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Genomic instability, including the ability to undergo gene amplification, is a hallmark of neoplastic cells.
Similar to normal cells, “nonpermissive” REF52 cells do not develop resistance to N-(phosphonacetyl)-L-
aspartate (PALA), an inhibitor of the synthesis of pyrimidine nucleotides, through amplification of cad, the
target gene, but instead undergo protective, long-term, p53-dependent cell cycle arrest. Expression of exoge-
nous MYC prevents this arrest and allows REF52 cells to proceed to mitosis when pyrimidine nucleotides are
limiting. This results in DNA breaks, leading to cell death and, rarely, to cad gene amplification and PALA
resistance. Pretreatment of REF52 cells with a low concentration of PALA, which slows DNA replication but
does not trigger cell cycle arrest, followed by exposure to a high, selective concentration of PALA, promotes the
formation of PALA-resistant cells in which the physically linked cad and endogenous N-myc genes are
coamplified. The activated expression of endogenous N-myc in these pretreated PALA-resistant cells allows
them to bypass the p53-mediated arrest that is characteristic of untreated REF52 cells. Our data demonstrate
that two distinct events are required to form PALA-resistant REF52 cells: amplification of cad, whose product
overcomes the action of the drug, and increased expression of N-myc, whose product overcomes the PALA-
induced cell cycle block. These paired events occur at a detectable frequency only when the genes are physically
linked, as cad and N-myc are. In untreated REF52 cells overexpressing N-MYC, the level of p53 is significantly
elevated but there is no induction of p21waf1 expression or growth arrest. However, after DNA is damaged, the
activated p53 executes rapid apoptosis in these REF52/N-myc cells instead of the long-term protective arrest
seen in REF52 cells. The predominantly cytoplasmic localization of stabilized p53 in REF52/N-myc cells
suggests that cytoplasmic retention may help to inactivate the growth-suppressing function of p53.

Normal mammalian cells have complex growth controls
which prevent them from progressing through the cell cycle
when conditions are unfavorable or when their DNA has been
damaged. In tumor cells, loss of these controls allows various
chromosomal abnormalities, including gene amplification, to
accumulate. The tumor suppressor protein p53 mediates cell
cycle arrest or apoptosis in response to DNA damage (re-
viewed in references 9, 28, and 31). p53 also mediates the
reversible, protective arrest of normal cells in response to star-
vation for DNA or RNA precursors (32). This G1 arrest occurs
without replicative DNA synthesis or detectable DNA damage
and thus contrasts with the response of normal cells to DNA
damage (15, 32). p53 is also involved in G2/M arrest (1, 57),
in ensuring that mitosis is complete before the next S phase
begins (10), and in ensuring that DNA synthesis is complete
before mitosis begins (59). The p53 protein, induced and ac-
tivated by stress, stimulates transcription of a set of genes that
regulate growth arrest and apoptosis (reviewed by Ko and
Prives [28] and Cox and Lane [9]). p53 mediates growth arrest
in large part by inducing the cyclin-dependent kinase inhibitor
p21waf1 (16, 69) and also gadd45, which is thought to mediate

arrest through its interactions with p21 and proliferating-cell
nuclear antigen (27, 53). p53 can also induce the expression of
bax (36) and fas (40) and reduce the expression of bcl-2 (36),
thus promoting apoptosis. These activities help to account for
the connection between the loss of p53 and the genesis of
aneuploidy, chromosomal aberrations, and gene amplification
in tumors and cell lines.

