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DNA sequence amplification is one of the most frequent manifes-
tations of genomic instability in human tumors. We have shown
previously that amplification of the dihydrofolate reductase
(DHFR) gene in Chinese hamster cells is initiated by chromosome
breaks, followed by bridge-breakage-fusion cycles that generate
large intrachromosomal repeats; these are ultimately trimmed by
an unknown process to smaller, more homogenous units mani-
fested as homogenously staining chromosome regions (HSRs).
However, in most human tumor cells, amplified DNA sequences are
borne on unstable, extrachromosomal double minutes (DMs),
which suggests the operation of a different amplification mecha-
nism. In this study, we have isolated a large number of indepen-
dent methotrexate-resistant human cell lines, all of which con-
tained DHFR-bearing DMs. Surprisingly, all but one of these also
had suffered partial or complete loss of one of the parental
DHFR-bearing chromosomes. Cells in a few populations displayed
what could be transient intermediates in the amplification process,
including an initial HSR, its subsequent breakage, the appearance
of DHFR-containing fragments, and, finally, DMs. Our studies
suggest that HSRs and DMs both are initiated by chromosome
breaks, but that cell types differ in how the extra sequences
ultimately are processed andyor maintained.

Tumor cells arise from normal tissue by the accumulation of
mutations in several different critical genes, each mutation

imparting additional tumorigenic potential (reviewed in
refs. 1–3). These genetic alterations include point mutations,
deletions, inversions, translocations, and DNA sequence ampli-
fication and result in the activation or inactivation of protoon-
cogenes or tumor suppressors, respectively. Amplification is
extremely common in advanced tumors: the majority of mitotic
chromosome spreads display either expanded, homogenously
staining chromosome regions (HSRs) or small, acentric, auton-
omously replicating double minutes (DMs; reviewed in refs.
4–8). In many cases, these structures have been shown to contain
cellular oncogenes (reviewed in refs. 9–11).

Amplification has been studied in in vitro model systems using
a variety of competitive enzyme inhibitors to select drug-
resistant amplificants (5–7, 12, 13). By far the most frequent
mechanism for developing resistance in cultured cells is ampli-
fication of the relevant gene (14, 15). Luria–Delbruck fluctua-
tion analyses suggest that amplification of drug-resistance mark-
ers occurs spontaneously at a frequency of '1025-1024 per cell
generation (16, 17). Methotrexate-resistant murine cell lines
usually maintain dihydrofolate reductase (DHFR) amplicons in
DMs, whereas Chinese and Syrian hamster cells virtually always
maintain DHFR (and all other) amplicons in HSRs (reviewed in
refs. 5, 6, and 18). In human (19, 20) and rat (e.g., ref. 21) cell
lines, DHFR amplicons can be manifested either as HSRs or
DMs, although in human tumor samples, they most often appear
as DMs (22).

Several mechanisms for initiating DNA sequence amplifica-
tion in mammalian cells have been proposed, which fall either
into the over-replication or nondisjunction camps (reviewed in

refs. 6 and 23–26). To gain insight into possible mechanisms, we
used fluorescence in situ hybridization (FISH) to analyze the
chromosomal rearrangements that accompany the earliest de-
tectable events in the amplification of the DHFR gene to form
HSRs during the generation of methotrexate resistance in
Chinese hamster ovary (CHO) cells (27, 28). These analyses
provided compelling evidence that amplification is almost always
initiated by a chromosomal break distal to the DHFR gene,
followed by sister chromatid fusion. Thus, a dicentric chromo-
some containing a very large inverted duplication is formed,
which leads to repeated bridge-breakage-fusion cycles. This
general conclusion also was reached in studies on the CAD and
AMPD2 loci in Syrian hamster and CHO cells, respectively
(29–31). There is also some evidence that fragile sites are
favored for the initiating breaks (32).

