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Amplification of genes involved in signal transduction and cell cycle control occurs in a significant fraction
of human cancers. Loss of p53 function has been proposed to enable cells with gene amplification to arise
spontaneously during growth in vitro. However, this conclusion derives from studies employing the UMP
synthesis inhibitor N-phosphonacetyl-L-aspartate (PALA), which, in addition to selecting for cells containing
extra copies of the CAD locus, enables p53-deficient cells to enter S phase and acquire the DNA breaks that
initiate the amplification process. Thus, it has not been possible to determine if gene amplification occurs
spontaneously or results from the inductive effects of the selective agent. The studies reported here assess
whether p53 deficiency leads to spontaneous genetic instability by comparing cell cycle responses and ampli-
fication frequencies of the human fibrosarcoma cell line HT1080 when treated with PALA or with methotrexate,
an antifolate that, under the conditions used, should not generate DNA breaks. p53-deficient HT1080 cells
generated PALA-resistant variants containing amplified CAD genes at a frequency of >10>. By contrast,
methotrexate selection did not result in resistant cells at a detectable frequency (<10~°). However, growth of
HT1080 cells under conditions that induced DNA breakage prior to selection generated methotrexate-resistant
clones containing amplified dihydrofolate reductase sequences at a high frequency. These data demonstrate
that, under standard growth conditions, p53 loss is not sufficient to enable cells to produce the DNA breaks that
initiate amplification. We propose that p53-deficient cells must proceed through S phase under conditions that
induce DNA breakage for genetic instability to occur.

It was proposed over 80 years ago that the altered growth
characteristics of cancer cells are due to the gain or loss of
genetic material (8). Since that time, changes in the copy num-
bers of genes responsible for controlling cell growth, such as
the mutation or loss of tumor suppressor genes or the ampli-
fication of various oncogenes (27, 33, 63, 66), have been iden-
tified in nearly all human cancers. Normal, diploid cells do not
undergo such genetic alterations due to the combined effects of
DNA damage repair mechanisms and cell cycle checkpoints.
Checkpoints minimize the proliferation of cells with genetic
abnormalities either by arresting the cell cycle to allow ade-
quate time for repair or by removing cells containing damaged
genomes from the cycling population through induction of
premature senescence or apoptosis (for reviews, see references
29, 41 and 56).

Gene amplification, a process by which subchromosomal
portions of the genome increase in copy number, has been
observed frequently in many human cancers (7) but not in
normal cells (67, 73, 82, 85). This implies that normal cells
possess control mechanisms which are inactivated during tu-
mor cell initiation and/or progression to allow such genetic
anomalies to arise. In vitro, amplification can allow cells to
become resistant to antimetabolites such as N-phosphonacetyl-
L-aspartate (PALA), an inhibitor of the CAD enzyme complex,
which is responsible for catalyzing the first three steps of de
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novo pyrimidine biosynthesis (71). The amplification process
can be initiated by chromosome breakage (13, 28, 39, 48, 67,
69, 78, 80, 81) and can lead to the formation of a variety of
chromosomal structures, including extrachromosomal ele-
ments (double minute chromosomes), expanded chromosomal
regions (homogeneously staining regions), and dicentric chro-
mosomes. Given the importance of chromosome breakage in
initiating gene amplification, studies characterizing the cellular
mechanisms that regulate the amplification process have fo-
cused on cell cycle pathways which either limit the propagation
of cells containing broken chromosomes or prevent such struc-
tural chromosomal changes from occurring.

The p53 protein has been identified as a vital transcriptional
regulator in the pathway required for cell cycle arrest or apo-
ptosis in response to DNA breakage (22, 31, 36, 37). p53 also
mediates a cell cycle arrest, independent of DNA damage, in
response to reduced ribonucleotide levels such as can be pro-
duced by PALA treatment (45). Consistent with its role in the
breakage-mediated cell cycle arrest pathway, loss of p53 func-
tion is required for gene amplification to occur in human cells
in response to selection with the antimetabolite PALA (47, 79,
85). The capacity of p53-deficient cells to generate PALA-
resistant variants can be explained by the role of p53 in two cell
cycle checkpoints. First, p5S3-deficient cells treated with PALA
enter into S phase with inadequate ribonucleoside triphos-
phate (rNTP) pools, resulting in induction of double-strand
DNA breaks (DSBs), while similarly treated, wild-type p53-
containing cells undergo a G,/G;, cell cycle arrest and do not
undergo breakage (6, 23, 57). Second, loss of p53 allows cells
containing broken chromosomes to continue to proliferate,
allowing cycles of DNA breakage and rejoining to occur, re-
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sulting in the generation of rare variants containing amplified
sequences. The contribution of these two p53-mediated check-
points activated by PALA treatment helps explain why the
frequency of gene amplification in normal cells is at least 4
orders of magnitude lower than that in cells with a defective
p53 pathway (47, 73, 82, 85).

Many studies characterizing the role of p53 in the control of
genetic stability have used gene amplification as the model and
PALA as the selective agent. Luria-Delbruck fluctuation anal-
yses have been interpreted to indicate that amplification is a
spontaneous process and that application of the selective agent
enables detection of rare variants with an increase in the copy
number of an appropriate genetic locus (35, 74). This model
predicts that as p53-deficient cells proceed through S phase
under standard growth conditions, they undergo DNA break-
age throughout the genome at a detectable frequency. As such
cells lack an arrest response triggered by DNA breakage, vari-
ants with local increases in random genomic regions should
accumulate, so long as such increases do not result in a growth
disadvantage. Cells with amplification of loci that enable sur-
vival during a particular growth challenge will then emerge as
resistant variants. However, treatment of p53-deficient cells
with PALA not only selects for those that have undergone
CAD gene amplification but, as described above, can also
cause the DSBs that initiate the process. Thus, previous studies
have not been able to determine if treatment with PALA
merely selects for preexisting variants in the population or if
PALA induces the amplification process. The latter would
indicate that p53 loss may create a genetic background per-
missive for amplification but that appropriate growth chal-
lenges must be present for genome destabilization to occur.

