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ABSTRACT Oncogene amplification has been observed in
a broad spectrum of human tumors and has been associated
with a poor prognosis for patients with several different types
of malancies. Importantly, at biopsy, the amplified genes
localize to acentric extrachromosomal elements such as double-
minute chromosomes (DMs) in the vast majority of cases. We
show here that treatment of several human tumor cell lines with
low concentrations of hydroxyurea accelerates the loss of their
extrachromosomally amplified oncogenes. The decreases in
MYC copy number in a human tumor cell line correlated with
a dramatic reduction in cloning efficiency in soft agar and
tumorigenicity in nude mice. No effect on gene copy number or
tumorigenicity was observed for a closely related cell line
containing the same number of chromosomally amplified MYC
genes. One step involved in the accelerated loss of extrachro-
mosomal elements is shown to involve their preferential en-
trapment of DMs within micronuclei. The data suggest that
agents that accelerate the loss of extrachromosomally amplified
genes could provide valuable tools for moderating the growth
of a large number of human neoplasms.

Gene amplification produces multiple copies of genomic
regions ranging from 100 kilobase pairs (kbp) to >10W kbp (see
ref. 1 for review and references) and results in overproduc-
tion of proteins encoded by the genes within the amplified
region. Since amplification of genes such as NMYC, Her2/
neu, and MYC has been correlated with a poor prognosis
(2-5), it is reasonable to infer that the overexpression of such
genes contributes to tumor cell growth or survival. Further-
more, while amplification ofa specific gene such as Her2/neu
occurs in only 25% of human breast cancer (3-5), the total
incidence ofamplification in breast cancer exceeds 70% when
those tumors with MYC (5), hst-int-PRADI (6, 7), and bcll
amplification are included. If overexpression ofeach of these
genes contributes to tumorigenicity, then strategies to de-
crease their expression may retard tumor growth. Consistent
with this idea, experiments in which antisense RNA tech-
nology is used indicate that reducing oncogene expression
slows tumor cell proliferation (8).
An alternative approach to moderate the growth of tumor

cells containing amplified oncogenes is to remove the addi-
tional gene copies. It is striking that, at biopsy, amplified
genes in human tumors almost always localize to acentric,
heterogeneously sized, paired chromatin bodies called dou-
ble-minute chromosomes (DMs; ref. 9; see ref. 10 for review).
Therefore, we focused on strategies to eliminate DMs from
cancer cells to effect the loss of the putative growth-
augmenting genes they may encode. We concentrated on

approaches that do not require knowledge of the genes
contained within the DMs, or of the sequences required for
DM replication, to attempt to provide generally useful elim-
ination therapies that could be implemented with minimal
delay. A particularly promising protocol involves treatment
with low concentrations ofhydroxyurea (HU), since this drug
has been shown to increase the rate at which DMs containing
a variety of drug-resistance genes are lost from mouse (11)
and human tumor cell lines (12). Since the DMs in these
studies were very different in size, and were contained in the
nuclei of highly diverged species, the data strongly indicate
that the mechanism by which HU accelerates DM loss is not
likely to be restricted to particular genes or cell types.
The present study demonstrates thatHU increases the rate

at which extrachromosomally amplified oncogenes are lost
from four different human tumor cell lines. The data reveal
that reducing the copy number ofMYC genes correlates with
substantial decreases in the cloning efficiency of a human
carcinoma cell line in soft agar and tumorigenicity of treated
cells in a nude mouse model system. The mechanism by
which HU affects DM loss is shown to involve the prefer-
ential capture of DMs within micronuclei.