Amplification only occurs in tumor cells (15, 16, 33), probably
because the majority of such cells are defective in the p53-
mediated damage-sensing pathway (34–37). Because most hu-
man tumors bear amplified material on DMs (22), it was
therefore possible that DM formation also might be initiated by
chromosome breaks. In the present study, we have used FISH to
analyze karyotypic rearrangements that accompany the earliest
detectable stages of amplification of the DHFR gene in the
human HeLa cell line. Our studies reveal a striking correlation
between the appearance of DMs and the loss or fragmentation
of one of the parental DHFR-bearing chromosomes, suggesting
that DMs also arise from initiating chromosome breaks.

Materials and Methods
Cell Lines and Development of Independent Methotrexate-Resistant
Variants. The human tumor cell line, HeLa, was obtained from
the American Type Culture Collection and was maintained in
MEM supplemented with nonessential amino acids and 10%
fetal clone I (HyClone) in an atmosphere of 5% CO2. The
average population doubling time was '16 h. Methotrexate-
resistant cell lines were developed by the strategy described by
Tlsty et al. (16) and outlined in Fig. 1. Starting drug-sensitive cell
lines either arose from a single cell (populations A6, C8, F5; Fig.
1) or were grown from 102 A6 cells to '107 (populations
A6.1–A6.16). Methotrexate-resistant variants were selected
from these cell lines by plating at various cell densities, with
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selection 8–16 h later on complete medium containing different
methotrexate concentrations (see legend to Fig. 1).

Recombinant Cosmids and Chromosome-Specific Paints. Cosmids
c5–4, c5–92, c5–8, and c5–9 were isolated from a chromosome-5-
specific cosmid library (Integrated Genetics) and map to 5p15,
5q12–13, 5q21, and 5q35, respectively (38). DHFR-specific clones
(191C10.3, 83C2.7.2, 112A3.1, and 325J23) were identified by
screening a second chromosome 5-specific cosmid library (39) or a
bacterial artificial chromosome (BAC) library (Research Genetics,
Huntsville, AL; ref. 40), using PCR and DHFR-specific primers
(41). Labeling of cosmid or BAC DNA probes and the preparation
of chromosome paints were as described (42).

FISH and Analysis. The procedures for slide preparation and
two-color FISH are exactly as described in ref. 42. At least 10
cells, and usually more than 20 cells, from each hybridization
were analyzed by fluorescence microscopy (28, 42). The coor-
dinates of chromosome termini, centromeres, and probes were
determined from magnified photographic images projected onto
a digitizing board (Summagraphics, Fairfield, CT) and entered
into a computer for analysis (28).

Results
Strategy for Selecting Independent Drug-Resistant Variants. The
LD50 for methotrexate in three different drug-sensitive HeLa
cell clones (A6, C8, and F5) was '3 nM, and 20 nM methotrexate
('73 LD50) was the lowest drug level that selected for ampli-
fication of the DHFR gene (data not shown). To examine as
many independent amplification events as possible and to de-
termine the frequency of amplification in HeLa cells, we
adopted the selection and analytical approach of Tlsty et al. (16).

We first determined that the baseline frequency of variants
resistant to 20 nM methotrexate was '1024 in each population
(data not shown). One hundred A6 cells then were seeded into
16 individual dishes (designated A6.X, where X 5 1–16); thus,
none of these plates was likely to contain even a single resistant
cell at the time of seeding. After '20 population doublings, '106

cells from each plate were replated, and 8–16 h later were
subjected to 20 nM methotrexate. Resistant colonies (designated
A6.Xy20) ranged from 1 to 310 per plate, with a mean 6 SD of
57 6 90 and a varianceymean of 135 (Fig. 1). Such a large
varianceymean value argues strongly that each resistant popu-
lation was likely to have arisen spontaneously sometime during
growth in drug-free medium and therefore must represent an
independent mutational event (16). Luria–Delbruck fluctuation
analysis indicated that the spontaneous rate of mutation to

resistance at this drug level is '1.7 3 10-5 (calculations not
shown). Additionally, 106 cells from the original clonal popula-
tions (A6, C8, and F5) were seeded into one plate each and were
selected on 20 nM methotrexate for the equivalent of 20 cell
generations. Each of the resulting 19 resistant populations (16 of
the A6.X series plus the A6, C8, and F5 populations) then was
subjected to a second selection step at 100 nM methotrexate.

