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ABSTRACT Southern blot analysis of a number of EcoRI-di-
gested human neuroblastoma DNAs has revealed the presence of
a family of discrete restriction fragments, the majority of which
are amplified in most, but not all, of the neuroblastoma cell lines
tested.. None of these sequences is abundantly present in DNA
from other human tumors of different tissue origins, including
several either known or presumed to contain amplified DNA.
Hence, these sequences appear to be specifically amplified by
neuroblastoma cells. Hybridization with metaphase chromosomes
in situ has localized these sequences to either the homogeneously
staining regions or double-minute chromosomes of different neu-
roblastoma cell lines, indicating that these chromosomal struc-
tures, although present in cell lines established from different pa-
tients, share many sequences and may have a common, but as yet
unknown, function.

Gene amplification is one of several mechanisms whereby cells
can alter phenotypic expression when increased amounts of
specific proteins are required, for example, during develop-
ment (1-4) and in the face of environmental challenge when
overproduction of specific proteins can impart resistance to
otherwise lethal concentrations of cytotoxic agents (5-9). At the
chromosomal level, gene amplification has been shown in a
number of different experimental systems to be indicated by
the presence of structural abnormalities called HSRs (homo-
geneously staining regions) and DMs (double-minute chro-
mosomes). Originally reported by Biedler and Spengler (10) to
be present in antifolate-resistant Chinese hamster lung cells
overproducing dihydrofolate reductase, as well as in cells of two
different neuroblastoma lines, SK-N-BE(2) and IMR-32, HSRs
have since been demonstrated by hybridization in situ to con-
tain amplified copies of (i) the DHFR gene in antifolate-re-
sistant mouse and Chinese hamster cells (11, 12); (ii) DNA se-
quences that encode mRNA species whose function is not yet
known in the mouse adrenocortoid tumor cell line Y-1 (13); and
(iii) the c-myc gene in the neuroendocrine tumor cell line COLO
320 (14). Similarly, a large body of evidence now exists which
suggests that DMs contain amplified DNA (13-18), although
direct demonstration by hybridization in situ has not been pos-
sible due to their small size and random nonchromosomal lo-
cation. Indeed, it is most likely that HSRs and DMs are alter-
nate cytological manifestations of the same phenomenon-i.e.,
the somatic cell amplification of genomic DNA.
On the basis of these observations we have undertaken a study

of the putatively amplified DNA sequences of human neuro-
blastoma cells. Initially shown by Biedler and Spengler (10) and
Balaban-Malenbaum and Gilbert (19) to contain HSRs, the great
majority of cell lines derived from these highly malignant- and
clinically refractory childhood tumors are now known to display
either HSRs or DMS [see review by Biedler et al. (20)]. How-

ever, the functional significance of these structures in these
cells is not understood, and attempts to equate their presence
with the overproduction of specific proteins, readily demon-
strated in some of the amplification systems mentioned above,
or with the expression of neurotransmitter-synthesizing en-
zymes, have so far been unsuccessful (21). Therefore, we have
begun this study by relying on the kinetic properties of DNA
and, via a simple Cot fractionation technique, have prepared
genomic DNA probes containing amplified sequences. Using
these probes we have been able to (i) directly demonstrate the
amplification of DNA sequences in human neuroblastoma cells;
(ii) provide evidence that common as well as different se-
quences are amplified in different neuroblastoma cell lines; (iii)
show that, except for one possible exception, neuroblastoma
cells amplify sets of DNA sequences not amplified in other HSR-.
or DM-containing tumor cells; and (iv) localize these amplified
sequences to the HSRs and, in one case, the DMs of these hu-
man tumor cells.

MATERIALS AND METHODS
Cell Lines and Culture. The human neuroblastoma cell lines

used in this work have recently been discussed (20) and include
the HSR-containing lines NAP(H) and BE(2)-C [a clone of the
SK-N-BE(2) line] and the DM-containing lines NAP(D), CHP-
234, SMS-KAN, and SMS-KCNR. Two additional lines, SH-
SY5Y (a clone of the SK-N-SH line) and SMS-KANR, neither
of which contains evident HSRs or DMs but instead displays
possible abnormally banding regions (ABRs), were also ana-
lyzed. Nonneuroblastoma human tumor cell lines studied were
COLO 321, SK-Mel 28, SW-13, SW-48, SW-800, NCI-H-82,
HA-L, and Y79T. Control DNA was prepared from both WI-
38, a diploid human fibroblast line, and human placenta. Refer
to Table 1 for further details.