Inactivation of p53 through deletion, mutation, or the action
of viral oncogenes is required to allow cells to tolerate chro-
mosomal aberrations such as gene amplification (reviewed by
Chernova et al. [8]). We now understand amplification mech-
anisms well enough to appreciate that breakage of chromo-
somes is an important initial step (44, 63). Normal cells are
very sensitive to broken DNA, arresting when very few double-
strand breaks or large gaps are present (24); this helps to
explain why gene amplification has not been detected in nor-
mal cells (62, 68) and why the loss of p53 is required to make
them permissive for amplification (33, 71). In contrast, ampli-
fication is a frequent mechanism for overexpressing oncogenes
or genes mediating drug resistance in tumors or cell lines in
which the p53 response has been lost (3, 56). Most immortal
cell lines, especially those of rodent origin, develop resistance
to N-(phosphonacetyl)-L-aspartate (PALA) or methotrexate
(MTX) through amplification of the target genes for carba-
myl-P synthetase, aspartate transcarbamylase, dihydro-orotase
(cad), or dihydrofolate reductase (dhfr) (48, 56). Inactivation
of the p53 gene by deletion (33, 71) or mutation (26) or inac-
tivation of the response to p53 by oncoproteins (42, 66) is
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required to achieve PALA resistance and cad amplification in
normal cells.

The REF52 cell line is unusual because no resistant colonies
are formed upon selection with PALA or MTX (the frequency
of resistance is less than 1029 [42]). Therefore, REF52 cells
have been useful for identifying genes involved in regulating
permissivity for gene amplification. For example, the expres-
sion of activated ras plus adenovirus E1A or simian virus 40
(SV40) T-antigen alone converts REF52 cells to a state per-
missive for cad amplification (42), as does a dominant negative
mutant p53 protein (26). c-MYC is an important regulator of
cellular proliferation, differentiation, and apoptosis (reviewed
by Grandori and Eisenman [20], Packham and Cleveland [41],
and Amati and Land [4]), and it is frequently overexpressed in
tumors. Deregulated expression of c-myc induces cell cycle
progression in quiescent cells and, in the absence of survival
factors, p53-mediated apoptosis (17, 22). The mechanisms of
these diverse activities of c-MYC are not yet well understood.
C-MYC functions as a transcriptional activator when com-
plexed with MAX (reviewed in reference 4), inducing genes
important for cell cycle progression, including cad (reviewed in
reference 20). C-MYC also plays an important role as a re-
pressor of the expression of genes such as cyclinD1 (43),
gadd45 (35), and c-myc itself (18). Fewer data are available
regarding N-MYC, which is overexpressed in neuroblastomas
(49), retinoblastomas (30), and rhabdomyosarcomas (14).

Since there is evidence that overexpression of c-MYC in-
creases the frequencies of MTX resistance and dihydrofolate
reductase amplification in established cell lines (12, 34), we
decided to study whether deregulated expression of MYC
might have a different function in overcoming the lack of
permissivity of REF52 cells for drug resistance and gene am-
plification. We introduced the N-myc or c-myc genes into
REF52 cells and selected the resulting cell lines with PALA or
MTX. The data reveal that overexpression of exogenous MYC
abrogates PALA-induced, p53-mediated cell cycle arrest and
facilitates cad amplification. Using a selection protocol involv-
ing pretreatment with a low concentration of PALA, we have
also shown that two distinct events are required to form
PALA-resistant REF52 cells: amplification of the target gene
cad and greatly increased expression of endogenous N-myc
through coamplification with cad.

MATERIALS AND METHODS

Plasmids. pSV40myc, containing exons 2 and 3 of the human N-myc gene
under the control of an SV40 promoter (6), was kindly provided by William E.
Fahl (University of Wisconsin, Madison, Wis.). To obtain a retroviral construct
containing the c-myc gene, the HindIII fragment of mouse c-myc, from pMc-
myc54 (55), was ligated into the HincII site of pBluescript KSII. EcoRI linkers
were ligated to the HindIII site, and the 1.8-kb EcoRI fragment was transferred
to the EcoRI site of pBabeHygro (39).