Seven naive A6 populations also were selected at 3 nM,
increasing to 7.5, 20, and 100 nM methotrexate, again starting
with 100 cells per plate (this yielded the A6.Xg populations in
Fig. 1). However, population-wide cell death was observed only
at 20 nM methotrexate. Very few cells survived a single selection
step directly to 100 nM (A6.8s and A6.14s in Fig. 1).

Chromosomal Locations of the DHFR Genes in Drug-Sensitive HeLa
Cells. The HeLa cells used in this study were aneuploid, with a
modal chromosome number of 69 and a range of 61 to 71 (n 5
25). In all 19 of the starting drug-sensitive cell lines, the
DHFR-specific cosmid (green) detected a single DHFR gene at
5q13 in each of the two normal homologues of chromosome 5
(Fig. 2A), as well as a third copy at band 5q13 on a long arm of
5 that has been translocated to the short arm of chromosome 3
[illuminated by red chromosome 3 and 5 paints in Fig. 2 A and
B, respectively; designated der(3p5q)]. The chromosome 5 paint
also labels two isochromosomes composed of the short arms of
chromosome 5 [referred to as i(5p); Fig. 2 A]. In addition to the
der(3p5q), the chromosome 3 paint detects material on a
karyotypically normal 3 homologue, two translocation products
of chromosome 3 and unidentified chromosomes, and two
acrocentric derivatives of chromosome 3 (Fig. 2B). Fluorescent
images also are shown for the green DHFR probe in combina-
tion with red cosmids c5–92 (centromere-proximal; Fig. 2C),
c5–8 (centromere-distal; Fig. 2D), or c5–9 (near the q-telomere;
Fig. 2E), or with all three cosmids (Fig. 2F). Averaged and
normalized distances among the relevant probes were deter-
mined as described (28) from more than 70 mitotic chromosome
spreads of a representative drug-sensitive cell line (A6.8;
Fig. 2G).

Chromosome 5 Loss or Fragmentation Accompanies the Appearance of
DHFR-Containing DMs in the Majority of Methotrexate-Resistant
Variants. Only parental karyotypes were observed in populations
grown in less than 20 nM methotrexate (Fig. 1, squares contain-
ing a P). With only a few exceptions (noted below), all of the
populations selected on 20 nM or in a single step at 100 nM
showed evidence of gene amplification. The karyotypes of cells
resistant to 20 nM and 100 nM methotrexate within a cell line

Fig. 1. Pedigree of drug-resistant cell lines selected at various methotrexate concentrations. Ellipses: drug-sensitive starting populations, and resistant
derivatives designated A6.X, A6.Xg, A6.Xs, or A6.Xm (see text). Boxes: individual populations (number of clones per 106 cells plated surviving selection at that
drug level is shown below). The letters A-H correspond to patterns with the same letters in Fig. 3. P designates the parental, nonrearranged karyotype; I designates
an additional 5q isochromosome without DMs; * indicates a heterogenous mixture of patterns; nd indicates not determined.
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were not markedly different. A synopsis of the FISH analyses of
23 populations selected on 100 nM is diagrammed in Fig. 3 (the
A6.1, A6.2, A6.4, and A6.15 populations were not further
analyzed). These patterns fall into eight discernible groups, but
22 of 23 populations share two characteristic aberrations.

All 23 drug-resistant populations selected at 100 nM metho-
trexate and all but one of their predecessors selected at 20 nM
contained DHFR-specific DMs (Figs. 1 and 3). The only excep-
tion at 20 nM was A6.14gy20, which carried five copies of DHFR
[the three original ones and an additional two on a novel i(5q);

not shown]. Relative to the 100 nM populations, most of the 20
nM populations displayed a lower average number of DMs, as
well as a higher percentage of cells with no detectable DMs: in
eight of the 20 nM populations, up to 50% of cells displayed the
parental karyotype, indicating that they may not have acquired
a stable genetic change to drug resistance and therefore were
destined to die.

