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Neuroblastoma, the most common solid extracranial
neoplasm in children, shows an appreciable variabil-
ity in clinical evolution. Amplification of the MYCN
oncogene in this tumor is detected in 25 to 30% of
cases and is associated with poor clinical outcome. In
this study, quantitative polymerase chain reaction
and fluorescence in situ hybridization were used to
determine MYCN amplification status in 46 neuroblas-
toma tumors. MYCN amplification was detected in
tumors from 11 patients. Fluorescence in situ hybrid-
ization revealed the presence of micronuclei contain-
ing amplified MYCN sequences in 8 of the 11 tumors.
Micronuclei are indicative of spontaneous elimina-
tion or loss of amplified sequences by tumor cells.
Because the elimination of amplified sequences can
be enhanced in vitro by specific drugs such as hy-
droxyurea, our observations suggest a new therapeu-
tic strategy specifically targeted to cells with ampli-
fied genes. (Am J Patbol 2001, 158:1579-1584)

Neuroblastoma (NB), a sympathetic nervous system-de-
rived tumor, is the second most frequent solid tumor of
early childhood. This tumor shows a wide spectrum of
clinical behaviors, from spontaneous regression of even
widespread tumors to rapidly progressing, metastatic
disease resistant to intensive chemo- and radiothera-
py."? There have been several parameters proposed to

refine diagnosis and to predict biological behavior. In
addition to stage, patient age, and histology, important
prognostic indicators include ploidy, MYCN amplification
(MNA), 1p deletion, 17qg overrepresentation and alter-
ation in neurotrophin receptor gene expression.>” In lo-
calized and stage IVS NB, amplification of the MYCN
proto-oncogene is a highly significant marker for a poor
prognosis independent of other biological or clinical pa-
rameters and the risk of treatment failure in patients
whose tumors display MNA is still very high.®® Experi-
ments with animal models as well as clinical observations
have confirmed that MNA clearly contributes to the ma-
lignant phenotype of this disease. '

The MYCN oncogene is amplified in ~30% of ad-
vanced stage tumors as well as in most cell lines, typi-
cally derived from advanced stage tumors. As shown
previously in vitro, extrachromosomal amplified genes in
acentric double-minutes chromosomes (dmin) can be
expelled from the nucleus and lost from the cell. Loss of
amplified sequences is correlated with a loss of malig-
nant properties and cellular differentiation.® ' Expelled
material is seen as micronuclei, small nuclear-like struc-
tures. Micronuclei can arise from the nucleus by budding
during S phase'” or after mitosis as the nuclear mem-
brane reforms. They can contain not only amplified on-
cogenes but also acentric chromosome fragments or
whole damaged chromosomes.'®®

In this study we assayed 46 NB tumors for MNA, 1p,
and 17q status. We found 11 tumors with MNA and in at
least 8 of the 11 we observed micronuclei comprising
amplified MYCN sequences. Our work is the second
report of spontaneous elimination of amplified genes oc-
curring in vivo from NB cells.

Supported by research grants from Ligue National Contre le Cancer,
Association pour la Recherche sur le Cancer, and the Institute Gustave
Roussy. A. Valent is a recipient of a fellowship from Ligue Contre le
Cancer, Comité de I'Essonne, France.

Accepted for publication February 8, 2001.

Address reprint requests to Dr. Alexander Valent, Laboratoire de
Génomique Cellulaire des Cancers, Institut Gustave Roussy, 39, rue
Camille Desmoulins, 94805 Villejuif, Cedex France. E-mail: avalent@igr fr.

1579



1580 Valent et al
AJP May 2001, Vol. 158, No. 5

Table 1. Characterization of MNA Neuroblastoma Tumors Identified by FISH to Exhibit Micronuclei Containing Amplified MYCN

Sequences

Genetic aberrations

MYCN Copy 179 Micronuclei
number per over- per 100
NB number  Tissue sample Age Stage Survival Del 1p  haploid genome  represent nuclei
NB1 Bone marrow 19 mo I\ 12 months DOD + 110 + 3
NB2 Primary tumor 5 years \% 20 months alive + 35 + 3
NB3 Primary tumor 2 years I\ 18 months DOD + 298 + 5
NB4 Primary tumor 3 years \% 19 months alive + ND — 6
NB5 Primary tumor 28 months  Illb/IV 5 months alive + ND - 2
NB6 Primary tumor 8 months \% 3 months alive + 79 + 20
NB7 Primary tumor 4 years I\ 3 months alive + 50 + 1
NB8 Primary tumor 2.5 years \% 1 month alive + 60 + 10

NB7-8 micronuclei were analysed only on imprinted slides, NB1-6 on cytogenetic slides.