METHODS
Cell Lines. An early passage (passage 46) of the HL60

promyelocytic leukemia cell line was obtained from S. Col-
lins (Fred Hutchinson Cancer Center). This cell line contains
16-32 copies of the MYC oncogene, the majority of which
localize to extrachromosomal molecules ranging from 250-
kbp episomes to DMs (13, 14). Passage 67 subclone 173
contains a median of 8 DMs per cell and was used for this
study (14, 15). A previously described subclone of COLO
320DM (American Type Culture Collection; ref. 16), which
contains a median of 30 DMs per cell and an amplicon of
120-160 kbp (14), was used. The COLO 320HSR (HSR,
homogeneously staining region) line has approximately the
same number of copies of MYC dispersed at several chro-
mosomal sites (ref. 14; this study). The NB4 neuroblastoma
cell line (passage 20; kindly provided by J. Casper and V.
Piaskowski, Milwaukee Children Hospital) has an m50-fold
amplification of the NMYC gene localizing to ==1000-kbp
episomes and DMs (17). The SF188 glioblastoma multiform
cell line, passage 220, has a 25-fold amplification of the MYC
gene localizing to heterogeneously sized episomes, with a
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minimum size of 100 kbp (D.D.V.H., unpublished data), and
DMs (18).
The HL60 and COLO 320 cell lines were grown in RPMI

1640 medium with 10% fetal bovine serum (FBS), and NB4
and SF188 in RPMI 1640 medium containing 20%6 FBS and 2
mM glutamine. Based on previous work by Snapka and
Varshavsky (11), HU (Squibb) was added on day 0 of culture
at the concentrations indicated and was replaced each time
the cells were passaged. All cells were passaged by a 1:10
dilution of confluent cultures every 3-7 days. Cell growth
was determined with a hemocytometer.

Tumorigenicity Assays. Cells exposed to various concen-
trations of HU for 21 days in vitro were washed, grown
without HU for 48 hr, and then plated at a concentration of
2500 cells per 35-mm Petri dish by a soft agar cloning
technique (19). The number of colonies containing 50 cells
was determined 21 days later. Alternatively, 5 x 106 cells
treated with HU as described above were injected into the
suprascapular region of nu/nu BALB/c mice (Charles River
Breeding Laboratories) in groups of 8. The mice were kept in
a germ-free laboratory according to U.S. Department of
Agriculture guidelines, and they were observed twice weekly
for tumor formation. The volume of each tumor developing
in the suprascapular area was determined by the formula
volume = (W2 X L)/2 (W, width; L, length).

Evaluation of Cells for Micronuclei and Localization ofMYC
Genes. Micronuclei were scored in preparations ofmetaphase
chromosome spreads and interphase nuclei (15, 20). The cells
were exposed to Colcemid (0.1 ,ug/ml; GIBCO) for 1-3 hr.
incubated in 0.075 M KC1 for 20 min, fixed in methanol/
glacial acetic acid (3:1), and dropped on wet slides. Portions
of tumors that had been established in vivo were either used
immediately for preparation of metaphase spreads or rees-
tablished in cell culture to enable a comparison ofthe number
ofMYC DMs per cell under various growth conditions.
The MYC cosmid (Yuxin Yin, Salk Institute) and centro-

mere probes (Oncor, Gaithersburg, MD) used for in situ hybrid-
ization were labeled with biotin-16-dUTP (Boehringer Mann-
heim) by nick-translation with a reaction mixture containing all
four dNTPs (Pharmacia). Fluorescent in situ hybridization
(FISH) was conducted as described by Pinkel et al. (21).

RESULTS
HU Accelerates the Loss of Extrachromosomal Oncogenes.

Since HU has been shown to accelerate the rate of elimina-
tion of extrachromosomally amplified drug-resistance genes
(11, 12), we tested its efficacy for reducing oncogene copy
number. HU treatment caused a substantial reduction in the
copy number of extrachromosomally amplified oncogenes in
every cell line analyzed (see Fig. 1A for one example), but the
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FIG. 1. HU accelerates selective elimination of extrachromo-
somally amplified genes. COLO 320DM (A) and COLO 320HSR (B)
cells were treated with 0 (o), 50 (e), 100 (-), or 150 (o) jAM HU for
the indicated number of cell doublings. DNA was prepared and the
fraction of the initial MYC copy number was determined by dot
blotting and hybridization to a MYC cDNA probe (Oncor). The
amount of DNA loaded onto each sample was determined by
hybridization with a probe for rRNA-encoding DNA.

rates varied for each. For example, while >50%o of the
amplified genes were eliminated from HL60 and NB4 cells at
50-100 AM HU after 3-6 cell doublings, only a 30%o loss was
achieved in the same number of cell doublings in SF188 cells
exposed to 150 AM HU. Furthermore, HU accelerated the
loss of circular molecules ranging in size from 120-kbp
episomes to multimegabase DMs (data not shown). The
effects ofHU were specific for extrachromosomal structures,
since application of the same treatment strategy to COLO
320HSR cells containing chromosomally amplified MYC
genes did not produce a significant reduction of oncogene
copy number (Fig. 1B).