The most frequent and unexpected karyotypic alteration in
addition to the appearance of DMs was the complete loss or
fragmentation of one of the three DHFR-bearing chromosomes:
15 of the A6.Xy100 populations lost one of the two normal
chromosome 5 homologues and two populations lost the
der(3p5q) (Fig. 3). For example, in a mitotic spread of the
A6.8y100 population (Fig. 4A), single-copy DHFR signals (yel-
low dots) are visible on a normal 5 and on der(3p5q), the two
i(5p)s are detected with the chromosome 5 paint, but the second
normal 5 is absent. In the A6.7y100 cell line (Fig. 4B), both
normal 5s and the two i(5p)s are detected with the 5 paint, but
the der(3p5q) chromosome could not be detected in any of the
spreads. In both cell lines, several DMs are highlighted with the
DHFR-specific cosmid (green dots) and appear to contain only
one or a few copies of the gene. However, these DMs are also
visible with the 49,6-diamidino-2-phenylindole stain (not shown),
indicating that they contain DNA far in excess of the gene itself.

Five additional patterns indicative of chromosome 5 fragmen-
tation events were displayed. In the A6.13y100 and A6.3y100 cell
populations (Fig. 3 C and D), one of the parental DHFR-
containing chromosomes is missing, but a fragment of chromo-
some 5 has been translocated to another unidentified chromo-
some. This pattern is indicated for the A6.3y100 variant in Fig.
4C: the 5-paint detects the two normal 5s, the two i(5p)s, and a
small DHFR-negative chromosome 5 fragment translocated to a
small chromosome (lower left), but fails to detect the charac-
teristic der(3p5q) (compare with Fig. 2 A). In both A6.13y100
and A6.3y100, the translocated fragments appear to have arisen
from a region of chromosome 5 devoid of sequences represented
by the DHFR, C5–92, and C5–8 cosmids (see Figs. 3 C and D and
legends; additional FISH data not shown). In the A6y100 variant
(Figs. 3E and 4D), the der(3p5q) is missing and a fragment of 5q
has been translocated to the long arm of chromosome 4. In this
case, the fragment lacks DHFR but retains the C5–92 and C5–8
markers that flank DHFR in the parental arrangement (Fig. 2G;

Fig. 2. Hybridization patterns of relevant probes to drug-sensitive HeLa cell
lines. (A) The chromosome 5 paint (red) labels two normal 5s and the der(3p5q)
translocation derivative, each of which carries a DHFR gene (detected with a
DHFR-specific cosmid in green), as well as two i(5p) chromosomes. (B) The
chromosome 3 paint detects a normal 3, the der(3p5q) translocation (which is
DHFR-positive), two other translocation products, and two acrocentric deriv-
atives. The two normal 5 homologues also are illuminated by the DHFR-
specific cosmid. (C–E) FISH patterns of a mixture of the DHFR cosmid (green)
and one of three other 5q marker cosmids (C5–92, C5–8, and C5–9, respec-
tively; red). (F) A mixture of all four cosmids, with DHFR in green. (G) Consensus
chromosome arrangements deduced as described in ref. 28.

Fig. 3. The eight general karyotypic classes detected in 23 cell populations resistant to 100 nM methotrexate. Each panel corresponds to one of the eight
karyotypes that were detected with a 5 paintyDHFR cosmid FISH combination. The number of DMs varied among cells and among populations from several to
.100.
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additional FISH data not shown). Therefore, this fragment must
have arisen by four separate breaks, two between the C5–92 and
C5–8 positions, as well as two outside of this region. The
A6.5y100 drug-resistant variant also displays a fragmented chro-
mosome 5 (Figs. 3F and 4E), but in this case, the short arm of
a normal 5 has been lost and an isochromosome of the long arm
of chromosome 5 [i(5q)] appears. This i(5q) rearrangement is
evident with the DHFRyC5–9 combination (Fig. 4E), as well as
with combinations of DHFR and the other two cosmids or the
5-paint (not shown).

