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ABSTRACT

Amplification of the \-myc oncogene is detected in about 30% of
untreated neuroblastomas. Amplification is associated with advanced
stages of disease and rapid tumor progression. However, it was not known
if the \-rnvf copy number was homogeneous in tumor tissue of an
individual patient, or if it changed with time in vivo. Therefore, we have
made 66 observations on multiple simultaneous or consecutive tumor
samples from 60 patients with neuroblastoma, (a) Simultaneous samples
were obtained from different areas of 31 tumor masses from 30 patients:
a similar \-myc copy number (1-2, 3-10, or >10) was found in all
samples from each patient, (b) Simultaneous samples were obtained from
different anatomical sites in ten patients. No difference in \-myc copy

number was seen, (c) Finally, 25 patients had two or more tumor samples
obtained over time. Thirteen patients had a single copy of N-mn- in all

samples, and 12 had consistent levels of amplification in all samples.
Two of the latter cases had single copy of N-myc in a second-look surgery
sample, but no tumor was evident histologically. This study demonstrates
that the N-myc copy number in human neuroblastomas is usually con
sistent within a tumor, not only at different tumor sites, but also at
different times in vivo. Overall, these findings suggest that N-myc
amplification is an intrinsic biological property of a subset of neuroblas
tomas, and if amplification is going to occur, it is generally present at the
time of diagnosis.

INTRODUCTION

Human neuroblastomas are characterized cytogenetically by
partial monosomy for the short arm of chromosome 1 (1-5),
DMs3 (6-8), and HSRs (9-12). DMs and HSRs are cytogenetic
manifestations of gene amplification (13-15), but the gene or
genes amplified in neuroblastomas was unknown until recently.
In 1983, Schwab et al. (16), demonstrated that a sequence
related to the cellular oncogene c-myc was amplified in eight of
nine human neuroblastoma cell lines tested. A similar obser
vation was made independently by others (17). The amplified
sequence was mapped to the HSRs on three different chromo
somes in three neuroblastoma cell lines, and the single-copy
locus was mapped to 2p23-24 in normal cells (17, 18).

In 1984, Brodeur et al. (19) found that N-myc was amplified
from 3- to 300-fold in about a third of primary neuroblastomas
from untreated patients and that the presence of N-myc ampli
fication was highly correlated with advanced stages of disease.
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In 1985, Seeger et al. (20) demonstrated that the presence of
N-myc amplification had independent prognostic significance

and was associated with rapid tumor progression. However, it
was not known if N-myc copy number was homogeneous: (a)
within an individual patient's tumor; (b) in tumor tissue from

different sites in the same patient; or (c) in tumor tissue obtained
at different times from the same patient. Therefore, we exam
ined multiple (two to six) simultaneous or consecutive tumor
samples from 60 different patients for the N-myc copy number.
In this study, the N-myc copy number was consistent within a
given tumor, as well as in tumor tissue obtained from different
sites or at different times in each patient.

MATERIALS AND METHODS

Sixty-six sets of neuroblastoma samples were obtained from 60
different patients who were enrolled in POG, CCSG, or SJCRH pro
tocols (36 patients, 15 patients, and 9 patients, respectively). POG and
SJCRH patients were staged according to a modification of the SJCRH
staging system (A, B, C, and D) (21), and CCSG patients were stagi d
according to the staging system of Evans and D'Angio (I, II, III, I',.

and IVS) (22). Treatment protocols were essentially as described pre
viously (20-24). Tumor samples were usually obtained from primary
tumors or bone marrow aspirates at diagnosis and at various points
thereafter, such as during induction, at second-look surgery, relapse,
second induction, progression or autopsy. In some cases, multiple
simultaneous samples and multiple consecutive samples were obtained
from the same patient. Samples of marrow assayed were documented
to have tumor involvement (10-90%) unless otherwise indicated. Di
agnostic tumor samples are reviewed in the respective cooperative
groups. In addition, some tumor samples from second-look surgery
were reviewed retrospectively to determine if malignant cells were
present in the surgical specimen. Tumor tissue was quickly frozen and
sent on dry ice to Washington University (G. M. B) for N-myc analysis.

DNA was prepared from tumor samples by detergent-proteinase K
cell lysis, organic extraction, and dialysis as described previously (19,
20). DNA was quantitated by 4'6-diamidino-2-phenylindole fluoro-

metric assay (25, 26), and 5 //n of each sample was digested with EcoRI,
electrophoresed, blotted to a nitrocellulose or nylon filter and hybrid
ized with a plasmid probe for N-myc (pNb-1) as described (16, 19). The
pNB-1 probe was a generous gift from Dr. J. Michael Bishop. Washed
filters were exposed for 12-48 h to Kodak XAR-5 film at -80Â°Cwith

an intensifying screen. Signal intensity was quantitated directly and by
serial dilution from autoradiograms with a laser densitometer (LKB
Model 2222) as described (19, 20).