Determination of whether loss of p53 function is sufficient
for the induction of genetic instability requires an experimental
system that allows detection of preexisting variants which have
already undergone amplification but does not induce the DSBs
that would initiate the process in a p53-deficient cell line.
Methotrexate (MTX), an antifolate which inhibits dihydrofo-
late reductase (DHFR), can be used to select for variants
which resist its toxic effects through amplification of the DHFR
locus (see reference 61 for a review). MTX causes a p53-
independent growth arrest in normal human fibroblasts (45)
and, as shown here, in the p53-deficient human fibrosarcoma
cell line HT1080. We reasoned that if HT1080 cells acquire
copy number changes during unchallenged growth due to their
p53 deficiency, they should generate variants with amplified
DHEFR genes that should grow in the presence of MTX. We
show that no such variants are generated in a population ex-
ceeding 10° cells. However, passage of HT1080 cells under
conditions that induce chromosome breakage generated nu-
merous cells that resist MTX due to DHFR gene amplification.
These data demonstrate that initiation of the amplification
process under nonchallenging growth conditions occurs with
immeasurably low probability in this p53-deficient cell line.
The data further reveal that amplification is largely an induced
event that requires entry into and progression through S phase
under conditions that increase the probability of DNA break-
age. The relevance of these observations to genetic instability
and tumor progression in vivo is discussed.

MATERIALS AND METHODS

Cell culture. HT1080, a human fibrosarcoma tumor cell line, and WS1, a
normal diploid human embryonic skin cell strain, were obtained from the Amer-
ican Type Culture Collection (Rockville, Md.). Cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% dialyzed fetal calf serum
(Sigma) and nonessential amino acids (Life Technologies Inc., Gaithersburg,
Md.). PALA was obtained from the Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program, Division of Cancer Treatment, National

MoL. CELL. BIOL.

Cancer Institute (Bethesda, Md.); MTX, VP16, and 1-B-p-arabinofuranosylcy-
tosine (araC) were obtained from Sigma. The same lot of each drug was used
throughout all experiments. Cell doubling times were approximately 20 to 24 h
for HT1080 and 24 to 28 h for WSI. Cells were repeatedly analyzed and found
to be free of mycoplasma contamination by in situ staining with Hoescht dye
(11).

Cell cycle analysis. Cells were synchronized by growth to confluence and held
for 72 h in medium containing 0.1% serum. PALA-treated cells had 100 uM
PALA added to the low-serum medium for the last 24 h. Cells were removed
from the plates and were (i) treated with 4 Gy of gamma radiation (approxi-
mately 3.8 Gy/min at a distance of 40 cm) from a ®°Co source (Gammabeam
150-C) and plated 1:4, (ii) passed 1:4 into medium containing drugs at various
concentrations, or (iii) passed 1:4 into normal growth medium. Pulse-labeled
cells were grown for 72 h, at which point they were treated with 10 pM bro-
modeoxyuridine (BrdU) for 1 h. Cells continuously labeled with BrdU were
prepared identically, but 65 pM BrdU was present during the entire 72-h treat-
ment or postirradiation period (45). At no time did the treated cells approach
confluence. After treatment, cells were removed from the plates by using trypsin
and were fixed with 70% ice-cold ethanol. Fixed cells were permeabilized, re-
acted with fluorescein isothiocyanate (FITC)-conjugated anti-BrdU antibody
(Pharmingen), and counterstained with propidium iodide as previously described
(45). Labeled cells were analyzed on a Becton-Dickinson FACScan, using Cell
Quest software.

Selection for cells containing amplified DNA. HT1080 or WS1 cells (1 X 10*
to 5 X 10°) were plated on 10-cm-diameter plates and allowed to recover for
24 h. The plates were washed with phosphate-buffered saline (PBS), and medium
containing various concentrations of MTX or PALA was added. Media were
changed every 3 days either until resistant colonies of >50 cells arose (14 to 21
days) or for 30 days, at which point selection was stopped. Colonies of >50 cells
were isolated and expanded for later analysis. Plates were stained with crystal
violet, and the number of resistant colonies was recorded. All experiments were
done at least in duplicate.

For analysis of mechanisms of PALA resistance in HT1080 cells, cells were
grown in slide chambers (Nunc) or on glass slides. After selection as described
above, slides containing resistant colonies were treated with methanol-acetic acid
(3:1) to fix the cells and were subjected to fluorescent in situ hybridization
(FISH) as detailed below.

Cell photography. HT1080 cells (2 X 10°) were plated on 15-cm-diameter
plates and allowed to grow for 24 h in normal medium. The cells were then grown
in normal medium or medium containing either 54 uM PALA or 50 nM MTX.
Photographs of cells on the same portion of the plate were taken every 24 h over
a 10-day period with Kodak TMAX 400 black-and-white print film and a Nikon
Diaphot microscope (magnification, X 40). Negatives were scanned and pictures
were assembled by using Adobe Photoshop 3.0.5 (Adobe Software).

Pretreatment with DNA-damaging agents. Cells (5 X 10°) were plated on
15-cm plates-diameter and allowed to grow for 24 h. DNA-damaging agents were
added to the medium at various concentrations and for various times. The plates
were rinsed twice with PBS, and the cells were allowed to recover in normal
medium for 1 to 4 days. Treated cells were split 1:4 and allowed to recover in
normal medium for 12 h. Cells were selected in either 50 or 100 nM MTX;
selective medium was replaced every 3 days until colonies formed (14 to 21 days).
Pools of resistant cells and independent clones from separate plates were picked,
transferred to 12-well dishes, and expanded up to 10-cm-diameter plates. Cells in
duplicate plates were fixed and stained with crystal violet, and the number of
resistant colonies was counted.