Preparation of High Molecular Weight DNA and Southern
Blot Analysis. High molecular weight DNA was obtained from
cultured cells as reported previously (33). Normal human pla-
cental DNA was prepared essentially as described by Blin and
Stafford (34). EcoRI digestions were carried out in the buffers
recommended by the suppliers, at 370C for 5-7 hr or overnight,
using 4-7 units of enzyme per Ag of DNA. Digestion products
were separated by size on 0.8% nondenaturing agarose gels and
transferred to nitrocellulose filter paper by the method of
Southern (35). Filters were prehybridized and then hybridized
with 32P-labeled nick-translated probes and washed, as de-
scribed (36). They were exposed to Kodak X-Omat XAR5 film
with intensifying screens for 12-48 hr at -80°C.

DNA-Cellulose Preparation. High molecular weight human
placental DNA (2 mg of DNA per 100 mg of ABM cellulose)

Abbreviations: HSR, homogeneously staining region; DM, double-mi-
nute chromosome; NaCl/Cit, 0.15 M sodium chloride/0. 015 M sodium
citrate, pH 7; kb, kilobase(s); ABR, abnormally banding region.
t To whom reprint requests should be addressed.
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Table 1. Description of cell lines analyzed

Cells
SH-SY5Y
SK-N-BE(1)
BE(2)-C
NAP(D)
NAP(H)
CHP-234
SMS-KAN
SMS-KANR
SMS-KCNR

WI-38 (CCL 75)
Placenta

COLO 321

SW-13

SW-48

SW-800
SK-Mel-28
HA-L
NCI-H82

Y79T

Tissue type
Neuroblastoma*
Neuroblastoma
Neuroblastoma*
Neuroblastoma
Neuroblastoma
Neuroblastoma
Neuroblastoma
Neuroblastoma
Neuroblastoma

Fibroblasts
Normal tissue

Neuroendocrine
(colon)

Cortical
adenocarcinoma

Colon
adenocarcinoma

Bladder carcinoma
Melanoma
Melanoma
Small cell lung
carcinoma

Retinoblastoma

Chromosome
abnormality

t
DMs
HSRs
DMs

Clone.
tOnepossible ABR.
tFive possible ABRs.

was bound to reprecipitated ABM-cell
method described by Brison et al. (37)
powder was regenerated after each use b
NaOH/0.01 M EDTA, followed by rep
(0.01 M Tris, pH 7.0/0.001 M EDTA) an

Cot Fractionation of Genomic DNAs
tion. Genomic DNA was sheared to an av

pairs, heat denatured at 1050C for 7 min.
neal in 0.12 M phosphate buffer at 65°'
stranded DNA was removed by hydroxy
phy and the remaining single-stranded D
centrated, denatured, and allowed to rea

double-stranded DNA isolated by hydro
raphy after the second reannealing was 1
Cot 10-300 fraction. One-microgram aliq
nick-translated (38) with 32P-labeled prec
tivity of 0.5-2.0 x 108 cpm/tig or with
to 1 X 108 dpm/,ug.-Highly repeated se(

moved by exhaustive hybridization of th
lulose-bound placental DNA. Between 30'
translated Cot 10-300 DNA was routinel'
cedure.
Chromosome Preparation and in Sit

bridization in situ was performed essen
Chandler and Yunis (39). Metaphase p1
lined previously (33), were digested wi
denatured for 2 min at 70'C in 50% for
0.03 M sodium citrate, pH 7 (2X NaCl/I
translated neuroblastoma probes were su

centration of 100 ng/ml in 50% formami
dextran sulfate 500/Denhardt's reagent
sperm DNA per ml. Following denaturat
the probe was applied to the denatured c

hybridization was carried out for 3 or 18]
rinsed briefly in 2X NaCl/Cit, washed ir

Refs.
20, 22, 23
20, 21, 23
23
20.21. 23

of 50% formamide/2X NaCI/Cit at 420C, rinsed again in 2x
NaCI/Cit, then dehydrated, coated with emulsion, stored in
light-tight boxes in the cold, and stained as described (33). Ex-
posure time at 40C ranged from 3 to 11 days.