ND, Not done; DOD, dead of disease.

Materials and Methods

Tissue Handling

Forty-six samples of NB were analyzed in our institute
between November, 1998 and March, 2000. Tumor tissue
obtained by fine needle biopsy directly from the tumor
and/or from metastatic bone marrow (BM) was smeared
directly on slides (imprinted slides) at the time of diagno-
sis and/or placed in culture medium. Biopsy samples in
culture medium were divided into two aliquots, one for
fluorescence in situ hybridization (FISH) and the second
for quantitative polymerase chain reaction (PCR) by Tag-
Man (PE Biosystems, Roche Molecular Systems, Inc.,
Branchburg, NJ). Histological analysis showed 70 to 90%
tumor cells in samples NB1-8 (Table 1) and only 6to 11%
tumor cells in NB9-11 (data not shown).

Cytogenetic Preparation and FISH Analysis

Samples for FISH analysis were mechanically dissoci-
ated, washed, and cultured overnight in RPMI 1640 with
10% fetal calf serum and 10 ng/ml colchicine. Interphase
nuclei and metaphase spreads were prepared by stan-
dard cytogenetic procedures. Material on imprinted
slides was fixed in methanol:acetic acid (3:1) for 15 min-
utes and kept at room temperature overnight.

FISH was performed with commercial probes D125
(centromeric region of chromosome 1), MYCN, D2Zcen,
D17Zcen, and D17qter (Quantum Appligene, llikirch,
France; Vysis, Inc., Downers Grove, IL). Probe D122 (for
detection of 1p36 deletion) was obtained from the Amer-
ican Type Culture Collection (Rockville, MD) and labeled
in our laboratory. We used one probe combination (cen-
tromere plus specific locus) per slide, which means that
for each tumor we analyzed three slides (one for chro-
mosome 1, one for chromosome 2, and one for chromo-
some 17). Whole chromosome-painting probes were ob-
tained commercially (Quantum Appligene; Vysis).
Conditions of hybridization have been described else-
where.2° For each primary tumor we surveyed 500 inter-
phase nuclei on cytogenetic preparations (NB1-6) and
200 nuclei on imprinted slides (NB6-8) to establish the
percentage of MYCN-containing micronuclei/100 nuclei.

For detection of 1p deletion and 17q overrepresentation,
we analyzed 200 interphasic nuclei and the rare meta-
phase cells present (NB3-6). In BM samples, 500 nuclei
were analyzed.

Quantitative PCR Analysis

The second portion of biopsy material was frozen and cut
into 6- to 8-um slices for histological evaluation of tumor
cell content and for DNA extraction. Nucleic acids were
extracted using a RNA/DNA kit (Qiagen, Inc., Valencia,
CA). Quality of genomic DNA and total RNA was as-
sessed by gel electrophoresis. Quantification of MYCN
copy number was performed by real-time quantitative
PCR using the ABI PRISM 7700 sequence detection sys-
tem (PE Biosystems). PCR first cycle conditions were:
denaturation at 95°C for 10 minutes and reannealing/
extension at 50°C for 2 minutes followed by 40 cycles at
95°C for 15 seconds and at 60°C for 1 minute. The PCR
reaction mixture was prepared in accordance with the
recommendations of the manufacturer and contained 5
mmol/L MgCl,. For MYCN copy number determination we
used the following primes: forward primer 5'GGCGTTC-
CTCCTCCAACAC, reverse primer 5'CGTTTGAAGAT-
CAGCTCGC, and the Tagman probe FAM5” ACATTCAC-
CATCACTGTGCGTCCCAAG 3'TAMRA. Briefly, during
the real-time quantitative PCR process, 5’ to 3" exonu-
clease activity of the Tag DNA polymerase (Gold Tag
DNA pol, PE Applied Biosystems) cleaves the dual-la-
beled TagMan probe annealed to a target sequence,
thus releasing the reporter fluorescent dye (FAM) from
the quencher dye (TAMRA). Excitation of released FAM
dye by argon laser results in an increase in fluorescence
that is analyzed through software (PE Applied Biosys-
tems). Ct values (defined as the fractional cycle number
at which the fluorescence generated by cleavage of the
probe crosses a fixed threshold) were obtained at each
cycle. A calibration curve of Ct versus the quantity of a
reference DNA was generated and a gene copy number
for the test sample is determined by extrapolation. Two
controls with known MYCN gene copy number were
used: normal healthy donor DNA with 1 copy/haploid
genome and the cell line IGR-N-91 with 470 copies/



haploid genome. Normalization of MYCN gene copy
number for each sample is made by comparison to two
internal control genes, GAPDH, and albumin.