FISH. FISH was done as described previously (81). Briefly, cells were allowed
to grow to 50% confluence and treated with colcemid (0.1 pg/ml) for 30 min.
Cells were harvested and resuspended in 75 mM KClI for 25 min. After centrif-
ugation, cells were fixed in multiple washes of methanol-acetic acid (3:1) and
dropped onto slides. Chromosome spreads were dried for 24 h, treated with 100
ug of RNase A (Sigma) per ml in 2X SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate) for 1 h and dehydrated in an ethanol series (70, 80, and 100%).
The chromosome spreads were denatured in 70% formamide-2X SSC at 72°C
for 2 min and dehydrated in an ice-cold ethanol series. Chromosome spreads
were hybridized with either a human DHFR (phage lambda J1, a gift from G.
Attardi [84]) or CAD (cosmid HuCad69, a gift from O. Chernova and G. Stark)
probe labeled with biotin-11-dUTP by random priming with the BioPrime La-
beling System (Life Technologies), according to the manufacturer’s protocol.
Twenty five nanograms of biotinylated DHFR or CAD probe was mixed with 2
wg of human Cotl DNA (Life Technologies) in 12% dextran sulfate-2X SSC-
60% formamide for 12 h at 37°C in a humidified chamber. Hybridizations were
washed sequentially in 4X and 2X SSC at 45°C and in 0.1X SSC at 65°C. Probes
were visualized by using FITC conjugated avidin. In some cases, the signal was
amplified by using an intermediate biotinylated antiavidin treatment. Metaphase
spreads were visualized by using a triple band-pass filter (Chroma) on a Zeiss
standard WL epifluorescence microscope with a Neofluor oil immersion objec-
tive (63X or 100X). Photographs were taken with Ektachrome 400 ASA color
slide film (Kodak).

Immunoblot analysis. Protein immunoblot analyses were done as previously
described (5). Briefly, 10° cells were serum starved for 48 h and released into
medium containing the specified drugs. After treatment, the cells were washed in
PBS and lysed in a sodium dodecyl sulfate (SDS) lysis buffer containing protease
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inhibitors. Protein concentrations were determined by a modified Lowry assay
(Bio-Rad), and cell lysates were aliquoted and frozen in dry ice-ethanol. Twenty
micrograms of each sample was run on sodium dodecyl sulfate (SDS)-polyacryl-
amide gels (6.5 or 10% polyacrylamide) and blotted onto supported nitrocellu-
lose membranes (Schleicher & Schuell). Blots were probed with primary anti-
bodies to p53 (Ab-6; Santa Cruz Biotechnology), pRb (3C8; Canji, Inc., San
Diego, Calif.), or B-actin (Sigma). Proteins were visualized by using horseradish
peroxidase-conjugated secondary antibodies (Amersham) and a chemilumines-
cence detection system (Dupont NEN). Exposed autoradiograms were scanned,
and relative amounts of signal were quantified by using NIH Image (National
Institutes of Health).

RESULTS

Effects of nucleotide depletion on cell cycle progression in
HT1080 cells. Loss of normal p53 function, or disruption of
other elements in the signal transduction pathways in which
p53 participates, is required for cells to undergo PALA-se-
lected gene amplification (47, 79, 85). Therefore, we deter-
mined the integrity of p53-mediated cell cycle arrest responses
in HT1080 cells after treatment with ionizing radiation or
PALA. The human normal diploid fibroblast (NDF) strain
WS1, which expresses wild-type p53, provided a normal-cell
control. Cells were synchronized by serum starvation and then
either irradiated or released into medium containing PALA.
Cells were pulse-labeled with BrdU 72 h later, allowing deter-
mination of the percentage of cells that could enter S phase
and continue to proliferate after these treatments.

The cell cycle analyses shown in Fig. 1a demonstrate that
HT1080 cells do not arrest subsequent to challenge with PALA
or gamma radiation, indicating that they have defective p53-
mediated ribonucleotide and DNA damage responses. Treat-
ment of WS1 cells with 4 Gy of gamma radiation or 100 uM
PALA resulted in significant reductions (67 and 93%, respec-
tively) in the number of BrdU-positive cells compared to the
untreated control. In contrast, WS1-E6 cells (in which the p53
protein is degraded by an ubiquitin-dependent pathway [60,
77]) and HT1080 cells display no or only small reductions in
the percentage of BrdU-positive cells 72 h after similar radia-
tion and PALA treatments. Continuous labeling of HT1080
cells with BrdU, which allows determination of the extent of
progression through multiple cell cycles (45), also showed that
HT1080 cells failed to arrest in the first or subsequent cell
cycles after treatment with either radiation or PALA (data not
shown). These cell growth characteristics are consistent with
the presence of a defective pS3-dependent signal transduction
pathway.

