
ence. From that point of view, our case is unique because the
patient presented with opsomyoclonus, her neuroblastoma had
multiple copies of the N-myc gene, and she died. Presently we
have another neuroblastoma patient who presented with opso
myoclonus and whose tumor showed N-myc gene overexpres-
sion without amplification. However, she suffered a reoccurr
ence. We think that neuroblastomas with opsomyoclonus are
not always associated with a good prognosis and that the tumors
do not always have single copies of the N-myc gene. Neuro
blastomas with N-myc gene activation (either amplification or
overexpression) are associated with a poor prognosis regardless
of whether opsomyoclonus is present.

We did not analyze the chromosome studies of our patient's

tumor cells, and we could not obtain any tumor specimens after

she died because her parents refused to allow an autopsy. From
the available information, N-myc gene amplification does not
seem to have contributed to oncogenesis in this case. In addi
tion, the rearrangement seems to have interrupted N-myc gene
expression without interrupting its amplification. Much more
research will be needed to clarify the relationship between
amplification, overexpression, and oncogenesis.
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