Results

In tumor biopsy material from 46 NB patients, 11 (24%)
showed MNA. Of the 11, three could be analyzed only for
presence of MYCN amplification because of a lack of
material and a poor quality of imprints. In these three
tumors (NB 9-11) 200 well-separated nuclei analyzed by
FISH were disomic/tetrasomic for chromosome 2. There
were no apparent micronuclei in these three samples, but
the very low percentage (6 to 11%) of malignant neuro-
blasts must be taken to consideration. Of the eight re-
maining tumors (Table 1), seven were near-diploid and
one (NB6) was near-tetraploid. All eight also had a 1p
deletion and six of eight had a 17q overrepresentation.

In six MNA tumors the exact level of amplification was
established by real-time quantitative PCR. The number of
copies/haploid genome ranged from 35 to 298 (Table 1).

In all these cases micronuclei containing numerous
MYCN sequences were seen on either cytogenetic prep-
aration after colcemid treatment for 12 hours (NB1-6) or
direct preparations on imprinted slides (NB6-8) (Figure
1a). In NB1 the micronuclei were detected in BM metas-
tasis (the only tissue available), in NB2-8 they were seen
in primary tumors. The size of micronuclei was very vari-
able and was ~5 to 30% of NB nuclei (Figure 1c).

The frequency of micronuclei/100 nuclei varied from
case to case (Table 1) and between samples of the tumor
NB6 that was analyzed on both imprinted slides and
cytogenetic preparations. Imprinted slides of NB6
showed a much lower frequency of micronuclei (2 mn/
100 nuclei) compared to cytogenetic slides (20 mn/100
nuclei). Detailed analysis of 500 cells from the NB6 cyto-
genetic preparation showed the presence of 477 MYCN-
amplified neuroblasts, 23 nonamplified cells (presumably
infiltrating lymphocytes or surrounding normal tissue
cells), and 98 micronuclei, which represents the highest
frequency per 100 nuclei among these patients. In 16 of
98 micronuclei, together with MYCN-amplified se-
quences stained with rhodamine, there was a bright-
green FITC signal of the chromosome 2 centromeric
probe, indicating the co-expulsion of all or part of chro-
mosome 2 (Figure 1b). However, the size of micronuclei
containing a centromere of chromosome 2 was not dif-
ferent from those that did not contain two centromeric
sequences.

Apparent in our study is a marked heterogeneity in
degree of amplification among cells from the same tumor
(Figure 1d). Some nuclei contain only a few (10 to 20)
copies of the MYCN gene, whereas others show a very
high level of amplification resulting in a uniform red stain-
ing. Also apparent are differences in the internal organi-
zation of amplified material in nuclei. Some nuclei are ho-
mogeneously stained, whereas in others we could easily
distinguish one or several regions of accumulation of am-
plified material either in nuclei themselves (Figure 1e) or in
buds on the surface of the nucleus (Figure 1, f and g).
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In addition to MNA, we also evaluated our eight tumor
samples for presence of the 1p deletion (eight of eight)
and the 17qg over-representation (six of eight) (Table 1).
One of the two cases without 17 overrepresentation
contained two apparently normal copies of chromosome
17 (NB5). The second tumor (NB4) had only one normal
chromosome 17 and a structurally rearranged chromo-
some der(1)t(1;17), with simultaneous loss of genes on
17p and 1p (Figure 1h). Moreover, a similar der(1)t(1;17)
chromosome together with two (NB3, NB4, NB8) or four
(NBB) normal chromosomes 17 were seen in rare met-
aphases (Figure 1i).

Involved BM from patients NB2, NB3, NB7, and NB8
were also analyzed. These BM comprised only 0.3%
(NB7), 0.5% (NB3), 2% (NB8), and 10% (NB2) neuro-
blasts unlike the BM from NB1 that comprised 90% neu-
roblasts. However, in matched BM we found the same
genetic abnormalities as in primary tumors.