RESULTS
20,j 21.) Human Neuroblastoma Cells Contain Amplified DNA Se-

.DMs 20, 24 quences. Southern transfers of EcoRI-digested genomic DNA
DMs 20 from both normal human and neuroblastoma cells were hy-

f 20, 22 bridized with a Cot 10-300 probe obtained from the DM-con-
DMs 20 taining neuroblastoma cell line CHP-234. The results of this

experiment (Fig. 1A) indicate that though the probe contains
None 25 sequences that hybridize with low intensity to a small number
None This work of EcoRI restriction fragments in. the digests of WI-38 and pla-

cental DNA, it has many sequences that hybridize with great
HSRs 26 intensity to a large array of EcoRI restriction fragments found

in both the CHP-234 and BE(2)-C neuroblastoma DNA digests.
27 When a Cot 10-300 probe prepared from WI-38 DNA was hy-

bridized to Southern transfers of EcoRI digests of the same four
None 27, 28 DNAs (Fig. 1B), no such intense hybridization was observed.

27 Rather, the intensity and patterns of hybridization in all cases

None 29 are similar to that seen when WI-38 and placental DNA are hy-None 29 bridized with the Cot 10-300 CHP-234 probe (Fig. 1A, lanesHSRs 30 a and d).
HSRs 31 The pattern of hybridization seen in Fig. 1B is consistently

*HSR 32 observed when probes obtained from normal DNA are hv-
bridized with either normal or neuroblastoma DNA and when
neuroblastoma tumor probes are-hybridized with normal DNA
or with DNA obtained from nonneuroblastoma tumors that do
not contain HSRs or DMs (Fig. IC). This control pattern always
includes a doublet of approximately 8.8 kb and 7.8 kb in ad-

ulose powder by the dition to several other bands, depending on the exposure time
The DNA-cellulose and the amount of DNA used in the digest. Presumably these

'y washing with 0.1 M bands represent sequences normally found in the Cot 10-300
eated washings in TE fraction of human genomic DNA. Therefore, they are present
id stored at 40C in TE. in the normal probe as well as in the tumor probe and in nearly
and Probe Prepara- equal amounts in all genomic digests. The control pattern is
erage size of 425 base obscured when a Cot 10-300 neuroblastoma probe is hybrid-
, and allowed to rean- ized with neuroblastoma DNA because of the intensity of hy-
C to Cot 10. Double- bridization caused by the presence of amplified sequences in
tlapatite chromatogra- both. Taken together the data presented in Fig. 1 demonstrate
NA was dialyzed, con- the presence of amplified DNA sequences in the CHP-234 and
inneal to Cot 300. The BE(2)-C genomes and show that these sequences are not pres-
)xylapatite chromatog- ent in amplified amounts either in nonneuroblastoma tumor
taken to represent the DNAs or in the normal human DNAs tested.
uots of this DNA were Variation in Amplification Pattern Among Different Neu-
ursors to a specific ac- roblastoma Cell Lines. In addition to establishing the presence
3H-labeled precursors of amplified DNA sequences within the human neuroblastoma
quences were then re- genome, the data in Fig. 1 also indicate that, whereas several
e probes with the cel- EcoRI fragments are amplified in both CHP-234 and BE(2)-C
% and 50% of the nick- cells, others appear only in the CHP-234 digests (namely, 10.2,
y removed by this pro- 3.4, and 2.6 kb). When a Cot 10-300 probe was prepared from