We next characterized the cell cycle responses of HT1080
and WS1 cells to MTX. Cells were treated with 50 nM MTX
(approximately 2.5 times the 50% lethal dose [LDs]) for 72 h
and then exposed to a 1-h pulse of BrdU. Treatment of
HT1080 or WSI1 cells with 50 nM MTX stopped cell cycle
progression, as demonstrated by a lack of BrdU-positive cells
throughout S phase (Fig. 1a). The discrete accumulation of 2N
(G;) and 4N (G,/M or tetraploid G,) populations represents
cells that can incorporate BrdU during the pulse-labeling due
to the ability of BrdU to transiently overcome the MTX-in-
duced thymidine pool depletion. However, the lack of BrdU-
positive cells throughout S phase (compared with untreated
controls) indicates that MTX-treated HT1080 and WS1 cells
fail to progress through the cell cycle. The facts that the WS1
cells accumulate primarily in G, and that the HT1080 cells are
found in both G, and G,/M reflect the inefficient synchroni-
zation of the HT'1080 cells by serum starvation; tumor cell lines
rarely synchronize as well as primary strains in response to low
serum concentrations (unpublished observations). Similar re-
sults were obtained when cells were treated with MTX con-
centrations of from 50 to 500 nM (2.5 to 25 times the LDs)
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(data not shown). The failure of HT1080 cells to grow in the
presence of MTX is consistent with previous findings showing
that MTX induces a p53-independent cell cycle arrest in NDFs
(49).

Photographic analysis of cells during normal growth and
during treatment with MTX or PALA supports the conclusion
that these drugs elicit distinctly different growth responses in
HT1080 cells. Untreated cells quickly became confluent,
whereas the MTX-treated cells failed to proliferate during this
period (Fig. 2A). By contrast, PALA-treated cells initially in-
creased in number, but continued PALA treatment resulted in
fewer viable cells, due to cell death induced by S-phase pro-
gression in the presence of limiting nucleotide pools. These
observations are consistent with the finding of an aberrant
p53-mediated arrest response in HT1080 cells.

Gene amplification is dependent upon selective conditions
in HT1080 cells. Current models predict that DNA amplifica-
tion should occur at low rates in the absence of selective pres-
sure in p53-deficient cells (for example, see references 57 and
74). Given the absence of p53-mediated arrest responses in
HT1080 cells, they should be able to undergo DNA amplifica-
tion. To test this hypothesis, we subjected HT1080 cells to
PALA or MTX selection and determined the frequencies of
drug resistance. Parallel selections with WS1 cells were done to
provide rates for normal cells with an intact p53 pathway.
HT1080 cells gave rise to PALA" colonies at a frequency of
~3 X 1077 (Fig. 1b). FISH analyses of populations and clones
of PALA' cells indicated that resistance was due to CAD gene
amplification as well as other mechanisms (see Fig. 4a to ¢). A
separate analysis of multiple, independently isolated PALA"
HT1080 clones revealed that a significant fraction (36%) were
PALA™ due to gene amplification, while clones displaying ad-
ditional copies of a CAD-containing chromosome (38%), iso-
chromosome 2p formation (8%), and other, non-copy-number
mediated mechanisms (18%) were also found. The finding that
human cells can acquire PALA resistance by mechanisms
other than amplification is consistent with previous studies
(68). Importantly, the generation of clones containing ampli-
fied CAD sequences indicates that HT1080 cells are capable of
undergoing the breakage events that initiate and propagate the
amplification process.

In contrast to the results obtained with PALA, selection of
HT1080 cells with MTX generated no resistant colonies from
>5 X 108 cells selected. We varied both the MTX concentra-
tion (2.5 to 9 times the LDs,) and selection density (200 to
6,000 cell/cm?) to ensure that the lack of MTX" HT1080 cells
was not due to the stringency of the selection or to the density
of the selected cells; however, neither modification of the se-
lective protocol yielded resistant variants. Instead, treatment
of HT1080 cells with MTX induced a growth arrest and mor-
phologic changes distinct from those seen in PALA-treated
cells, including cellular enlargement and the development of
pronounced cytoplasmic extensions (Fig. 2B). MTX-treated
HT1080 cells remained growth arrested or died slowly, as 10 to
20% of the cells released from the plate after 4 weeks of drug
exposure. These data indicate that neither DHFR gene ampli-
fication nor other mutational mechanisms which produce
MTX resistance (24, 25, 61) occurred during unchallenged
growth at measurable frequencies in these cells. Selection of
WS1 cells with either PALA or MTX also failed to generate
resistant colonies at a measurable frequency (Fig. 1b), consis-
tent with previous analyses demonstrating a barrier to gene
amplification or other mechanisms of resistance in NDFs (73,
82).

HT1080 cells undergo DHFR gene amplification after expo-
sure to conditions that cause DNA breakage. The data pre-
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FIG. 1. Amplification potential and cell cycle response of HT1080 and WS1 cells to radiation and antimetabolite treatments. (a) HT1080 and WS1 cells were
synchronized by confluence and serum starvation for 72 h and treated as follows: (i) released into normal growth medium, (ii) irradiated with 4 Gy of gamma radiation
and released into growth medium, (iii) released into growth medium containing 100 wM PALA, or (iv) released into medium containing 50 nM MTX. All treatments
lasted for 72 h, at which point the cells were treated with 10 uM BrdU for 30 min. The y axis (anti-BrdU-FITC [a-BrdU-FITC]) is on a log scale, the x axis (propidium
iodide [PI] level) is on a linear scale, and the diagonal line separates BrdU-positive cells (above the line) from BrdU-negative cells (below the line). The diagram in
the upper left shows the positions of cells in different parts of the cell cycle. The numbers at the tops of the plots indicate the percentages of cells that are BrdU positive
after each treatment. (b) Amplification frequencies were determined by selecting 3 X 10* to 5 X 10° cells per 15-cm-diameter plate with either PALA (9 times the LDs,)
or MTX (2.5 to 9 times the LDs). Selections were applied for 2 to 4 weeks, after which resistant colonies were scored by staining with crystal violet. The resistance
frequency was determined by dividing the number of resistant colonies by the total number of cells selected.

sented above and elsewhere (47, 57, 85) are not consistent with
the proposal that p53-deficient cells acquire drug resistance
during unperturbed growth. Rather, they are more consistent
with the hypothesis that the acquisition of drug resistance
requires inappropriate cell cycle progression in the presence of
the selective agent. It is known that failure to arrest in the
presence of PALA can result in the formation of DSBs (6, 23,
54), which should stimulate the generation of amplified se-

quences. It is likely that the inability of HT1080 cells to
progress through S phase when treated with MTX prevents the
formation of DSBs that could initiate the amplification pro-
cess. If treatment with MTX prevents initiation of amplifica-
tion, we reasoned it might be possible to overcome this barrier
by using alternative breakage strategies prior to selecting for
MTX resistance.