Discussion

Increase of gene dosage by DNA amplification is a com-
mon genetic mechanism for up-regulating gene expres-
sion and thus is important in tumorigenesis. Chromo-
somal abnormalities generally associated with DNA
amplification are either dmin or homogeneously staining
regions (hsr).2" In metaphase spreads, dmin appear as
small, spherical, usually paired chromosome-like struc-
tures that lack a centromere and do not segregate by the
same mechanism used by chromosomes.?"?? They can
be lost during mitosis or extruded by a cell during S
phase.”” The elimination of acentric dmin from cancer
cells has been demonstrated in vitro by many groups
using different tumor cell lines,'#'%23 including NB with
amplified MYCN.2*

We now demonstrate that similar mechanisms may
occur in the patient. In eight patients with MNA we ob-
served the expulsion of MYCN sequences in micronuclei
before therapy. Micronuclei size was variable even in the
same tumor. One possible explanation is a variable DNA
content. It was shown that the DNA content in radiation-
induced micronuclei is influenced by several factors, eg,
DNA synthesis in micronuclei or the presence of chromo-
some fragments or whole chromosomes.?® In the NB6
case the presence of the some or all of chromosome 2
did not influence the size of observed micronuclei. The
inclusion of chromosome 2 in micronuclei with dmin sug-
gests a hypothesis that chromosome 2 is localized in
interphase nuclei to the periphery of the nucleus, be-
cause a peripheral position is a prerequisite for DNA to
be expelled.” This hypothesis is supported by the report
of elevated micronucleus frequency in a healthy person
associated with significant over-involvement of chromo-
some 2.2° The specificity of involvement of chromosome
2 sequences in NB needs to be confirmed, however,
because cells were treated for 12 hours with colchicine, a
classic spindle poison that can induce chromosome loss
in threshold concentrations.?” The long colchicine incu-
bation also could be a reason for the discrepancy in
micronucleus frequency observed for NB6. The higher
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frequency of micronuclei in cytogenetic preparations
could reflect the fact that colchicine can induce apopto-
sis. We cannot exclude the possibility, that at least some
of the micronuclei containing MYCN-amplified se-
quences found in the colchicine-treated preparations
could be apoptotic bodies.?® Conversely, the lower fre-
quency of micronuclei found on imprinted slides might be
an underestimate, because nuclei were not as well sep-
arated and many micronuclei could have been hidden
between compacted nuclei.

As seen in Table 1 and commonly found for NB, the
number of amplified MYCN copies established by quan-
titative PCR is very variable. In our small series of patients
we did not detect any correlation between number of
micronuclei and the number of amplified MYCN gene
copies. Seven of the eight patients were older than 1
year. All of them had MNA and clinically were stage IV NB
(Table 1). There are several factors and mechanisms that
are involved in progression of a disease. One possible
mechanism (which could be specifically induced) is ex-
pulsion of amplified genes by tumor cells, which has
been observed to occur spontaneously. But why would a
cell expel genes that it had previously amplified? There is
a clear contradiction between gene amplification (which
gives a cell a selective advantage) and spontaneous
expulsion of amplified material (which can suppress the
tumor phenotype). Spontaneous expulsion of amplified
material could be considered as a self-defense mecha-
nism to enable a cell to resume normal physiological
functions (eg, replication, transcription) when the nucleus
contains too many amplified sequences. There is a strict
nuclear architecture and spatial distribution of different
sequences into human chromosome territories in the nu-
cleus®®~2" that must be respected. It is possible that, if
amplification exceeds the available nuclear space, the
cell has to eliminate the excess genes by expulsion.

Treatment in vitro with drugs that enhance micro-
nuclear formation and thus expulsion of amplified genes
have been shown to reduce the tumorigenicity and revert
the phenotype of malignant cells.'2716:32:33 |n NB, MYCN
amplification is associated with increased growth poten-
tial and tumorigenicity whereas down-regulation of MYCN
expression correlates with decreased proliferation and
differentiation induction.®** Moreover, MNA late-stage tu-
mors very often are refractory to chemotherapy, at least in
part because the MYCN oncogene up-regulates expres-
sion of the MRP and MDR17 multidrug resistance genes in
neuroblasts.®>37 Enhancement of expulsion of amplified
MYCN genes could be a way to reduce both tumorige-
nicity and the amplification-associated phenomenon of
chemoresistance. Agents such as hydroxyurea, to which
MDR1 over-expressing cells exhibit little or no cross re-
sistance, have been shown to promote elimination of
extrachromosomally amplified MYCN gene from tumor
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cells.®#®2 Inclusion of such drugs in conventional regi-
mens constitutes an as yet unexplored therapeutic option
specifically targeting aggressive cancer cells in the 30%
of tumors with MYCN oncogene amplification.
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