RESULTS

Multiple, simultaneous samples of the primary tumor were
obtained from 30 patients (31 observations; Table 1). In all
cases tested, the N-myc copy number was consistent within an
individual patient's tumor: 24 cases had a single copy of N-myc

and seven cases had levels of amplification consistent with the
extent of tumor involvement. For example, five discrete tumor
nodules at contiguous thoracic interspaces were obtained from
one patient with stage A disease at relapse, and all samples had
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Table 1 N-myc copy number in multiple, simultaneous samples from primary
tumors in patients with neuroblastoma

Pt.no.1123456789101112131415161718192021222324252627282930Age(mo.)7â€”4486425871311214111131241214414694136114524241014StageAAAAAAAABCCCCCCCDDDDDDD11IIIVIVIVIVIV-SIV-SStatusNewRelapseNewNewNewNewNewNewNewNewNewNewNewNewNewNewNewNewNewNewNew2nd

LookAutopsyNewNewNewNewNewNewNewNewNo.

of N-m>>c
samples copyno.2522223432222

402
502
2002
1002422222

522222

22
10122

A

B

Fig. 1. N-m>r copy number in multiple simultaneous samples of primary
neuroblastomas. I, five discrete tumor nodules at contiguous thoracic interspaces
from a stage A patient (patient I) with recurrence after surgery. All samples had
a single copy of N-myc per haploid genome; B. three samples with a different
physical location and gross appearance (red, pink, white) taken from a lobulated
mass in a stage B patient (patient 8). All had a single copy of \ uni-, C, two

separate samples from a patient with stage C disease (patient 14). Both had about
200 copies of N-myc.

a single N-myc gene copy per haploid genome (Fig. \A). This
patient had initial surgical resection without subsequent che
motherapy or radiation. A stage B patient had three samples
taken from different areas of a lobulated mass, and although

all had a different gross appearance, they all had a single copy
of 'N-myc (Fig. \B). Finally, separate samples were obtained

from a patient with stage C disease, and both had about 200-

fold amplification (Fig. 1C).
Multiple, simultaneous tumor samples were obtained from

different sites in seven patients with neuroblastoma (Table 2).
In four cases, samples were obtained at autopsy, and all samples
had a single-copy of N-myc (e.g.. Figs. 2, A and B). The other
six cases had paired tumor samples, generally from primary
tumor and a metastatic site. Two cases had amplified N-myc in
both specimens. In these cases, the amplification in the marrow
was less than that in the primary tumor (e.g., Fig. 2C), and the
degree of amplification in the marrow was roughly proportional
to the amount of tumor present. The other four cases did not
have amplification in either sample. An additional stage IV
patient did not have amplification of the N-myc oncogene in
the primary' tumor, but the bone marrow did appear to have
about a 10-fold amplification on a single analysis. For technical
reasons, this finding could not be confirmed.

Multiple, consecutive tumor samples were obtained from 25
patients (Table 3), most of whom had advanced stages of disease
at diagnosis. In the majority of cases, a sample was obtained at
diagnosis and again at one or more times during the course of
the disease. In 13 cases, a single copy of N-myc was found in
all tumor samples obtained, whereas the other 12 cases had
proportionate levels of amplification for the amount of tumor
in the sample. For example, in one patient with stage D, a
tumor sample was obtained at diagnosis, at second look (tumor
present), at relapse, and at autopsy (Fig. 3/1). All of these
samples had a single copy of N-myc, despite intensive treatment
with chemotherapy and radiation. In another patient with stage
D disease, marrow samples obtained at diagnosis and relapse
had N-myc amplification in proportion to the amount of tumor

Table 2 N-myc copy number in multiple, simultaneous tumor samples from
different sites in patients with neuroblastoma