We tested the ability of diverse DNA breakage treatments to
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FIG. 2. Growth potential and morphology of HT1080 cells treated with antimetabolites. (A) Photographs of HT1080 cells grown under normal conditions or treated
with 54 pM PALA or 50 nM MTX. The same field of cells for each treatment was photographed every 24 h for 10 days. (b) Magnified view of cells pictured in panel
A, showing differences in cell morphology after the different treatments. Untreated cells at day 1 (UNT) are shown for comparison, as these cells were at the same

approximate density as the pictured PALA- and MTX-treated cells at day 10.

initiate the amplification process at the DHFR locus in
HT1080 cells. VP16, a topoisomerase II inhibitor; araC, a
DNA replication chain terminator; and PALA have all been
shown to generate DSBs in cycling cells (12, 20, 38, 55).
HT1080 and WS1 cells were treated with these DNA-breakage
agents as indicated in Table 1 and Materials and Methods. A
recovery period in nonselective medium of 1 to 4 days was
utilized to allow cells to accumulate additional copies of the
DHER locus. Cells were then selected with MTX at 2.5 and 5
times the LDs, (50 and 100 nM, respectively) (Fig. 3).
Pretreatment of HT1080 cells with DNA-damaging agents
allowed the recovery of resistant colonies under all treatment
conditions, whereas the untreated HT1080 cells, and WS1 cells
after all treatments, failed to give rise to resistant colonies
(Table 1). Omitting the recovery period in nonselective me-
dium (shown as 0 days of recovery in Table 1) or treating the
cells simultaneously with both a DNA-damaging agent and

MTX (data not shown) resulted in the MTX-induced growth
arrest described earlier and no resistant colonies.

Resistance to MTX can be achieved through mechanisms
other than amplification of the DHFR locus, such as mutations
affecting drug transport or affinity (24, 25, 61). We performed
FISH with a human DHFR probe on metaphase spreads ob-
tained from six independently isolated pools and seven clones
of MTX" HT1080 cells to determine the fractions of pools and
clones containing amplified DHFR sequences. All six pools
and the majority of the clones examined (six of seven) con-
tained amplified DHFR sequences arranged in expanded chro-
mosomal arrays (Fig. 4d to f). Amplification mediated by
extrachromosomal elements, such as double minute chromo-
somes, was not observed.

MTX" HT1080 cells still maintain an MTX-induced growth
arrest response. There were two possible explanations for the
ability to generate HT1080 cells containing amplified DHFR
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TABLE 1. MTX" colonies are generated by the DNA damage-recovery-selection strategy”

MTX" colonies/plate after the following days of
recovery before selection:

Cells Treatment Viability (%) MTX concn (nM)
0 1 2 3 4

HT1080 Untreated 100 50 0 0 0 0 0
100 0 0 0 0 0

PALA, 54 pM, 36 h 36 50 0 3 11 12 15

100 0 0 0 0 0

VP16,2 uM, 1 h 47 50 0 2 4 >50 ND?

100 0 0 0 0 ND

VP16, 10 uM, 1 h 13 50 0 1 1 7 >50

100 0 0 0 1 0

araC, 10 pM, 4 h 52 50 0 0 2 15 ND

100 0 0 0 0 ND

araC, 10 uM, 16 h 17 50 0 0 20 33 >50

100 0 0 0 0 0

WS1 All 7-100 50 0 0 0 0 0
100 0 0 0 0 0

“ HT1080 and WSI cells were treated as indicated in Fig. 3. Cell viability was measured, by trypan blue exclusion, as the percentage of cells alive 72 h after treatment

compared to that for the untreated control.
» ND, not determined.

genes after treatment with DNA breakage agents. As hypoth-
esized, the induced DNA breakage may have initiated the
formation of amplicons containing extra DHFR genes, allow-
ing the cells to survive the MTX selection. Alternatively, treat-
ment with the DNA-damaging agents may have caused muta-
tions that abrogated the MTX-induced growth arrest, allowing
the cells to progress through S phase during MTX challenge,
which would induce chromosome breakage, as occurs during
PALA selection. These possibilities were distinguished by de-
termining if the HT1080 variants containing amplified DHFR
genes still underwent a growth arrest in response to higher
doses of MTX. We subjected MTX" HT1080 cells to drug
concentrations either one or five times the original selective
level and monitored their ability to progress through the cell
cycle as measured by BrdU incorporation. As expected, all
resistant cells cycled when challenged with the MTX concen-
tration used for selection (either 50 or 100 nM MTX, depend-

MTX selection
level

O 50nM
/ 100nM
Days of recovery O = O "
O 50nM
/ /
2/'
3

I O 100 nM

Oei=s
Y\‘ O=—" Q”“M

100nM

>
Q\ O 50nM
O 100nM

FIG. 3. Strategy for the establishment of MTX" HT1080 cells. Cells were
plated at 5 X 10° per 15-cm-diameter plate and either left untreated or treated
with one of the following: 54 pM PALA for 48 h, 2 uM VP16 for 1 h, 10 uM
VP16 for 1 h, 10 M araC for 4 h, or 10 pM araC for 16 h. After treatment, plates
were split 1:4 and cells were allowed to recover in normal medium for 1 to 4 days.
After recovery, cells were split 1:2 and selected with either 50 or 100 nM MTX.
The selective medium was changed every 3 days.

ing on the clone analyzed). However, elevating the concentra-
tion to five times the selective level (250 or 500 nM MTX,
respectively) resulted in a growth arrest (data not shown). The
arrested cells exhibited the same morphologic changes as ob-
served in the MTX-sensitive parental cells. In contrast, PALA"
HT1080 cells containing amplified CAD sequences were able
to progress through the cell cycle even in the presence of
PALA concentrations exceeding five times the level used for
selection. These results indicate that the MTX-induced growth
arrest response is still intact in the MTX" HT1080 clones and
that the generation of variants containing amplified DHFR
genes resulted from the clastogenic effects of the drug treat-
ments employed prior to MTX selection.