The A6.7g population (Figs. 3G and 4 G and H) displayed the
widest range of chromosome rearrangements, falling into four
general groups that could represent intermediates in the gen-
eration of DMs in this resistant population. In one group, there
was no evidence of DMs, but a DHFR-positive HSR of variable
length was detected at or near the terminus of the parental
der(3p5q) chromosome (Fig. 4G and Inset; chromosomes iden-
tified with 3 and 5 paints; not shown). In each of these cells, the
5q arm of this chromosome also had suffered a paracentric
inversion that juxtaposed the C5–9 marker to C5–92 and placed
the DHFR gene at the chromosome terminus [hereafter termed
the der(3p;inv5q) chromosome] (the C5–92 probe is only faintly
visible in the insets of a normal and an HSR-containing
der(3p;inv5q) in Fig. 4G, but was readily observed at the
microscope in these and many other spreads). In a second group
of cells, the HSR-bearing der(3p;inv5q) chromosome was

present (although truncated in some cell lines) and was accom-
panied by variable numbers of DMs (Fig. 4H). A third group
displayed DMs and truncated remnants of der(3p;inv5q) in
various stages of fragmentation, with no remnants of the DHFR-
containing HSR remaining on its terminus (not shown). The
fourth group contained multiple DMs, but the der(3p;inv5q)
chromosome was not detectable, even with the 3 paint (not
shown).

The percentages of cells in each of the four prevalent groups
among the A6.7g populations selected in increasing methotrex-
ate levels showed an interesting trend. In cells selected in 20 nM
MTX, the HSR-only karyotype prevailed (77%), whereas in cells
propagated for 14 more generations at 100 nM, the DM-only
karyotype prevailed (70%). Three additional observations are
noteworthy. First, 31% of the A6.7gy100 population simulta-
neously contained DMs and either the HSR (13%) or fragmen-
tation products of the HSR-bearing chromosome (18%). Sec-
ondly, the der(3p;inv5q) chromosome (both with and without the
HSR) often was observed to be involved in bridge-breakage-
fusion cycles, either with its sister chromatids joined at the
terminus of the 5q arm or as part of a dicentric chromosome.
Third, DHFR-specific fragments were observed in 10–15% of
mitotic spreads, in many cases in the process of breaking away
from the HSR (not shown). Collectively, these observations
suggest that the HSR is giving rise to DMs in this cell line.

The A6.12-resistant population (Fig. 3H) was unique among

Fig. 4. FISH patterns demonstrating seven of the eight types of chromosome rearrangement detected. (A) The 5 paintyDHFR combination on A6.8y100, showing
the loss of a normal 5 and the presence of several DMs. (B) The 5 paintyDHFR combination on A6.7y100, showing the loss of the der(3p5q) and the presence of
numerous DMs. (C) The 5 paintyDHFR combination on A6.3y100, showing retention of two normal 5s, DMs, and a small fragment of der(3p5q) translocated to
an unidentified chromosome (lower left). (D) The C5–92 cosmid (red) and DHFR (green) probe combinations on A6y100, showing the presence of two normal
5s, numerous DMs, and a third chromosome hybridizing to the C5–92 probe only. (E) A C5–9yDHFR combination on A6.5y100, showing the presence of only one
normal 5, the der(3p5q) at the bottom, an i(5q), and numerous DMs. (F) A 5 paintyDHFR combination on A6.12y20 (the pattern is similar to A6.12y100), showing
two normal 5s, a der(3p5q) on the right side, two i(5p)s, and numerous DMs. (G) The C5–92yDHFR combination on A6.7g, illustrating two normal chromosomes
5 and the HSR on the der(3p;inv5q); C5–92 is retained at its original position on all three chromosomes. (Inset) The C5–9yDHFR combination, showing the
der(3p;inv5q) and a normal 5 from another mitotic cell, which best illustrates the inversion within the 5q arm. (H) An example from a second group of A6.7g
cells that carries copies of the DHFR gene as DMs, in an HSR near the terminus of the der(3p;inv5q), and in large fragments of the HSR. The probe combination
is C5–9yDHFR. Two normal 5s are present in each cell.
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the 23 cell lines examined. Multiple large DMs containing
several closely spaced DHFR genes could be detected with the
DHFR cosmid probe, but all three parental DHFR-bearing
markers appeared to be intact (detectable in Fig. 4F with the 5
paintyDHFR combination) and retain all 5q markers (not
shown).