Age
Pt.(mo.)31

2532

433

2934

5335

3636

920

6937

1938

239

14N-myc

Stage Status Site copyno.D

Autopsy Node Metastasis
EpiduralMetastasisD

Autopsy Primary
Marrow

LiverNodeIV

Autopsy Pelvic Metastasis
Lung Metastasis
Pericardia!MetastasisIV

Autopsy Epidural Metastasis
Rib Metastasis
Vertebral Metastasis
NormalLiverD

New Primary
MarrowD

New Subcutaneous Metas
tasis

MarrowD

NewPrimaryMarrowD

New Node Metastasis 40
Marrow30IV

New Primary 1
Liver Metastasis1IV

New Primary 20
Marrow 5
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Fig. 2. N-myc copy number in multiple simultaneous samples from different

sites. ,-l. tumor tissue was obtained from three separate sites at autopsy from
patient 33, and all had a single copy of N-myc, B, tumor tissue was obtained from
three separate sites (as well as normal liver) at autopsy from patient 34, and all
had a single copy of N-myc, C, tumor tissue was obtained from primary tumor
and from involved marrow in patient 39, and there was proportionate amplifica
tion of N-myc in the marrow, based on the amount of tumor in the marrow and
the degree of amplification in the primary tumor (see Table 2).

present, but tumor-free marrow from first remission and a
lymphoblastoid cell line had a normal N-myc copy number (Fig.
3B). In two cases, N-myc amplification was not seen at the time
of second-look surgery, although it was present at other times
(Fig. 3, C and D). In both of these cases, histolÃ³gica! examina
tion of the second-look tumor specimen revealed a fibrotic mass
that consisted almost entirely of normal cells. Thus, these cases
were false negatives because of the paucity or absence of tumor
tissue in the specimen.

DISCUSSION

In this study, we have determined that the N-myc copy
number is consistent not only within a tumor, but also in tumor
tissue obtained from different sites and at different times in
vivo. Specifically, we did not find amplification in metastatic
sites if it was not present in the original tumor, and we did not
see amplification develop at relapse if it was not present at
diagnosis. Initially N-myc amplification had been detected al
most exclusively in patients with advanced stages of disease
(19, 20), (stages III or IV by CCSG staging, or C and D by
POG staging), so we anticipated that amplification might de
velop at relapse, especially in metastatic sites. Conceivably, the
mutagenic effects of chemotherapy and/or radiation therapy
might play a role in the development of amplification, as
suggested by some studies of drug resistance (27-29). However,
our findings suggest that if N-myc amplification is going to
occur, it is almost always present at diagnosis.

Unfortunately, the single case that did appear to show a
difference in N-myc copy number between the primary tumor
and a metastatic site (marrow) could not be confirmed. If there

were a difference, this could be explained by tumor cells devel
oping amplification at the metastatic site, or possibly by selec
tion for a minor subpopulation of cells in the primary tumor
that had amplification but were too infrequent to be detected.
Nevertheless, the general rule in neuroblastomas appears to be
that if N-myc amplification is not present in the primary tumor
at the time of diagnosis, it is not present in metastatic sites,
and it does not develop with time /// vivo.

There is some information about differences in N-myc copy
number in multiple samples from other types of tumor. Wong
et al. (30), found no substantial difference in N-myc or c-myc
copy number in samples of small cell lung carcinoma obtained
from primary and metastatic sites from the same patient, sug
gesting that if amplification occurs, it is a relatively early event
(i.e., before metastasis). In contrast, Garson et al. (31) reported
a single case of a rhabdomyosarcoma that did not have N-myc
amplification at diagnosis, but 10-fold amplification was pres
ent at relapse. This appears to be the only case reported so far
in which amplification of N-myc or other oncogene developed
in a relapse tumor sample or a metastatic site when it was not
present at diagnosis.

The relative homogeneity of the N-myc copy number in
neuroblastoma tissue taken from physically separate portions
of a primary mass does not address the question of heteroge
neity at the cellular level. However, the absence of heterogeneity
in tumor tissue in primary and metastatic sites or in different
sites over time supports the probable cellular homogeneity in
N-myc DNA copy number.

The homogeneity of expression of N-myc RNA or protein
has been addressed at the cellular level (32-37). These studies
suggest that there is variability in levels of RNA or protein
expression from cell to cell, but in general levels of expression
correlate with gene copy number. There are, however, a small
but substantial number of tumors that have a single copy of N-
myc gene but overexpress at the RNA or protein level (37). In
addition, there is a recent report in which N-myc RNA was
overexpressed in neuroblastoma cell lines derived from two
patients at relapse compared to lines derived from the same
patients at diagnosis (38). These latter findings have yet to be
confirmed by direct analysis of patient samples, but they suggest
another possible mechanism for N-myc activation associated
with relapse or progressive disease.