While increasing the selective concentration of MTX five-
fold in the MTX" HT1080 cells caused a growth arrest, a more
modest twofold increase in the selective level allowed the iso-
lation of clones resistant to higher MTX concentrations.
Clones resistant to two or four times the original selective
concentrations were obtained by using stepwise increases in
drug concentration. Clones resistant to higher MTX concen-
trations were isolated and analyzed by FISH to determine the
mechanism of resistance. We detected chromosomes contain-
ing larger and more complex amplicon structures than those
found in cells resistant to lower drug concentrations (Fig. 4f
and g). These complex amplicon structures were observed in
metaphase spreads from multiple independent clones and are
indicative of a mechanism involving chromosome breaks in-
duced by bridge-breakage-fusion cycles (50). The observed in-
crease in amplicon complexity indicates that the initiating
event in the amplification process produced genetic instability
that was manifested for many succeeding cell generations.

Response of cell cycle control proteins to different growth
conditions. HT1080 cells clearly exhibit divergent responses to
antimetabolites, as demonstrated by their growth during
PALA treatment and growth arrest with MTX. The former
response is typical of a tumor cell with defective p53 cell cycle
control pathways, while the latter indicates that some growth
controls must still be intact in these cells. This finding raised
the question of how G, cell cycle control proteins would re-
spond following each treatment. We therefore examined the
expression patterns of p53 and pRb in HT1080 and WSI1 cells
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FIG. 4. Mechanisms of resistance to PALA and MTX in HT1080 cells. (a) Amplification of the CAD locus in PALA" HT1080 cells. Arrows indicate localization
of the CAD locus to two unamplified chromosomal sites and one amplified region. Metaphase was produced from a population of PALA" HT1080 but is representative
of the amplification observed in a majority of the cells in the population. (b) Resistance to PALA mediated by aneuploidy. Arrows indicate the presence of four copies
of a chromosome containing CAD sequences. (c¢) Amplification in HT1080 due to chromosome breakage. Arrows indicate that this PALA" clone contains two
apparently normal chromosomes 2 containing CAD sequences. Also present are a copy of an isochromosome 2p and a small chromosomal fragment bearing CAD
sequences. (d) Untreated HT1080 cell metaphase. Arrows indicate the localization of the DHFR probe to two single chromosomal sites. (e) Localization of the DHFR
probe to an expanded chromosomal array. Metaphase was derived from a pool of cells treated with araC for 4 h and resistant to 50 nM MTX. Similar structures were
observed in all pools examined (six of six). (f) Multiple copies of the DHFR locus on two different chromosomes in a clone derived from cells treated with 10 uM VP16
and resistant to 100 nM MTX. This metaphase is representative of amplification observed in other independent clones derived from different DNA breakage treatments
(six of seven examined). (g) Evidence of ongoing genetic instability. The same cells shown in panel f were subjected to two rounds of stepwise selection, first at 200
nM MTX and then at 400 nM MTX. The metaphase shown was derived from a pool of cells resistant to 400 nM MTX. Arrows indicate regions of amplification, with
one site (top) consisting of an inverted duplication that was not present in the initial clone (see panel f). This figure was compiled by using Adobe Photoshop 3.0.5
(Adobe Systems Inc.).

by immunoblot analysis after radiation, PALA, or MTX treat- treated with 100 pM PALA or 100 nM MTX for 72 h. Cell
ment. extracts were prepared, and expression levels of p53 and pRb

HT1080 and WS1 cells were synchronized by serum deple- were determined after separation by SDS-polyacrylamide gel
tion and then exposed to 4 Gy of gamma radiation or were electrophoresis and transfer to nitrocellulose. Analysis with a
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FIG. 5. Effects of radiation, PALA, and MTX on p53 and pRb expression in HT1080 and WS1 cells. (a) Immunoblots indicating protein levels of p53 and pRb in
HT1080 and WS1 cells. All p53 blots are from a single exposure of equivalent amounts of sample run on the same gel, as verified by probing with B-actin (data not
shown). pRb blots represent equivalent amounts of sample run on the same gel; however, exposure times varied, due to different absolute amounts of pRb protein.
Images which allowed proper quantification of the pRb ratios were selected. Since the ratio of the hyperphosphorylated to hypophosphorylated forms of the protein
within each sample was calculated, use of different exposures does not affect the calculated ratio value. UNT, untreated; RAD, radiation. (b) Relative expression levels
of p53 and ratios of hyper- to hypophosphorylated pRb after treatments. The p53 levels indicated are corrected for loading differences by comparison with expression
of an internal standard (B-actin) (data not shown), and values given are relative to those for the untreated control. The ratios given for pRb represent the ratio of the
upper, hyperphosphorylated pRb band to the lower, hypophosphorylated pRb band. This figure was compiled by using Canvas 3.5.4 (Deneba Software, Miami, Fla.).

