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ABSTRACT DNA amplification, manifested by homoge-
neously staining regions in chromosomes and by extrachromo-
somal, double minute bodies, is characteristic of many neuro-
blastoma cell lines. Sequences recruited from a specific do-
main on the short arm of chromosome 2 (2p) are amplified in
advanced-stage primary neuroblastomas, whereas sequences
from distinctly different regions of 2p are amplified in the neu-
roblastoma cell line IMR-32. Five different DNA segments,
which include the oncogene N-myc, three other fragments de-
rived from the homogeneously staining region of the neuro-
blastoma cell line IMR-32, and a fifth fragment, derived from
the neuroblastoma cell line NB-9, showed differential and
variable amplification in 24 advanced-stage neuroblastoma tu-
mors out of 112 tested specimens. All five fragments were
mapped within the chromosomal region 2p23-2p25 by three
different approaches. However, eight other fragments cloned
from the homogeneously staining region of IMR-32 cells,
which were not amplified in the tumor tissues examined, were
mapped to two more proximal domains of 2p, thousands of
kilobases apart from each other and from the chromosomal
domain that is amplified in the tumors. These results establish
the amplification, to different degrees, of a variable-sized seg-
ment of one domain near the terminus of 2p in advanced neu-
roblastomas. These tumors might ultimately be distinguished
according to the pattern of amplification of DNA segments
within this domain. The data presented also indicate the exis-
tence of a new and complex amplification mechanism in at
least one neuroblastoma cell line (IMR-32), which involves not
only relocation of DNA from specific genomic domains but
also the formation of novel units by splicing together very dis-

tant DNA segments.

There is now firm evidence for the association of DNA am-
plification, particularly that of several oncogenes, with a
number of malignancies, such as leukemia, neuroblastoma,
and retinoblastoma (1-3). DNA amplification is evident cy-
tologically either as homogeneously staining regions (HSRs)
or double minute bodies (DMs) in both primary tumor cells
and cell lines established from the tumors (1, 2, 4). Molecular
analysis of the structure and function of the amplified se-
quences and elucidation of the mechanism of their amplifica-
tion should prove useful in understanding the role of specific
genes in tumorigenesis.

Isolation and cloning of DNA from a HSR of one neuro-
blastoma cell line, IMR-32, has provided one approach for
studying DNA amplification. Eleven DNA segments, which
were cloned from the HSR found in chromosome 1 in these
cells, were mapped to the short arm of the normal chromo-
some 2 (2p), thereby indicating a complex amplification—
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transposition process (5). One of those 11 sequences, probe
8 (the eighth largest), was found to be amplified in several
other neuroblastoma and retinoblastoma cell lines (6, 7), in
which the recently described putative oncogene N-myc is
amplified as well (6~10). Molecular probes for N-myc have
now been isolated by three approaches (6, 8, 11). In two
studies, N-myc has been mapped to 2p (6, 12), more precise-
ly to the distal region p23-p24 (12). Hence, amplification of
this domain on 2p may play a role in the progression of neu-
roblastoma and retinoblastoma.

The biological significance of DNA amplification in neuro-
blastoma cell lines was reinforced by the observation that
the DNA sequence detected by the N-myc probe pNb-1 (8)
was amplified in a number of advanced-stage primary neuro-
blastomas (13). We have now confirmed and extended these
studies by using another N-myc probe, NB-19-21 (6), on a
larger series of DNA samples. In addition, we have further
subdivided the tumors that amplify this sequence into nested
subsets amplifying increasing numbers of additional se-
quences initially isolated from two neuroblastoma cell lines.
Detailed regional mapping of these sequences in the normal
genome indeed shows that differential and variable amplifi-
cation of a specific region on the distal part of 2p occurs in
neuroblastoma tissues. However, additional, distant DNA
sequences have joined the process in the formation of the
HSR in IMR-32 cells.

MATERIALS AND METHODS

DNA from Tumor Tissues. One-hundred twelve primary
tumors were tested, most of which were obtained from the
Children’s Cancer Study Group (CCSG), with the rest ob-
tained at the coauthors’ institutions [55 of these tumors were
included in a previous study done with the N-myc probe
pNb-1 (13)]. The tumors had been classified according to the
clinical staging system of Evans et al. (14). DNA was pre-
pared from the tissues as described (7, 13) and was quanti-
fied by fluorometry (15).

