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ABSTRACT

Amplification of clones 8, G21, and N-myc, which were derived from
human neuroblastoma cell lines IMR-32 and NB-19, were studied in nine
neuroblastoma xenografts. N-myc was amplified from 50- to 120-fold in
eight of nine xenografts, clone 8 was amplified in five of the xenografts,
and clone G21 was amplified in four of these five. Each of these clones
was localized by in situ hybridization to homogeneously staining regions
in metaphase spreads of xenograft chromosomes. In one xenograft a
DNA rearrangement of clone 8 was observed, and only two of the
sequences detected by G21 were amplified. Restriction enzyme mapping
indicated that the rearrangement within clone 8 occurred at a position
close to the rearrangement previously noted in neuroblastoma cell line
NB-9.

INTRODUCTION

HSRs3 and DMs, two novel chromosome abnormalities, are

believed to represent sites of gene amplification (1). These
changes in chromosome structure are found with remarkable
frequency in cells of human neuroblastomas (2-4). Montgo
mery et ai. (5) showed, by using DNA renaturation to select for
moderately repeated DNA sequences (Cot-fractionated DNA),
that neuroblastoma cells can amplify a set of DNA sequences
not amplified in other tumor cells, that contain HSRs or DMs.
They also revealed that these amplified sequences are localized
to the HSRs or DMs in most human neuroblastoma cell lines.

In attempting to analyze DNA located in HSRs or DMs in
human neuroblastoma cells, we established a flow-sorted gene
library of chromosomes containing HSRs from the human
neuroblastoma cell line IMR-32 (6). We then cloned 11 distinct
amplified DNA fragments from the HSRs, which are usually
located in the short arm of human chromosome 1 in IMR-32
cells (7). When these DNA fragments were used as probes to
DNAs of other human neuroblastoma cell lines, clone 8 showed
amplification in a large fraction of these cell lines (8) and in
primary neuroblastoma tumors (9). Amplification of clone 8
was also observed in the HSRs of some retinoblastoma cell
lines (10), though it is not known whether this DNA fragment
exhibits any specific function.

On the other hand, 'N-myc which has partial sequence ho-

mology to the oncogene c-myc, was isolated from human neu
roblastoma cell lines (8, 11) and the transforming activity of N-
myc was demonstrated by cotransfection assay with c-Ha-roj
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oncogene using rat embryonal cells (12, 13). Amplification of
N-ffiyc is associated with increased expression of homologous
RNA in neuroblastomas, retinoblastomas, and small cell lung
cancers but not in other tumors (melanoma, colonie carcinoma,
bladder carcinoma, lymphoma, leukemia, and etc.) (14-17). N-
myc amplification was also observed in the untreated human
neuroblastomas diagnosed at clinical stages III or IV. This
indicated that N-myc amplification is associated with late stages

of neuroblastoma tumor progression, and thus can be used for
prognosis (18, 19). Hybridization with metaphase chromo
somes in situ has localized N-myc to the HSRs (11, 20).

In the present study, we have further analyzed amplification
of clones 8, G21, and N-wyc in human neuroblastoma xeno
grafts and in cell lines (IMR-32 and NB-19) by both Southern
blot hybridization and /// situ hybridization.

MATERIALS AND METHODS

Tumors. The nine neuroblastoma xenografts TNB-1, TNB-4, TNB-
5, TNB-6, TNB-9, TNB-10, TNB-11, TNB-12, and MNB are currently
maintained by xenotransplantation in nude mice (nu/nu. BALB/c), by
the Department of Pediatrie Surgery, University of Tokyo (Table 1).
These xenografts were derived from the neuroblastoma tumors in stages
III or IV. Detailed karyotype of these tumor cells were described by
KanekoÂ«<z/. (21).

Cell Lines. The human neuroblastoma cell line NB-19 was obtained
from Dr. F. Gilbert of the Department of Pediatrics, Mount Sinai
School of Medicine. This cell line has large HSRs in chromosome 13.
Another cell line, IMR-32 has large HSRs in the short arm of chro
mosome 1 where the amplified unit was estimated at 3000 kilobases
(7).