Loss f AmpliedOno Is As ed with Rede
Tumorigenicity. The HU treatment protocol described above
eliminated up to 90%o of the MYC genes from COLO 320DM
cells, but it was unclear whether loss of this number ofMYC
genes would reduce tumorigenicity. We explored this issue
by first measuring the ability of the cells to form colonies in
semisolid medium since anchorage-independent growth has
long been used as one indicator oftumorigenicity (22). COLO
320DM and COLO 320HSR cells were treated with various
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FIG. 2. ReducingMYC copy number decreases tumorigenicity of
COLO 320DM cells. COLO 320DM (A and C) and COLO 320HSR
(B and D) cells were treated with HU at the indicated concentrations
for 21 days, commencing on day 0, with freshHU being added at each
passage. After 21 days of exposure, cells underwent the following
number of population doublings (pd): 0 HU, 13 pd; 50 .AM HU, 12.5
pd; 100 AM HU, 12 pd; 150puM HU, 10 pd. Plating efficiency in soft
agar was determined after washing the cells to removeHU (A andB).
Identically treated cells were also injected into the suprascapular
region of BALB/c nul/nu mice (5 x 106 cells per mouse; eight mice
per data point) and were allowed to grow for -6 weeks. The number
of animals with tumors and the volume of the tumors were deter-
mined. x2 analysis revealed a significant difference between the
fraction of untreated animals developing tumors when injected with
untreatedCOLO 320DM and those injected with COLO 320DM cells
treated with 100 IzM HU (P < 0.02), and an analysis of variance
revealed a significant difference in the volumes of the tumors
detected (P = 0.01). No significant difference for either parameter
was noted between the control and treated COLO 320HSR cells.
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concentrations of HU, and their cloning efficiency in soft
agar was determined. Fig. 2A shows that there is a dose-
dependent reduction in the cloning efficiency of COLO
320DM but not of COLO 320HSR cells (Fig. 2B), which
parallels the decrease in MYC copy number reported in Fig.
1A. The lack of effect of HU on the cloning efficiency of

COLO 320HSR cells indicates that the profound effects ofthe
drug on COLO 320DM cells cannot be explained by nonspe-
cific cytotoxicity or by inhibition of MYC activity.
A more direct indicator of tumorigenicity is to determine

the ability of the cells to form a tumor in nude mice (23). We
first gained insight into whether elevated MYC copy number

FIG. 3. Mechanism of selective elimination of extrachromosomally amplified MYC genes involves entrapment by micronuclei. FISH using
aMYC cosmid probe was performed on metaphase spreads prepared from COLO 320DM cells grown in cell culture (A) or established as a nude
mouse tumor for 8 weeks and analyzed within 24 hr of removal (B). Note that the sizes of the DMs are approximately the same for both growth
conditions, but the number ofDMs is 3- to 4-fold higher in cells propagated as a tumor in vivo (see text; arrows, typical MYC DMs). (C) COLO
320DM cells treated with 100 AM HU for 7 days [-4 population doublings (pd)] were analyzed by FISH with a MYC cosmid. Arrows denote
two micronuclei, which are heavily labeled with the probe. (D) Fraction of the same preparation shown in C was hybridized with a centromere
cocktail probe, which detects most human chromosomes. Note the substantial hybridization within the large nucleus and the lack ofhybridization
within the three micronuclei (arrows). (E) COLO 320HSR cells were treated with 150 IM HU for 21 days (-10 pd). Cells obtained from a
metaphase preparation made at this time were hybridized with the fluoresceinated MYC cosmid. Note hybridization within the large nucleus
and lack of hybridization within the micronucleus (arrow). A chromosome that hybridizes with the MYC cosmid was detected on a metaphase
plate adjacent to the nuclei shown and represents the predominant site of intrachromosomal amplification ofMYC genes in these COLO 320HSR
cells.
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might contribute to tumor growth in vivo by comparing the
MYC DM content of cells propagated in cell culture relative
to that of tumors established from COLO 320DM cells in
nude mice. COLO 320DM cells contained an average of 28
DMs per cell, while tumor cells analyzed directly after
explanation had an average of 95 DMs per cell (Fig. 3 A and
B). Cells that had been established as a tumor and then
returned to culture for 3 weeks showed a reduction from 95
to 28 DMs per cell. These changes inDM number were highly
significant (P < 0.0001; Wilcoxan or Kruskall-Wallis tests).
These data strongly suggest that additional MYC copies
contribute to tumor growth or viability in vivo.
The experiments described above indicated that the mag-