B-actin antibody verified that equal amounts of protein were
present in each sample (data not shown). Results are shown for
treatment with 100 nM MTX, but equivalent results were ob-
tained after treatment with 50 nM MTX. The p53 levels in
WS1 and HT1080 underwent similar increases after treatment
with gamma irradiation or PALA. By contrast, MTX treatment
resulted in either no change or a slight reduction in p53 levels.
The responses of pRb to PALA and radiation correlate well
with the observed cell cycle response. WS1 cells, which un-
dergo an arrest after these treatments, exhibited the predom-
inantly hypophosphorylated (nonproliferative) form of pRb,
while HT1080 cells, which fail to arrest with PALA, had sub-
stantial levels of hyperphosphorylated (proliferative) pRb (Fig.
5). However, WS1 and HT1080 cells show significant differ-
ences in pRb expression after MTX treatment. The ratio of
hyper- to hypophosphorylated pRb in WS1 cells increases ap-
proximately fourfold after treatment with MTX, compared to
that in the untreated controls. This trend is reversed in HT1080
cells, with the ratio of hyper- to hypophosphorylated pRb be-
ing reduced to almost 1:1. Thus, while HT1080 and WS1 cells
have very similar growth arrest responses to MTX treatment,
they display very different pRb protein responses. The mech-
anism by which MTX treatment elicits different pRb phosphor-
ylation patterns yet still induces a growth arrest remains to be
elucidated. However, these data emphasize that predictions
concerning genetic stability are difficult to make based solely

upon changes in expression of cell cycle proteins, a finding
consistent with reports for other tumor cell lines (42, 46, 53).

DISCUSSION

This study addresses the question of whether p53 deficiency
is sufficient to generate genomic instability or whether cell
cycle progression under suboptimal growth conditions is addi-
tionally required. We approached this problem by comparing
the growth responses of HT1080 cells to two antiproliferative
agents, PALA and MTX, that affect different facets of nucle-
otide biosynthesis. The data indicate that gene amplification in
HT1080 cells is largely an induced rather than a spontaneous
process, but they also provide a way of reconciling previous
studies suggesting that some cell lines can undergo amplifica-
tion spontaneously.

HT1080 cells have been used in a number of studies inves-
tigating amplification and cell cycle control, but discrepancies
concerning the functional status of the p53 pathway in this cell
line have emerged (e.g., compare references 10 and 40). It is
possible that multiple variants of HT1080 currently exist. We
obtained a fresh culture of HT1080 cells from the American
Type Culture Collection for these experiments and employed
several molecular analyses to characterize the p53 protein.
Single-strand conformational polymorphism analysis of p53
exons 5 to 9 failed to reveal any mutations, and treatment with
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gamma radiation induced expression of both p53 and p21 (data
not shown), demonstrating the existence of a wild-type gene
and protein in the HT1080 cells employed here. Furthermore,
HT1080 does not rereplicate its genome when treated for
extended time periods with the mitotic inhibitor colcemid,
consistent with the presence of wild-type p53 (references 15
and 21 and unpublished observations). However, the absence
of a G, arrest response after treatment with gamma radiation
or PALA and the emergence of variants with CAD gene am-
plification in response to PALA selection unequivocally dem-
onstrate that downstream components of the pS53-mediated
DNA breakage and rNTP arrest pathways are not functioning
properly.

The ability of MTX to induce a cell cycle arrest in HT1080
cells contrasts with the cell cycle progression observed with
PALA and most likely derives from the different metabolic
effects of these drugs. PALA inhibits the first steps of de novo
pyrimidine biosynthesis (71), reducing levels of all pyrimidine
ribo- and deoxyribonucleotides (45, 52), and results in p53
activation (45). By contrast, MTX should primarily inhibit thy-
midylate biosynthesis and reduce levels of thymidine-based
nucleotides at the concentrations employed here (51). It is
reasonable to propose that pRb is an important component of
the MTX-induced growth arrest, since pRb sequesters the
transcriptional activator E2F-1, which is required for regulat-
ing the expression of genes necessary for progression through
S phase, including DHFR and thymidylate synthase genes (16).
Accordingly, pRb™'* and pRb™~ mouse embryonic fibro-
blasts (MEFs) express lower levels of DHFR mRNA and pro-
tein than isogenic pRb™/~ MEFs (2). Similar differences in
DHFR expression were obtained for human cells containing
either wild-type or defective pRb protein (44). More impor-
tantly, MTX induced a G,/S arrest in Rb*™"* MEFs, while
Rb~/~ MEFs progressed into S phase (2). HT1080 cells have
two normal copies of the Rb gene (3). The presence of wild-
type pRb may result in reduced expression of DHFR and a
reduced ability to overcome the depletion of thymidine-based
nucleotides caused by the MTX treatment, ultimately leading
to a growth arrest. We would predict that abrogation of pRb
function, through binding of human papillomavirus type 16 E7
protein, would eliminate the MTX-induced arrest in HT1080
cells. However, despite numerous attempts, we have been un-
able to obtain HT1080 cells expressing sufficient E7 to abro-
gate pRb function (unpublished observations).

We have examined a number of other tumor cell lines in
search of those with an aberrant p53 pathway and normal
MTX-induced growth arrest, but we have been unsuccessful.
Instead, the majority of the tumor cell lines examined dis-
played defects in multiple aspects of cell cycle control (e.g.,
failure to arrest in response to both PALA and MTX and
continued replication in the presence of colcemid, etc.) (data
not shown). This finding is not surprising, since most tumor cell
lines have defects in the cell cycle control pathways involving
p53 and pRb (see reference 65 for a review). As well, many cell
lines contain activated oncogenes whose functions can lead to
genomic rearrangements (17, 18, 19, 26, 32). Thus, cell lines
such as HT1080 that maintain some aspects of normal check-
point control and a relatively stable genome appear to be
exceptions to the rule. HT1080 may be representative of a rare
class of tumor cell that is capable of maintaining a minimally
altered genome under normal growth conditions (58) but has a
genetic background that allows for the generation of genetic
abnormalities in response to growth challenges. As such, it
provides a valuable resource for examining factors which ini-
tiate the process of genetic instability.