Preparation of DNA. Nuclei were prepared from tumor tissue by
homogenation in a solution of 0.32 M sucrose, 10 HIMTris HC1 (pH
7.6), 5 IHM MgCl2, and 1% triton-X 100 and then collected in a
centrifuge. DNA was prepared from the nuclei as described by Kunkel
et al. (22).

Restriction Enzyme Digestion. Restriction enzymes were purchased
from Takara Co., Ltd. (Kyoto), and digestion was carried out according
to the manufacturer's instructions. For restriction enzyme mapping,

genomic DNA samples were cut with /ton/1 II. EcoRl, ///ndlll, and
Soci, respectively, or in various combinations of the four.

Probes. Clone 8, 1.75-kilobase ///mil 11 DNA fragment cloned in
pBR322, was previously isolated from the HSRs of human neuroblas
toma cell line IMR-32 (7). G21 was cloned from a cDNA library of
IMR-32 cells. The genomic sequences corresponding to G21 and N-
myc were shown to be amplified in five neuroblastoma cell lines (16).
N-myc, a 2-kilobase Â£coRI fragment referred to as NB-19-21 in the
previous study, had been isolated from the neuroblastoma cell line NB-
19 by Kohl et al. (8). This N-myc DNA is equivalent to that isolated
from human neuroblastoma cell line Kelly by Schwab et al. (11). These
recombinant plasmiti DNAs were labeled with [a-32P]dCTP (Amer-

sham) by nick translation (23).
Southern Blotting and Hybridization. DNA was electrophoresed

through 0.7% agarose gels in a 90 min Tris-borate-2.5 HIM EDTA
buffer (pH 8.3), and was transferred onto nitrocellulose filters using
the procedure of Southern (24). The degree of amplification was mea-
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Table l DNA amplification of clone 8, G2I, and N-myc in human
neuroblastoma xenografts

Stages of the tumors were classified at surgery based on clinical criteria for
neuroblastomas. Cytogenetic data on the presence of HSRs or DMs were taken
from Kaneko et al. (21). Relative degree of amplification was measured by
comparison with 46 XY placenta DNA on the Southern blot. In TNB-1, clone 8
was hybridized to 1.65- and 1.75-kilohasc fragments (Fig. 3) of the //indiII-
digested genomic DNA. As both of them amplified 40-fold, amplification of clone
8 in TNB-I was presented as a total (80 X).

â€¢TNB'

Neuroblastoma
xenograftsTNB-ITNB-4TNB-5TNB-6TNB-9TNB-10TNB-1

1TNB-12MNBPresence

of amplification(fold)Stage

HSRsIV
+IVIVIIIIV

+III
+IVIIIIV

+DMs

8 G21N-myc80

5050+
1+
1+

80+
60IW117050120)801100+

80 20050100
200 80

sured by the serial dilution of the digested DNA with the total amount
of DNA adjusted to 3 Â¿<gwith salmon sperm DNA which had been cut
with Hindlll (for clone 8) or EcoRl (for N-myc and G21). The filters
were hybridized with probes as described by Sakai et al. (IO).

In Situ Hybridization. In situ hybridization was performed as de
scribed by Harper et al. (25). Chromosomal DNA was denatured for 2
min in a 70% solution of deionized formamide in 2x standard sodium
citrate (0.1 S M sodium chloride:0.015 M sodium citrate, pH 7.4) at
70Â°Cand was then dehydrated in an ethanol series. Probe DNAs were
labeled with [methyl-\',2'-3H]dTTP (Amersham) by nick translation
(23) to a specific activity of 2 x IO7cpm/Mg DNA, and then separated

from the free labeled nucleotides. Labeled DNAs were resuspended in
the hybridization solution and denatured at 15Â°Cfor 3 min. Denatured
probe was added to the slide (4 x 10s cpm/70 //I/slide) and hybridized
at 40Â°Cfor 17 h. Slides washed in 2x standard sodium citrate were

coated with Sakura autoradiographic emulsion NR-M2 (diluted 1:1
with H2O) and then exposed for 1 to 3 weeks. Afterward they were
developed in Konidol X at 20'C.