cell line BE(2)-C and hybridized with EcoRI-digested BE(2)-C
u Hybridization. Hy- and CHP-234 DNA (Fig. 2A, lanes a and b), the 10.2-, 3.4- and
itially as described by 2.6-kb fragments did not hybridize, indicating that these se-
.ates, prepared as out- quences are not contained in the BE(2)-C probe and that they
th ribonuclease A and are not amplified in BE(2)-C cells.
mamide/0.3 M NaCl/ Other examples of different EcoRI fragments amplified by
Cit). 3H-Labeled nick- different neuroblastoma cell lines and reactive with the BE(2)-
spended at a final con- C and CHP-234 Cot 10-300 probes are shown in Fig. 2 A and
de/2x NaCl/Cit/10% B, and examples of specific hybridization pattern differences
and 100 jtg of salmon between neuroblastoma cell lines with the use of other Cot 10-
tion at 70'C for 15 min, 300 probes have also been found (unpublished data). Although
,hromosomal DNA and the extent of these differences varies from small [namely, SMS-
hr at 370C. Slides were KAN versus NAP(H), Fig. 2B, lanes a and b] to large (namely,
n three 10-min changes SMS-KCNR, Fig. 2B, lane d, versus any of the other DNAs in
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FIG. 1. Southern blot analysis ofhuman neuroblastoma and other human tumor DNAs. High molecular weight DNA was digested with EcoRI
at an enzyme-to-DNA ratio of 4-7 units/gg overnight at 370C. Samples were then adjusted to 40 mM Tris-HCl, pH 7.9/7 mM sodium acetate/1
mM EDTA/2% Ficoll/0.1% bromophenol blue and electrophoresed for 16-20 hr in 0.8% agarose at 50 V. The molecular weight marker used was
HindIl-cut A DNA. Transfer ofDNA to nitrocellulose paper and hybridization with 32P-labeled Cot 10-300 probes was as described. To assay for
partial digestion the enzyme-to-DNA ratios were varied from 35:1 to 4:1 and incubations run from 18 hr to 4 hr, respectively. No differences in
Southern patterns were observed between these two extremes; hence, partial digestion was ruled out as a cause for the variable banding patterns
observed among neuroblastoma cell lines. (A) Hybridization with a Cot 10-300 probe from CHP-234 DNA. Lane a, 5 Ug of WI-38; lane b, 5 pg of
CHP-234; lane c, 5 gg of BE(2)-C; lane d, 5 ug of placenta. (B) Hybridization with a Cot 10-300 probe from WI-38 DNA. Lane a, 5 gg of WI-38;
lane b, 5 ug of CHP-234; lane c, 5 Mg of BE(2)-C; lane d, 5 ug of placenta. (C) Hybridization with a Cot 10-300 probe from CHP-234 DNA. Lane
a, 2.5 gg of NAP(H); lane b, 10 p&g of SK-Mel-28; lane c, 10 gg of SW-13! lane d, 10 ttg of placenta; lane e, 10 ,ug of SW-48; lane f, 10 Ag of SW-800;
lane g, 2.5 ,g of CHP-234. kb, Kilobases.

Fig. 2), it is clear that a great deal of cross-hybridization occurs
between the amplified DNAs of human neuroblastoma cells,
suggesting that the same or similar DNA sequences are am-
plified in all of these tumor cell lines. However, the restriction
pattern differences cannot be simply interpreted due to the
heterogeneity of the probes used and therefore may be due either
to restriction site polymorphisms or to the amplification of dif-
ferent sequences by different lines. Additionally, not all neu-
roblastoma cell lines can be shown to contain amplified DNA
sequences at the levels of detection being considered here. When
hybridized with a Cot 10-300 probe from CHP-234, the pattern
of hybridization displayed by the SH-SY5Y cell line appears
normal (Fig. 2B, lane e). Hence, DNA sequence amplification,
although prevalent among neuroblastoma cell lines, may not be
required for maintenance of the neuroblastoma phenotype.

Amplified Sequences Are Associated with Specific Cyto-
logic Markers. A Cot 10-300 probe prepared from the HSR-
containing NAP line was used for hybridization in situ with
metaphase chromosome preparations from NAP(H) and the DM-
containing line CHP-234. The intensity of hybridization over

A

the HSR on NAP(H) chromosome 7p clearly indicates that am-
plified DNA sequences reside within that region (Fig. 3b). Hy-
bridization of the NAP probe with CHP-234 also yielded pos-
itive results and showed specific signal over this cell's palely
stained DMs (Fig. 3d). This represents direct demonstration
by hybridization in situ of amplified DNA sequences within
DMs and most likely results from the fact that the CHP-234
DMs are readily visualizable and that the probe used contains
many of the DNA sequences contained within them.