Probes. The 11 HSR-specific probes were previously iso-
lated from a Charon 21A library constructed from HindIII-
digested DNA of the HSR-bearing chromosome 1 of IMR-32
cells (5). They were numbered 1-11, the numbers referring to
decreasing size [ranging from 6.7 to 0.46 kilobase (kb)]. NB-
9-A is a 1.65-kb HindIII-EcoRYV fragment subcloned from a
3.2-kb HindIII segment isolated from cells of the neuroblas-
toma line NB-9, in which it is involved in a DNA rearrange-
ment also involving part of probe 8 (6, 7). Segment NB-9-A is

Abbreviations: 2p, short arm of human chromosome 2; HSR, homo-
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amplified in NB-9 cells but not in IMR-32. The two indepen-
dently derived N-myc probes NB-19-21 [a 2.1-kb EcoRI frag-
ment cloned from NB-19 cells (6)] and pNb-1 [a 1.0-kb
BamHI-EcoRI fragment cloned from the cell line Kelly (8)]
were used in parallel, in Boston and St. Louis, respectively,
to probe DNA from the same tumors. The restriction maps
for these probes (7, 8) are similar but not entirely identical,
perhaps reflecting polymorphic variation. H2-26, a single-
copy 3.8-kb HindIII fragment derived from chromosome 13
(generously contributed by M. Lalande), served as an inter-
nal single-copy control in the former studies, permitting
quantitative analysis (16) of DNA amplification. A 2.7-kb
subclone of probe 1 (5) was used, rather than the entire
probe 1, which detects repeated sequences.

Somatic Cell Hybrids. The somatic cell hybrids G24A4,
G35AS, G35D3, and RRP-5-3 were derived from fusions of
either mouse cells (RAG) or Chinese hamster cells (E36)
with human cells and were characterized for human chromo-
some complements by analysis of human isozyme markers
and by cytogenetic techniques (17, 18). In the course of their
maintenance in culture, spontaneous rearrangements of hu-
man chromosome 2 occurred in these hybrids, and therefore
they contain different portions of this chromosome. These
hybrid lines were again characterized by analysis of human
chromosome 2 markers malate dehydrogenase 1, which has
been mapped to band 2p23 (19), and isocitrate dehydrogen-
ase 1, mapped to 2q32-2qter (19), and by testing of their
DNA for hybridization with a fragment of the immunoglob-
ulin x gene, kindly provided by Philip Leder, which has been
mapped to human 2p12 (20). DNA from the two human-
mouse hybrids A9 Call 1-9-3 and A9 Call 1-13, which contain
the chromosome 2 regions qter — p23 and p23 — pter, re-
spectively, and which were described earlier (8, 21), was a
generous gift from K.-H. Grzeschik (Munster, Federal Re-
public of Germany).

Molecular Techniques. Digestion by restriction enzymes of
genomic DNA, gel electrophoresis, Southern blotting, hy-
bridization, and scanning densitometry were performed as
described (5-7, 13, 16). In situ hybridization was done ac-
cording to Harper and Saunders (23).

RESULTS

Amplified Sequences in Neuroblastoma Tissues. Amplifica-
tion of the various DNA fragments used in this study in 112
primary neuroblastomas was examined by using them as
probes against Southern blots of tumor DNAs digested to
completion with either HindIIl or EcoRI. DNA samples
from three negative controls (normal blood, placenta, and a
normal lymphoblastoid line) and one positive control (IMR-
32) were run on each gel, and each blot was also hybridized
with the control probe H2-26 (22). The copy number of every
probe in each sample was estimated by scanning densitome-
try readings (16), which were normalized for experimental
variation against the standard probe H2-26. The results
(Figs. 1 and 2, Table 1) showed differential and variable am-
plification of at least 10-fold of 5 of the 13 probes used in 24
of the 112 tumors. The pattern of this amplification enabled
the division of these tumors into nested sets—according to
the probes that were amplified in their DNA (Fig. 1).

In all 24 tumors, both N-myc probes that were used inde-
pendently in two laboratories showed similar degrees of am-
plification of from 10- to 270-fold (Table 1). This result is an
extension of a previous study done with the N-myc probe
pNb-1 on 11 of these tumors (13). All 24 tumors had been
clinically classified as advanced-stage tumors (stage III or
stage IV), and thus the correlation between N-myc amplifi-
cation and advanced tumor progression (with poor progno-
sis) (13) is further substantiated.