nitude of the reduction of MYC copy number in COLO
320DM cells achievable by HU treatment might reduce their
tumorigenicity in nude mice. Therefore, COLO 320DM cells
treated in vitro with HU as described above were injected
into the suprascapular region ofnude mice, and the incidence
and volumes of the tumors formed were determined. Fig. 2C
shows that in vitro pretreatment of COLO 320DM cells with
HU substantially reduced the ability of the COLO 320DM
cells to form tumors in animals. While 63% of animals
injected with cells that were not pretreated with HU formed
tumors, only 19% of animals injected with an identical
number of cells pretreated with 100 ILM HU developed
tumors. Importantly, the tumors that developed with the
HU-treated cells were <1/10th the volume and took longer
to appear than those that were generated by the injection of
untreated control cells (Fig. 2C). In contrast, HU pretreat-
ment of COLO 320HSR cells did not have a statistically
significant effect on either the incidence of tumors formed or
their volumes (Fig. 2D). Taken together, the results demon-
strate that reduction in MYC copy number that can be
achieved in COLO 320DM cells by the HU treatment con-
ditions used is sufficient to significantly reduce their tumor-
igenicity.
Mechanism of HU Selectivity Involves Preferential Entrap-

ment of Extrachromosomally Amplified Genes in Micronuclei.
HU could potentially accelerate the loss of extrachromo-
somal elements by several mechanisms including interfer-
ence with either some aspect oftheir maintenance, disruption
of their molecular integrity, or preferential inhibition of their
replication. HU did not affect the structure of the submicro-
scopic circular precursors of the MYC DMs (i.e., MYC
episomes; ref. 14) (B.J.F. and D.D.V.H., unpublished data),
and the low HU concentrations used did not affect cellular
DNA synthesis or episome replication (12). These negative
results led us to investigate whether the selective elimination
of extrachromosomal elements at low doses of HU is medi-
ated by micronuclei as proposed (24-26).
We first determined whether HU increases the number of

micronuclei formed. Table 1 shows that there is a dose-
dependent increase in the incidence of micronucleation in
both COLO 320DM and COLO 320HSR cells. Since the
HU-dependent increase in micronuclei formation is quanti-
tatively indistinguishable for these two cell lines, the selec-
tivity of HU for extrachromosomal elements cannot be
attributed to micronucleation frequency alone.
We next used FISH with probes that detect either MYC or

centromeric repetitive sequences to investigate whether mi-
cronuclei preferentially capture small and/or acentric struc-
tures such as DMs. Typical results of such experiments are
shown in Fig. 3C and are quantitated in Table 1. Hybridiza-
tion ofCOLO 320DM cells with a biotinylated probe revealed
intense staining of the majority of DMs in metaphase prep-
arations (Fig. 3A). Fig. 3C and Table 1 show that an average
of 68% of the micronuclei derived from COLO 320DM cells

contain numerous MYC sequences. By contrast, hybridiza-
tion of micronuclei in the same preparation with a centromere
"cocktail" probe, which detects most human chromosomes,

Table 1. Preferential entrapment of extrachromosomal elements
by micronuclei

% hybridizing

Micronuclei, With With
Cell line HU, ,gM % MYC centromere

COLO 320DM 0 4.4 50.0 7.4
50 5.1 68.6 3.7
100 8.4 80.0 4.8
150 17.1 73.7 6.7

COLO 320HSR 0 4.4 8.3 12.5
50 6.2 3.0 5.9
100 8.8 17.6 1.1
150 11.8 3.3 10.9

The indicated cell lines were treated with HU for 7 days and then
prepared for in situ hybridization. Each data point derives from
counting m1000 nuclei.

revealed that an average of only 6% of the micronuclei
contain centromeric sequences (Fig. 3D, Table 1). When
COLO 320HSR cells were treated with HU under the same
conditions and were analyzed identically, an average of 8%
of their micronuclei contained either MYC or centromeric
sequences (Fig. 3E, Table 1). These results reveal that
micronuclei preferentially entrap acentric extrachromosomal
DNA molecules.