Sequences Amplified and Maintained by Neuroblastoma
Cells Are Not Amplified and Maintained by Other HSR- or
DM-Containing Human Tumors. To rule out the possibility
that the amplified sequences present in human neuroblastoma
cells are amplified in all HSR- or DM-containing tumor cells,
whatever their tissue of origin, we hybridized a Cot 10-300 probe
from the BE(2)-C line with a panel of EcoRI-digested DNAs
from four nonneuroblastoma human tumor lines known to con-
tain HSRs or DMs, one of which, the neuroendocrine tumor,
COLO 320/321, was recently shown to contain amplified DNA
(14, 40). The result of this analysis is shown in Fig. 4 and clearly
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FIG. 2. Southern blot analysis of different neuroblastoma DNAs. Experimental conditions are as described in the legend to Fig. 1. (A) Hy-
bridization with a Cot 10-300 probe from BE(2)-C DNA. Lane a, 2 jg of CHP-234; lane b, 4 Mg of BE(2)-C; lane c, 2.5 ,g of NAP(H); lane d, 2.5
,ug of NAP(D); lane e, 1 pzg of SMS-KAN; lane f, 2.5 ,g of SMS-KANR. (B) Hybridization with a Cot 10-300 probe from CHP-234 DNA. Lane a,
5 ,ug of NAP(H); lane b, 5 ,ug of SMS-KAN; lane c, 5 ,ug of SMS-KANR; lane d, 5 ,ug of SMS-KCNR; lane e, 10 ug of SH-SY5Y.
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FIG. 3. Human neuroblastoma cells
hybridized in situ with a Cot 10-300
probe from NAP(H) DNA. (a) Trypsin-
Giemsa banded karyotype ofthe NAP(H)
cell line. Brackets indicate the two long
HSRs on both chromosome 7 homologs
(at 7p22). (b) Karyotype of NAP(H) cell
hybridized in situ with 100 ng of triti-
ated NAP(H) DNA probe per ml. Brack-
ets indicate HSRs. Cells were hybrid-
ized for 18 hr, as described, and exposed
for 7 days at 40C. Approximately 70% of
the 130 silver grains are over the two
HSRs. Only 3% of grains are between
chromosomes. (c) Trypsin-Giemsa band-
ed metaphase cell of the CHP-234 cell
line. Numerous, nonbanded, palely stain-
ing DMs are visible. (d) Metaphase
CHP-234 cell hybridized in situ with the
NAP(H) DNA probe for 3 hras described.
Slides were exposed for 11 days at 40C.
Approximately 75% of the 130 silver
grains overlie some 60 discernable DMs,
whereas only 7% overlie chromosomes.

indicates that the majority of sequences amp

tained by neuroblastoma cells are not amplified
by other human tumor cells. In only one case,
inoblastoma line Y79T, was there any indicati
pattern or hybridization intensity approaching
blastoma. However, because the embryologica
inoblastomas is sometimes questionable, thern
that the Y79T line is ontogenetically related to
Indeed, the Y79T line has been shown to expre
cific enzymes (24).
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FIG. 4. Southern blot analysis of other HSR- an(
human tumor DNAs. Conditions for analysis were
scribed in the legend to Fig. 1. Hybridization was perf
10-300 probe from BE(2)-C DNA. Lane a, 5 pg of pl
pg of NCI-N82; lane c, 5 pg of COLO 321; lane d, 5 1
e, 5 ug of Y79T; lane f, 1 pg of BE(2)-C.

ilified and main-
i and maintained

DISCUSSION

that of the ret- The work presented here demonstrates the presence of am-
ion of a banding plified DNA sequences in the HSRs and DMs of human neu-
g that of neuro- roblastoma cells and shows that, while some cells amplify se-
l identity of ret- quences that others do not, there is a great deal of cross-hy-
e is a possibility bridization between the amplified sequences isolated from
neuroblastoma. cells established in culture from different patients. Though it