Four DNA segments (the IMR-32 probes 8, 3, and 1 as
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Fi1G. 1. Partition of 112 primary neuroblastomas into nested sub-
sets characterized by specific amplification patterns. On the right is
the number of tumors in which probes, listed on the left, are ampli-
fied. Each descending group is a subset of the one above.

well as probe NB-9-A) were amplified in smaller subsets of
these tumors (Fig. 1), with copy numbers ranging between 20
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FiG. 2. Southern blots showing differential amplification of five
probes (N-myc, probes 1, 3, 8, and NB-9-A) in several primary neu-
roblastomas (numbered 16-26). Two micrograms of DNA digested
with either EcoRI (A) or HindIII (B-D) was run in each lane. The
blots were hybridized with probes that had been end-labeled using
T4 DNA polymerase. Note tumor 26, the only one that showed am-
plification of all five probes, four of which are amplified in other
tumors, in different, smaller combinations. Probes 5, 6, and 10 were
not amplified in any tumor. H2-26 is a single-copy control probe that
served to normalize the densitometry readings. Normal human
DNA from blood, placenta, or lymphoblasts (MD-1) was included,
as was IMR-32 DNA.
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Table 1. Amplification of different DNA segments in 24
primary neuroblastomas

Copy number per haploid genome

Probe Probe
Tumor no. N-myc* Probe 8 Probe 3 Probe 1 NB-9-A
26 220 90 50 60 20
8 130 120 40 260 1
20, 30, 43, 45, 53,
64, 66, 73, 81,
84, 86 10-270  30-240 1 1 1
4, 13, 33, 34, 51,
60, 63, 78, 83,
89, 92 10-230 1 1 1 1

The extent of amplification was estimated by using scanning
densitometry of autoradiograms from Southern blots.
*Based on a value of 25 for the amplification of N-myc probe
NB-19-21 in IMR-32 DNA, published previously (6) and confirmed
independently in our laboratory.

and 260 (Table 1). In no case was amplification of any probe
observed without N-myc also being amplified in the same
tumor.

Mapping of the Amplified Sequences in Normal Cells. Map-
ping of the amplified sequences in the normal genome, and
especially their localization relative to one another, is an ear-
ly step in elucidating the structure and the origin of the am-
plified unit. All of the 11 HSR probes had been mapped pre-
viously to 2p (5, 6), and N-myc (pNb-1) has been localized
recently to the region 2p23-2p24 (12). We have used three
different approaches to document mapping of these and re-
lated probes to different regions on 2p: (i) in situ hybridiza-
tion to metaphase chromosomes, (i) segregation of se-
quences homologous to these probes in somatic cell hybrids
with different human chromosome constitution, and (i)
quantitative hybridization of some of these probes to DNA
from cells with unbalanced karyotype with regard to differ-
ent portions of 2p. Fig. 3 shows the autoradiographic grain
distribution over the genome following in situ hybridization
of one of those probes, whereas Fig. 4 shows the distribution
of six different probes over chromosome 2. It is evident from
these results that the four probes tested thus far that are
highly amplified in tumor tissues are located in the distal re-
gion of the short arm of chromosome 2 (2p23-2p25) (Fig. 4 A-
D), whereas two of the IMR-32-derived probes, which are
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Fi1G. 3. Diagram showing silver grain distribution over the chro-
mosomes of normal lymphocytes following in situ hybridization of
probe 6. Three-hundred eleven grains were scored in two different
experiments, of which 67 (22%) were on 2p.
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FiG. 4. Regional localization on 2p of six probes by in situ hy-
bridization to normal lymphocyte chromosomes. The first group [A,
probe NB-19-21A (N-myc); B, probe 8; C, probe 3; D, probe 1] is all
amplified in tumors as is probe NB-9-A (data not shown), which
localizes to the same region. The second group (E, probe 6, and F,
probe 10) localizes more proximally on 2p and is amplified in IMR-
32 but not in any tumors studied so far. Probe 11, which is not ampli-
fied in the tumors, maps to the same domain as probe 10 (data not
shown). Between 75 and 207 cells (97-334 grains) were scored for
the probes shown. Different symbols refer to grains scored in differ-
ent experiments. On the average, 15-25% of the grains were on 2p.
For these experiments, intact HindIIl segments, subcloned in
pBR322, were used for all probes, except for the following: probe 8,
a 0.85-kb BamHI-EcoRI fragment; NB-19-21A, a 1.0-kb EcoRI-
BamHI fragment; probe 1, a 2.7-kb HindIII-EcoRI fragment.