Experiments showing that gene amplification requires abro-
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gation of p53 function were done prior to the finding that
PALA can cause a damage-independent cell cycle arrest due to
rNTP depletion (45). By utilizing a selective agent other than
PALA, we were able to determine that the failure to stop cell
cycle progression under suboptimal growth conditions was an
important step in the generation of amplified sequences.
PALA and MTX can cause DSBs, but only when the treated
cells progress through the cell cycle in the presence of the drug
(6, 23, 43, 55). In cells lacking the MTX-induced growth arrest,
MTX functions both to initiate the amplification process by
generating DSBs and to select for those cells with increased
DHFR copy number, analogous to the action of PALA in
pS53-deficient cells. The fact that HT1080 cells have an intact
MTX-induced growth arrest allowed us to differentiate be-
tween cells that had undergone amplification prior to selection
and those that required an inductive event to start the process.
The results presented here indicate that simply loss of the
p53-mediated breakage sensor is insufficient to allow gene am-
plification to occur. Rather, cells need to have lost the ability to
halt progression through the cell cycle under growth conditions
that result in the generation of chromosome breaks.

Our data reveal that a consequence of inducing the ampli-
fication process is genomic instability in subsequent cell divi-
sions. Continuing genetic instability has been reported to result
from other treatments that induce DNA breakage, such as X
irradiation (49) or chromosome destabilization induced by in-
tegration of extrachromosomal elements (59), and is consistent
with a mechanism of amplification via bridge-breakage-fusion
cycles (14, 48, 59, 69). As shown here, a treatment as short as
60 min with a DNA breakage agent (e.g., VP16) was sufficient
to produce the unstable chromosomal intermediates that en-
abled copy number alterations to continue for many cell cycles.
This single initiating event produced cells resistant to increas-
ing concentrations of MTX, despite the presence of an intact
growth arrest pathway. The perpetuation of genetic instability
may have therapeutic implications, as tumor progression and/
or resistance to different drugs could arise many cell genera-
tions after a single course of therapy with a clastogenic agent.

The results presented here demonstrate that amplification
of the DHFR locus, and probably other loci as well, does not
occur spontaneously at detectable frequencies in HT1080 cells
under nonperturbing growing conditions. DNA amplification
can occur by a variety of mechanisms (see reference 81 for a
review and references), but whether the molecular substrates
that ultimately form amplicons arise spontaneously during un-
challenged cell growth or whether an inductive stimulus must
first be applied has been heavily debated (4, 35, 57, 62, 74, 76).
Luria-Delbruck fluctuation analyses (74) and the detection of
gene amplification by flow sorting (35) have been cited as
evidence that some cell lines generate amplicons prior to ap-
plication of a selective agent. In contrast, equally compelling
studies show that the antimetabolites used to select for ampli-
fied sequences, such as PALA, MTX, and hydroxyurea (9, 30,
57, 72,75), or clastogenic agents, such as gamma radiation and
topoisomerase inhibitors (this report and references 20 and
64), can increase baseline amplification frequencies by up to
10*-fold. These studies are consistent with models for ampli-
fication in which the induction of DSBs is required for ampli-
con production (80, 81).

The data from this study suggest a way of reconciling these
two apparently contradictory views of amplicon genesis. The
spontaneous amplification inferred in some studies may reflect
the consequences of earlier events that destabilized the ge-
nome, such as those discussed above. Alternatively, mutations
that compromise DNA repair or cause DNA breakage due to
inappropriate entry into or progression through S phase could
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FIG. 6. Genetic instability and gene amplification depend on the cellular response to aberrant growth conditions.

lead to a high intrinsic rate of structural chromosome changes.
For example, expression of an activated Ha-ras oncogene can
lead to inappropriate entry into S phase (70) and chromosomal
alterations (18, 19), and overexpression of Mos and activated
mitogen-activated protein kinase in p53-deficient cells greatly
enhances genomic instability (26). Inactivation of the Rb gene
or overexpression of the E2F transcription factor can promote
entry into S phase under conditions that could lead to chro-
mosome breakage (1, 34, 83). Thus, cells which undergo fre-
quent chromosomal alterations may be able to generate vari-
ants containing amplified DNA in the absence of a selective
agent, whereas cells incapable of such spontaneous alterations
would require an exposure to an inductive agent for gene
amplification to occur.

A simplified model, consistent with the data presented here
and in the studies cited above, is shown in Fig. 6. Cells that
have lost function of the p53 pathway, and possibly other cell
cycle checkpoints, have the potential for undergoing structural
chromosomal alterations or ploidy changes. Under nonselec-
tive growth conditions, such cells rarely, if ever, undergo gross
structural chromosomal rearrangements. However, abnormal
growth conditions, produced by exogenous agents (such as
antimetabolites) or by defects in endogenous growth-regula-
tory pathways (e.g., the activation of oncogenes), can induce
genome destabilization. Lacking the appropriate DNA damage
recognition and/or repair checkpoints, cells subjected to the
stresses created by such conditions should enter and continue
through the cell cycle and undergo chromosome breakage
and/or nondisjunction at an increased frequency. These alter-
ations can subsequently generate additional manifestations of
genetic instability, including gene amplification, translocations,

and deletions, etc. An implication of this model is that the
frequent oncogene activation in p53-deficient tumor cells may
serve to both induce S-phase entry and produce the genomic
destabilization that drives neoplastic progression.
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