RESULTS

Amplification of clones 8, G21 and N-myc in human neuro
blastoma xenografts are summarized in Table 1. N-myc was
amplified in 8 of 9 xenografts; clone 8 was amplified in 5 of
the xenografts and clone G21 was amplified in 4 of these 5
(Fig. 1). Four of nine xenografts, TNB-1, TNB-9, TNB-12 and
MNB, showed 50 to 200 fold amplification for all three clones.
TNB-6 revealed 80 fold amplification for clone 8 and 120 fold
for N-myc, but no amplification for G21. In three of nine
xenografts, TNB-4, TNB-5 and TNB-11, only N-myc was am
plified 50 to 100 fold. None of these clones were amplified in
TNB-10 in spite of the presence of HSRs in the chromosome
21pi 1 (21). Except for TNB-11, amplification of clones 8, G21
and N-myc was associated with the presence of HSRs or DMs
(21). In TNB-11, N-myc was amplified 100 fold despite of the
absence of HSRs or DMs.

Chromosomal localization of clones 8, G21 and N-myc was
determined by in situ hybridization in neuroblastoma xeno
grafts TNB-1, TNB-9 and MNB, and also in neuroblastoma
cell lines IMR-32 and NB-19. This demonstrates co-amplifi

cation of these DNA fragments in the HSRs. Fig. 2a,b shows
the amplification of clones 8 and N-myc in the HSRs of the
homologous chromosome 12 in TNB-1. Fig. 2c shows the
amplification of G21 in the HSRs of cell lines IMR-32. In one
of the metaphase cells of NB-19, crossover recombination was
observed between HSRs of the homologous chromosomes (Fig.
20).

b

Fig. 1. Southern blot analysis of nine human neuroblastoma xenografts of
DNA digested with Hindlll (a) and Â£coRI(b and <â€¢).The blots were hybridized
with 32P-labeled clone 8 (a), N-myc (b), and G21 (r), respectively. Exposure time
was shortened for lanes TNB-12 and MNB (8 h) of blot (c) to obtain distinct
hybridization bands. 3 jig of DNA was loaded on each lane including 46 XY
placenta DNA as a control. In TNB-1, clone 8 was hybridized to both 1.65- and
1.7S-kilobase DNA fragments, though indistinguishable in the blot (a) (see Fig.
3). Note the amplification pattern of G21 in TNB-1 (c).

When clone 8 was probed to DNA cut with Hindlll of TNB-
1, a new 1.65-kilobase band was detected together with a normal
1.75-kilobase band; both bands were amplified 40-fold (Fig. 3).
Restriction enzyme mapping analysis demonstrated that the
1.65-kilobase fragment is caused by a DNA rearrangement
within the Hindlll-Sacl segment of clone 8 (Fig. 4). In TNB-1,

genomic DNA cut with EcoRl revealed amplified hybridization
only to 6.6- and 5.4-kilobase fragments when G21 was probed
(Fig. 1). DNA rearrangement was not observed in the genomic
DNA spanning clone 8 and N-myc except in TNB-1.

DISCUSSION

In the present study, N-myc amplification was observed in
eight of nine human neuroblastoma xenografts. Such high
incidence of N-myc amplification was also found in human
neuroblastoma cell lines. Of the 27 cell lines tested, 22 had
amplification of N-myc (8, 10, 26). However, in the primary
tumors, N-myc was amplified in less than half of the untreated
tumors and amplification was more frequent in metastatic
neuroblastomas than in nondisseminated tumors of this type
(18, 19). These observations suggest that tumor cells with N-
myc amplification may adapt particularly well to growth not
only in vitro but also in vivo in nude mice and thus may establish
preferentially as xenografts.