not amplified in the tumors, reside in more proximal parts of
2p: the peaks of grain distributions for probes 6 and 10 are
over 2pl15-2p16 and 2pl3, respectively (Fig. 4 E and F).
The results of the in situ hybridization experiments are
supported by the segregation pattern of the same probes in
somatic cell hybrids containing various portions of 2p (Fig.
5). All five DNA segments, which by in situ hybridization
map to 2p23-2p25, are missing from the DNA of hybrid
G35D3, which contains a rearranged human chromosome 2
with a terminal deletion of 2p23-2pter. Part of band 2p23 still
exists in the rearranged chromosome, as indicated by the
presence of human malate dehydrogenase 1 in this hybrid.
All of the other probes, except probes 4 and 6, clearly hy-
bridized to their corresponding human fragment in the DNA
of this hybrid. The absence of signal with probes 4 and 6 in
G35D3 suggests the existence of a previously unsuspected
interstitial deletion in 2p in this hybrid. The segregation of
the 13 probes in the two A9 Call hybrids, which separate the
region between band 2p23 and the distal end of 2p (2pter)
from the rest of chromosome 2, further shows that the five
distal sequences define a distinct chromosomal domain that
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F1G. 5. Segregation of human chromosome 2-derived sequences
in somatic cell hybrids with various rearrangements of this chromo-
some. The different portions of 2p contained in each hybrid are indi-
cated. Ten micrograms of digested hybrid DNA was electropho-
resed in a 0.7% agarose gel, transferred to nitrocellulose, and probed
with end-labeled fragments. MDH 1, malate dehydrogenase 1; IDH,
isocitrate dehydrogenase 1; IGK, immunoglobulin « gene.

A9
CALL 1-9-3

is separate from the location of the other DNA segments dis-
cussed.

Probes that map to different domains by in situ hybridiza-
tion and hybrid cell analysis also hybridize with different rel-
ative intensities to DNAs from cells with chromosomal im-
balance affecting different parts of 2p (Fig. 6). Monosomy of
the region between either the middle of band 2p23 or band
2p24 and the terminus of 2p results in an ~50% decrease in
the intensity of the signal obtained with N-myc and probes 8,
3, and 1, whereas trisomy of these regions is associated with
an =50% increase of the intensity relative to control DNA
samples from blood and placenta. In contrast, monosomy of
a smaller segment, distal to the middle of band 2p25, does
not affect the intensity of the signal due to hybridization of
these probes. These quantitative DNA blotting experiments
thus further narrow the chromosomal domain that is ampli-
fied in the tumors to a segment distal to the middle of band
2p24 but proximal to the middle of band 2p25. This observa-
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FiG. 6. Dosage of different 2p-derived probes in DNA from fi-
broblast strains with unbalanced rearrangements of 2p. The probes
were hybridized to Southern blots of fibroblast DNA digests, and
the signal obtained was quantitated by scanning densitometry and
normalized against the reading of the standard probe H2-26. The
average ratio for each probe was derived from two to six indepen-
dent readings. Shown for each cluster of probes is the mean and the
range of each set of average ratios.
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tion is consistent with previous data (12) indicating that the
pNb-1 probe for N-myc maps to 2p23-2p24, with 2p24 now
considered to be the more probable location of this domain.
In contrast to the results with probes N-myc, 8, 3, and 1,
probes 6, 4, and 10 hybridize to an equal extent with DNA
from all of the fibroblast strains employed (Fig. 6).

DISCUSSION

Until recently, DNA amplification, primarily of various on-
cogenes, has been documented mainly in tumor-derived cell
lines (2, 3). Now there is evidence linking this phenomenon
to actual in vivo tumor stage advancement (13). Early studies
have shown that amplification of a specific oncogene, N-
myc, is a common phenomenon in primary neuroblastomas
and retinoblastomas (3, 8, 10, 13, 24).