,ss neuronal-spe- is likely that the amplified DNA detected here represents,
in other cells, a mixture of unique and low copy number se-

quences, the significance of its amplification remains unclear.
Whereas the results show that some qualitative differences

exist between the DNA amplified by different neuroblastoma
kb cell lines, hybridization intensity differences such as those be-

-23.5 tween SMS-KAN and SMS-KANR (Fig. 2A, lanes e and f, and
Fig. 2B, lanes b and c) suggest that overall differences in the

- 9.7.6 degree of amplification may also occur. The SMS-KAN line was
- 6.6 1 established from a primary tumor explant; all cells contained

4.3 DMs with a mean number per cell of approximately 150. The
SMS-KANR line was established 8 months later from the bone
marrow of the same patient in clinical relapse. The presence of

- 2.3 shared, structurally abnormal marker chromosomes indicates
- 1.9 that the SMS-KAN and SMS-KANR lines were derived from

a common cell precursor (20); however, DMs were not detected
in SMS-KANR cells. Interestingly, SMS-KANR cells display
five ABRs (22) known to be sites of low level DHFR gene am-

plification in antifolate-resistant Chinese hamster lung cells (33).
That ABRs may also represent sites of amplified genes in neu-

roblastoma cells is indicated by the Southern blots in Fig. 2,
h

DM-containing which show that DNA fragments amplified by DM-containing
the same as de- SMS-KAN cells are also amplified, albeit to lower level, in

acenta; lane b,5 the ABR-containing SMS-KANR cell line. Our failure to ob-
,ug of HA-L; lane serve amplified sequences in the SH-SY5Y line (Fig. 2B, lane

e), even though it may contain a single, small ABR, is most eas-

c c
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ily explained by its degree of amplification being too low to be
detected by the methods used here. In any event, the similarity
of Southern patterns shown in Fig. 1A and Fig. 2 A and B in-
dicates that neuroblastoma HSRs, DMs, and possibly ABRs all
share many of the same amplified sequences.

Because it is known that HSRs and particularly the DMs of
drug-resistant cells are unstable structures (41) and are lost along
with their amplified copies of DNA when selection pressure is
removed, it is reasonable to assume that some selective ad-
vantage is afforded neuroblastoma cells that maintain such
structures. That advantage could be causally related to the ma-
lignant phenotype by bestowing a growth advantage manifested
by the ability of these normally nonmitotic cells to proliferate
both in vivo and in culture. Presumably the synthesis of this
growth-promoting substance would be gene product-mediated;
hence, its increased production could be regulated by ampli-
fication or enhanced transcriptional efficiency. Although the
great majority of neuroblastoma cells analyzed contains am-
plified DNA, one, SH-SY5Y, may not and yet maintains the
malignant phenotype (42). Preliminary results suggest that nei-
ther Harvey-ras- nor Kirsten-ras-related onc gene sequences
are amplified by any of our neuroblastoma cell lines but that
a sequence related to the human c-myc gene is amplified in all
neuroblastoma cell lines, except SH-SY5Y, and in the retino-
blastoma line Y79T as well (unpublished data).

Alternatively, different neuroblastoma cells may reflect dif-
ferent stages of normal neuroblast development at which they
have been arrested due to the initial transformation event. In
this case the initial amplification of DNA in vivo may have been
in normal response to the temporal production of autocrine-like
regulator substances, which are thought to be produced by and
have regulatory effects upon the same cell (43). Although pre-
sumably transient during development, the production of such
factors by neuroblastoma cells may, as a concomitant of malig-
nant transformation, become constitutive, thereby stabilizing
the presence of the amplified DNA in vivo and in vitro. The
various Southern banding patterns we have observed could re-
flect cells transformed at different developmental stages, and
the SH-SY5Y line may simply have been transformed at a time
when no such regulatory factors and hence no amplified DNA
was present. Interestingly, the transient amplification of actin
genes during development of chicken muscle has been re-
ported (44) and the possibility that gene amplification may be
among those regulatory mechanisms that mediate the progres-
sion of cells through specific developmental pathways remains
a viable subject for further study.
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