Amplification of clones 8 or G21 was always accompanied
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frÂ«U

Fig. 2. Chromosome analysis, /n i/fu hybridization of 3H-labeled clone 8 (a) and N-myc (*) to the HSRs of 12q 15 (21 ) in TNB-1, and G21 to the HSR of 1p32 in
IMR-32 (c). d, crossover-type recombination between HSRs of the chromosome 13 in the metaphase cell of NB-19.

with the amplification of N-myc (Table 1) suggesting that these playing a key role in tumorigenesis of neuroblastomas. Indeed,
clones are in proximity to the N-myc gene, and was thus DNA fragments thus far isolated from human neuroblastomas
included in the amplification units. It is highly probable that detected amplification in various tumor-derived cell lines only
the N-myc gene is located at the core of the amplification unit, when N-myc was also amplified (8, 9, 27). Such differential
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Fig. 3. Southern blot analysis of////idlll-digested DNA of I MM, IMR-32,

and NB-9, hybridized with "I' labeled clone 8. Normally, this probe hybridizes
to a single l.7S-kilobase ///milII band. 3 jig of DNA was loaded for 46 XY and
O.I //g for IMR-32, TNB-1, and NB-9. In TNB-1, both 1.75- and 1.65-kilobase
///mllll fragments were amplified.
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Fig. 4. Restriction maps of the normal 46 XY cell, IMR-32, TNB-1, and NB
9 spanning clone 8. Novel amplified fragment ( 1.65-kilobase) of TNB-1 has DNA
rearrangement within the Hindlll-Sacl fragment. Rearrangement in the same
region was reported in NB-9, resulting in a 3.2-kilobase-amplified band (Fig. 3)
(8). //. ///mil 11:K. EcoR\; B, BamHl, S, Soci.

amplification of the DNA fragments derived from 2p24 may
be attributed to the size variation of the amplification unit
among neuroblastoma tumors.

DNA rearrangement within clone 8 was observed in neuro
blastoma xenografts TNB-1 and neuroblastoma cell line NB-9
(8), suggesting the presence of certain DNA sequences which
may be involved in DNA rearrangement. In both cell lines,
DNA rearrangement spanning clone 8 occurred within the
Hindlll-Sacl fragment (Fig. 4), though precise location of the

junctional points have not yet been specified. Rearrangement
involving clone 8 was also found in neuroblastoma cell line
CHP-126 and in one primary tumor (T-86) (27).

The chromosomal location of clones 8, G21, and N-myc in
the normal cells was found to be in the short arm of chromo
some 2 (7, 8, 28). However, these fragments were amplified in
multiple HSRs on different chromosomes in neuroblastoma
xenografts and cell lines (Fig. 2). This indicates that DNA
amplification in human neuroblastoma involves relocation from
chromosome 2p24 to other chromosomes of the amplification
unit that contains these three clones. This process may well be

initiated by the insertion of such DNA fragments into other
chromosomes prior to amplification.

What remains to be explained is the reason that both homol
ogous chromosomes bear HSRs at the same location in some
of the neuroblastoma cell lines (IMR-32 and NB-19) and in
some of the xenografts (TNB-1 and TNB-9). Although there is

no evidence to explain the reason for this occurrence at present,
we suggest three possible mechanisms: (a) relocation and am
plification of the DNA sequence occurs at the same chromo
some location of both homologous chromosome simultane
ously; (h) nondisjunction of the HSR bearing chromosomes; or
(c) relocation of the amplified sequence to the homologous
chromosome by unequal crossover recombination. Fig. Id
shows the homologous chromosome recombination between
HSRs observed in NB-19, which may offer evidence for the
third mechanism.

The data presented here demonstrate that the gene amplifi
cation which is frequently observed in human neuroblastoma
xenografts occurs within the HSRs. Because amplification in
volves DNA rearrangement and the transpositional event be
tween chromosomes, further isolation of the DNA sequences
surrounding the N-myc gene is necessary to elucidate the mech
anism of gene amplification in neuroblastomas.
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