We have provided evidence previously that N-myc amplifi
cation occurs in about 30% of neuroblastomas, and so it cannot
be the primary event in all cases ( 19, 20). Our findings suggest
that the tumors which are going to develop amplification do so
prior to becoming clinically evident. Thus, if N-myc amplifica
tion occurs, it must be a relatively early event. Indeed, there
may be inherent genetic differences between tumors that have
the capability of permitting amplification and those that do
not. The presence of N-myc amplification may identify a ge
netically distinct subset of neuroblastomas that are particularly
aggressive. It remains to be determined whether N-myc ampli
fication is a primary event in these tumors, or whether there is
another primary genetic event that all neuroblastomas have in
common.

The other genetic marker that is characteristic for human
neuroblastomas is deletion of the short arm of chromosome 1,
resulting in partial l p monosomy ( 1-5). Chromosome l p dele
tion may be found in tumors with and without DMs or HSRs
(and presumably N-myc amplification) (1-5). It should be
noted, however, that almost all published karyotypes of human
neuroblastomas have come from patients with advanced stages
of disease. The few low-stage tumors that have been studied
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Table 3 N-myc copy number in multiple, consecutive tumor samples from patients with neuroblastoma

Pt. Age(mo.)1

740

1341

1015

3142

7143

4644

SO45

5946

2121

4147

5948

5049

1950

1051

6452

9753

1554

7755

6556

757

1758

3559

13333

2960

1StageACCCDDDDDDDDCDDDDDDIIinUIIVIVIVStatusNew

RelapseNew

2ndLookNew

2ndLookNew

2nd Look
Relapse
RelapseNew

2ndLookRelapse

1
Reinduction
Relapse2New

2ndLookRemission

Relapse
ReinductionNew

Relapse
ProgressiveDiseaseNew

2nd Look
Relapse
AutopsyNew

2nd Look
Relapse
ProgressiveDiseaseNew

Induction
2nd Look
Relapse
ProgressiveDiseaseNew

RelapseNew

Induction
2ndLook2nd

Look
2nd Look
Autopsy
AutopsyRelapse

1
Relapse 2
ProgressiveDisease2nd

Look
Relapse
ProgressiveDiseaseRelapse

2nd Induction
2nd Induction
ProgressiveDiseaseNew

2ndLookNew

RelapseNew

RelapseRelapse

Autopsy
AutopsyNew

RelapseRelapse

AutopsyNew

RelapseSitePrimary

(x2)
Primary(xS)Primary

PrimaryPrimary

PrimaryPrimary

(x2)
Mass (neg.)*

Chest Metastasis
Marrow(neg.)Marrow

PrimaryMarrow

Marrow
MarrowMarrow

PrimaryMarrow

Marrow (x2)
Marrow(neg.)Marrow

Marrow
MarrowMarrow

Primary
Marrow
NodeMetastasisMarrow

Primary
Marrow
MarrowMarrow

Marrow
Primary
Marrow
MarrowPrimary

PleuralFluidMarrow

(pos.)
Marrow (neg.)
PrimaryPrimary

(neg.)*

Blood
Liver Metastasis
NormalKidneyMarrow

(neg.)
Marrow (pos.)
Marrow(pos.)Primary

Marrow
MarrowMarrow

Marrow
Marrow
Marrow(x2)Marrow

PrimaryPrimary

NodeMetastasisPrimary

PrimaryPrimary

Primary
NormalLiverPrimary

PrimaryPrimary

Metastasis(x3)Primary

Primaryti-myc

copyno.I(X

1022)>

)10

510

1101

140
117014020

40
4050

20
5

20100

401

144100

50
11

11

110

50
* Second-look surgery samples negative Tormalignant cells.
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monosomy and N-OTJ>Camplification in virtually all neuroblas-
loinas regardless of stage.

There may be other important genes that play a role in the
development or progression of human neuroblastomas. There
are reports of N-ras activation by point mutation in a single
neuroblastoma cell line, SK-N-SH (43,44), as well as posttrans-
lational activation of c-src by amino-terminal tyrosine phospho-
rylation in several neuroblastoma cell lines (45). In addition,
the c-neu oncogene was identified by transfection of DNA from
rat neuroblastoma tissue (46). The probable human counterpart
has been found to be amplified in some adenocarcinomas of the
breast, and the tumors with amplification seem more prone to
lymph node metastasis and a shorter median survival (47). The
activation in primary human neuroblastomas of these and other
oncogenes by mechanisms such as gene amplification, increased
RNA expression, somatic mutation, or posttranslational mod
ification remains to be determined. A more complete molecular
and biochemical characterization of oncogenes or other regu
lators of neuroblastoma growth and differentiation should sug
gest mechanisms of malignant transformation or progression.
These, in turn, may provide better tools by which to identify
predisposed individuals, estimate prognosis, or give insights
into more specific approaches to treatment.
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