DISCUSSION
These studies show that chronic treatment with low concen-
trations of HU accelerates the loss of extrachromosomally
amplified oncogenes but has little or no effect on chromoso-
mally amplified oncogenes. The reduction in oncogene copy
number was correlated with substantial reductions in soft
agar cloning efficiency and tumorigenicity ofCOLO 320DM
cells in nude mice. Since amplification and overexpression of
certain oncogenes is correlated with a poor prognosis (2-5),
and the majority of amplified genes localize to extrachromo-
somal elements in human cancers analyzed at biopsy (10), we
propose that DMs, and not the specific genes they encode,
should be considered as important targets for chemotherapy.
The potential usefulness of strategies to accelerate the loss

ofextrachromosomal elements encourages a search for other
agents that may be more efficient than HU or that potentiate
its effects. Guanazole, another inhibitor of ribonucleotide
reductase, etoposide, and proflavine (inhibitors oftopoisom-
erase II), and difluoromethylornithine (an inhibitor of orni-
thine decarboxylase) have also been reported to promote loss
ofunstably amplified drug-resistance genes or oncogenes (27,
28). Since these agents have rather diverse mechanisms of
action, we speculate that their effects on extrachromosomal
elements may derive from a common ability to stimulate the
formation of micronuclei. The concentration of each agent
must be chosen carefully to avoid paradoxical effects on gene
amplification. For example, while HU concentrations < 200
pM stimulate elimination of extrachromosomally amplified
DNA (refs. 11 and 12; this report), higher concentrations
appear to increase amplification frequency (29). The mech-
anism for the latter effect may involve chromosome breakage
mediated by HU-induced inhibition of DNA synthesis (30,
31). We did not explore the effects of HU concentrations
exceeding 150 AzM because of the substantial growth rate
reductions produced at such drug levels.
The extremely high sensitivity and resolution of the FISH

technique provides convincing evidence that micronuclei
preferentially capture extrachromosomal molecules and only
infrequently contain chromosomes. The frequency of micro-
nuclei containing chromosomes with homogeneously stain-
ing regions was too low to reduce MYC copy number

Proc. Natl. Acad. Sci. USA 89 (1992)
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sufficiently to register in either DNA blotting analyses or in
any of the biological tests we have used. However, other
reports show that treatment of cells with high concentrations
of clastogenic agents results in a substantial fraction of
micronuclei containing centromeric sequences (32, 33). In
light of our results, it is likely that such treatments frag-
mented the chromosomes to a size that could be captured
within the micronuclei. If this interpretation is correct, then
size, and not the presence or absence of a centromere, may
be the major determinant of what can be trapped within
micronuclei. The mechanism by which DMs are lost from the
cell once they are captured within micronuclei remains to be
elucidated. It is possible that the micronuclei are lost to the
cytoplasm and are inefficiently reincorporated into the nu-
cleus at mitosis. Alternatively, micronuclei may contain
nucleases that degrade the chromatin within them. Experi-
ments to differentiate among these alternatives remain to be
done.
Our studies revealed a higherMYC copy in COLO 320DM

cells growing as a tumor in the nude mouse than in cell
culture. This observation suggests that elevated MYC ex-
pression provides a growth or survival advantage to COLO
320DM cells in vivo. Cytogenetic observations on mouse
SEWA tumors (34), mouse Rous sarcomas (35), and rat
sarcomas (36) are consistent with this inference. Since dif-
ferentiation of several tumors has been reported to coincide
with reduced oncogene expression (e.g., see refs. 37 and 38),
we speculate that eliminating MYC may enable cells with
reduced MYC expression to terminally differentiate and
consequently to be removed from the dividing population that
contributes to tumor formation. The capability to eliminate
extrachromosomally amplified oncogenes provides an addi-
tional strategy for investigating the relationship between
oncogene overexpression, cellular differentiation, and the
relevant signal transduction pathways involved.
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