Chromosome 5 Loss or Fragmentation and Appearance of DMs Occur
Very Early in the Development of Drug Resistance. Because the
selection regimen that gave rise to the drug-resistant cell lines
summarized in Fig. 2 was designed to ensure the generation of
many independent amplificants, the nature of the selection
regimen precluded analysis of resistant variants until 20–25 cell
generations after application of methotrexate. To capture more
telling intermediates, we used a method developed by Stark and
coworkers (29) to isolate resistant variants as soon as possible
after the acquisition of drug resistance. Thirty culture dishes
were individually seeded with 2 3 106 cells from either the A6.5
or the A6.14 drug-sensitive clonal populations, and 20 nm
methotrexate (73 the LD50) was added 12 h later. Samples
enriched for mitotic (presumably drug-resistant) cells were
isolated by shake-off from each set of 30 plates after 2.0, 5.2, 7.1,
11.0, 12.3, 14.3, and 15.6 cell generations (3, 8, 11, 17, 19, 22, and
24 days, respectively). Results for the two populations were
similar and are combined in Table 1 (note that too few cells were
recovered from the 2.0 generation sample to be analyzed).

As the percentage of cells with a parental karyotype decreased
with time, the percentage of cells that had lost a DHFR-bearing
chromosome increased (assessed with the 5 paint and DHFR-
specific cosmid, 191C10.3). Moreover, of the cells that had lost
one of the three DHFR-bearing chromosomes, those with
detectable DMs appeared much later than those with no DMs,
a result predicted by a model in which DMs arise from a
fragmented chromosome 5. Furthermore, of the DM-negative
spreads detected in the first three time points, '72% contained
DHFR-bearing chromosome 5 fragments, whereas the percent-
age of DM-positive cells containing DHFR-bearing fragments
decreased from 50% to 0% between generations 7.1 and 12.3
(data not shown).

Discussion
FISH analysis of the resistant populations isolated at 20 and 100
nM in this study showed that all had amplified the DHFR gene
via DMs (Fig. 4). Importantly, all but one of these had lost all or
part of the parental DHFR-bearing chromosome, strongly sug-
gesting that the two events are mechanistically linked. In the
mitotic shake-off experiment designed to capture the earliest
intermediates in the amplification process, populations that were
likely to have arisen from at least two independent initiating
events both displayed DMs, and each of these also had lost one
of the chromosome 5 homologues. In 155 mitotic spreads
examined in the starting drug-sensitive A6.12 and A6.8 cell
populations, only 2.6% showed signs of breakage andyor trans-

location events involving these chromosomes, and none showed
chromosome loss (B.J.T. and C.L.F., unpublished data).

These findings suggest that DMs arise from chromosome 5 or
der(3p5q) fragmentation. One possible mode of amplification
was exhibited in the drug-resistant A6.7g populations. At the 20
nM methotrexate resistance level, '80% of cells exhibited a
DHFR-specific HSR on chromosome der(3p5q) and only 6%
exhibited DMs (some of them in combination with an HSR).
Ultimately, however, propagation at 100 nM methotrexate
yielded populations that almost all contained DMs and very few
contained the HSR. One other independent example of a
DHFR-specific HSR was detected at the 2-nm resistance level,
which gave way to DMs when the same cells were propagated on
100 nM methotrexate.

A possible scenario for the development of resistance in the
A6.7g cell line is as follows. An initial chromosome break [as
evidenced by the unbalanced der(3p5q) inversion] leaves the
chromosome with a free end lacking a telomere. Bridge-
breakage-fusion cycles lead to a terminal HSR with variably
sized amplicons. To this point, the process is formally analogous
to the generation of HSRs in Chinese hamster cells (27, 28). The
HSR then is proposed to be unstable, giving rise to HSR
fragments, which, in turn, give rise to DMs. In most cases, all
traces of the parental der(3p5q) chromosome are lost. Space
limitations preclude discussion of other equally plausible
mechanisms.