In this report, we show that a specific region of chromo-
some 2 is coamplified in several primary neuroblastomas
along with N-myc in a differential and variable pattern. We
have been able to subdivide the tumors with N-myc amplifi-
cation into nested subsets in which additional probes are am-
plified. This finding may lead to a molecular classification of
advanced-stage neuroblastomas, the clinical correlates of
which will have to be determined. It is likely that many of the
probes utilized represent various parts of an amplification
unit (amplicon), which, in different tumors, extends to dif-
ferent lengths. Our data strongly suggest that N-myc may be
at or near the core of this unit.

The possibility that a sequence other than N-myc is the
functional and structural core of the neuroblastoma ampli-
con cannot be absolutely excluded at this time. However,
there is circumstantial evidence for a functional role of N-
myc in the progression of neuroblastoma as well as retinob-
lastoma. Increased expression of this gene accompanies its
amplification in cell lines derived from both types of tumors
(10, 11, 24), and, in neuroblastoma tissue, N-myc expression
is most pronounced in the undifferentiated neuroblasts (24).
Furthermore, increased expression of N-myc, without am-
plification of the genomic N-myc sequence, has been ob-
served in retinoblastoma cells (10).

The actual size of the amplification unit in the tumors sum-
marized in Table 1 has not yet been determined. Thousands
of kilobase units are probably the norm when the amplifica-
tion of certain genes is favored in cultured cells (2, 25, 26). In
IMR-32 HSRs, the amplicon length has been estimated to be
in the 3000-kb range (5). Other functional genes may reside
within a region this large. An example of an expressed se-
quence that might be such a gene, whose function is still un-
known, has been documented recently by Kohl ez al. (27).

Three independent approaches have been utilized to es-
tablish that DNA segments incorporated into the 3000-kb re-
peat unit of the HSR of the human neuroblastoma cell line
IMR-32 are derived from three domains of the short arm of
human chromosome 2 that are separated from each other by
several thousands of kilobases. Since each segment appears,
by in situ hybridization, to be evenly distributed over the
HSR (ref. S and other data not shown), at an approximately
identical copy number (50-75 per haploid genome), it ap-
pears that the unit forming this HSR is assembled as a single
event. Moreover, in most cases, the size of the amplified
fragments is identical to that of the single copy fragment
present in normal cells. Hence, the relocation/amplification
event probably does not proceed via a spliced RNA species
that then serves as a template for reverse transcription, as
has been hypothesized and shown with Drosophila for copia
elements (28) and for some pseudogenes (29).

Our data thus are compatible with the existence of a novel
splicing and amplification event (Fig. 7) that occurs at the
level of DNA, perhaps involving an extrachromosomal inter-
mediate that, in principle, might be detectable only during



Genetics: Shiloh et al.

PROBES

N-myc, #8,#3, #1,
(AMPLIFIED IN TUMORS)

HSR

. %4 *6 AMPLIFIED

UNITS) Fq o ONLY IN
10711 ) IMR-32

#1+ HSR

FiG. 7. A schematic showing the three different domains on 2p
as defined by different probes and the proposed assembly of se-
quences from the different domains into one amplification unit in
IMR-32 cells. Probe NB-9-A, which is not amplified in IMR-32 cells
but is amplified in one of the primary tumors tested (Table 1), is also
located in the most distal domain of 2p. Based on the data of Fig. 5,
probes 2, 5, 7, and 9 are also assumed to map in the same domain as
do probes 10 and 11, but in situ hybridization data to confirm this
speculation have not yet been obtained.

the event itself. Although evidence of a similar phenomenon
has not yet been described for neuroblastoma cell lines other
than IMR-32, it may become apparent upon studying these
lines in more detail. Evidence for somatic recombination be-
tween less distant sequences (probes 8 and NB-9-A) has al-
ready been obtained for formation of the DMs of the neuro-
blastoma cell line NB-9 (6, 7), and it would be surprising,
were such a DNA splicing mechanism (Fig. 7) to exist, that it
would not have more widespread occurrence.

The nature of the sequences in 2p, especially those in the
domain centered around 2p24 (2p23-2p25), which relocate,
amplify, and, at times, rearrange in tumors of neuroectoder-
mal origin, and the mechanism of the apparently novel DNA
relocation-rejoining process documented so far for IMR-32
are both interesting biological and medically relevant ques-
tions. Isolation of additional sequences from this region by
using recombinant libraries enriched for chromosomes 1 and
2 has been initiated in our laboratory. The identification of
candidate sequences for the junctions of the amplified re-
gions provides one excellent point from which such studies
can be initiated. '
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