Interestingly, recent studies on hamster cell lines have sug-
gested that selective agents possessing clastogenic properties
may induce bridge-breakage-fusion cycles that result in intrach-
romosomal amplification (32, 44), whereas extrachromosomal
amplification may arise from a non-bridge-breakage-fusion
mechanism (32, 45). Our results with the potentially clastogenic
agent, methotrexate, suggest that the two processes are not
mutually exclusive.

The results of our studies are compatible with an older series
of experiments on HeLa cells in which methotrexate-resistant
variants were shown to harbor the DHFR amplicons on extra-
chromosomal elements (ref. 46; note that this study did not
specifically address the fate of the parental DHFR-bearing
chromosomes in these variants). One of these cell lines, which
contained a small number of visible DMs but a high copy number
of genes, was shown to harbor most of these on submicroscopic,
circular episomes (19). Episomes also have been detected during
the generation of resistance to N-phosphonacetyl-L-aspartate in
Chinese hamster cells that contained an integrated, tandem
array of CAD genes (47). Additionally, in a study of DHFR gene
amplification in a CHO hemizygote, the gene appeared to be
amplified initially via 250- to 300-kb episomes, but the parental
locus remained intact (26). Based on these observations, it was
argued that episomes might be products of over-replication that
mature into microscopically visible DMs, either by internal
expansion or by coalescing with one another. In the case of CHO
cells, it was further argued that episomes andyor DMs eventually
integrate into chromosomes to form HSRs (26).

This proposal is difficult to reconcile with the data presented
here. First of all, one parental DHFR-bearing chromosome was
lost in virtually all of the resistant populations (Fig. 3A). In
addition, in at least one population (A6.7g), the process appears
to have proceeded in the opposite direction (i.e., an HSR giving
rise to DMs). Some of the other drug-resistant populations
developed in the present study also may have arisen via a very
transient HSR that we were not able to detect.

Why do human and murine cells usually maintain amplicons
in DMs, whereas CHO cells with rare exceptions (26, 47, 48)
display HSRs? We have observed in both CHO and human cells
that chromosomes carrying HSRs often are involved in bridge-
breakage-fusion cycles, as evidenced by the presence of sister
chromatid fusions, dicentrics, and chromosome fragments (this

Table 1. Monitoring earliest events

Generation
post-MTX

Number
of cells

% no
change

% loss of 5 or der(3p5q)

w/o DMs with DMs

5.2 84 80 20 0
7.1 34 24 58 18

11.0 47 13 2 85
12.3 52 4 4 92
14.3 105 0 1 99
15.6 101 0 0 100

MTX, methotrexate.
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study; refs. 27 and 28). One possibility is that HeLa cells
experience a greater anaphase delay than CHO cells when they
contain broken chromosomes undergoing bridge-breakage-
fusion cycles (49). Therefore, they may grow much more slowly
than their counterparts that have lost the unhealed chromosome
and retained extra copies of the DHFR gene in DMs. Another
possibility is that CHO cells also may generate extrachromo-
somal copies of amplicons, but are incapable of maintaining
them, so that only cells that manage to generate stable HSRs
ultimately survive on methotrexate.

A third possible difference might be that HeLa cells are better
than CHO cells at stabilizing extrachromosomal DNA frag-
ments. Provided that the fragments thus formed can replicate
efficiently, they should be maintained in the cell under selective
conditions. Coupled with unequal segregation to daughter cells,
even a single DM could quickly increase in copy number in cells
that survive the ambient drug concentration.

Given that most of the gross chromosomal rearrangements
that characterize tumor cells (i.e., translocations, inversions,
deletions, insertions, and amplification) appear to be initiated by
a chromosomal breakage event, an important question is what
causes the initiating breaks in tumor cells that are not obviously
exposed to clastogenic agents. In the absence of one or more
intact repair pathways, which is the situation in many tumors,
errors in normal DNA metabolic events and nucleotide metab-
olism may be the primary source of genetic instability (reviewed
in ref. 43).
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