Cells and transfection. Low-passage REF52 cells (19) were maintained in
Dulbecco’s modified Eagle’s medium with 10% fetal calf serum (Gibco BRL) at
37°C in an atmosphere containing 10% CO2. REF52 cells were cotransfected
with a mixture of pSV40myc and pSV2puro in a 10:1 ratio by using the modified
calcium phosphate method of Chen and Okayama (7). Stably transfected clones
were selected with puromycin (1 mg/ml). For retroviral transfer of the c-myc
gene, subconfluent cells were treated with Polybrene (10 mg/ml; Sigma) and
incubated as described by Perry et al. (42). Clones with a retroviral integration
were selected with hygromycin (200 mg/ml). Expression of myc mRNAs was
confirmed by Northern analysis. C11 cells were derived from p53-null MDAH041
cells by introduction of the wild-type p53 gene under its own promoter (2). These
cells were grown, transfected, and selected with PALA similarly to REF52 cells.

Drug selections and frequencies of gene amplification. PALA was obtained
from the Drug Synthesis and Chemistry branch of the Division of Cancer Treat-
ment, National Cancer Institute, and MTX was obtained from Sigma. Selections
were performed as described by Perry et al. (42). Briefly, 5 3 104 cells, plated on
10-cm dishes, were grown in medium containing dialyzed fetal calf serum in the
presence of PALA or MTX at concentrations three times the 50% inhibitory
concentration (IC50). Drug-resistant colonies, detectable after 4 to 5 weeks, were
cloned or, alternatively, fixed, stained, and counted. In pretreatment experi-

ments, fewer cells (5 3 103) were plated on 10-cm dishes and exposed to a low,
nonselective concentration of drug (10 or 15 mM PALA, 15 or 20 nM MTX).
After 72 h, the amount of drug was increased to a selective concentration (30 mM
PALA or 40 to 50 nM MTX), and the cells were kept in this selection for 5 to 6
weeks. Control cells were selected directly at the high concentrations. Individual
drug-resistant colonies were expanded to 105 to 106 cells at the selective con-
centration of each drug and analyzed by fluorescent in situ hybridization (FISH).
Plating efficiencies and IC50s were determined as described by Perry et al. (42).

Analysis of metaphase cells by FISH. PALA-resistant cells were analyzed for
cad or N-myc amplification essentially as described by Smith et al. (51). As
probes, we used genomic clones of the rat cad or N-myc genes, isolated from a
rat cosmid library, with pCAD142 (50) and the mouse N-myc gene as probes. The
probes were labeled by nick translation with digoxigenin-11-dUTP (Boehringer
Mannheim) or with biotin-11-dUTP (BioNick labeling system; Gibco BRL), and
repetitive sequences were competed out with sonicated rat genomic DNA. Hy-
bridization was detected as described previously (51). The hybridization mixture
(15 ml/slide), containing one or two labeled cosmid probes (150 to 200 ng of
each) and 20 mg of sonicated rat genomic DNA in 50% formamide–23 SSC (13
SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–10% dextran sulfate was
heated, preannealed, placed on the slides, covered, and incubated overnight at
37°C. After the slides were washed, biotin-labeled probes were detected by
incubation with fluorescein isothiocyanate-avidin (5 mg/ml; Vector Laborato-
ries). Digoxigenin-labeled probes were detected with fluorescein isothiocyanate-
conjugated sheep anti-digoxigenin serum (10 mg/ml; Boehringer Mannheim).
DNA was counterstained with 0.2 mg of propidium iodide or 49,6-diamidino-2-
phenylindole (DAPI) per ml. The images were obtained with a Nikon Optiphot
epifluorescence microscope coupled to a cooled computer-controlled charge-
coupled device camera (Oncor Imaging System, Gaithersburg, Md.).

Flow cytometric analysis. After treatment with PALA or MTX, adherent and
detached cells were combined, fixed with methanol, stained with propidium
iodide by using a Cycletest kit (Becton Dickinson), and analyzed for DNA
content by using a FACScan instrument (Becton Dickinson). The cell cycle
distribution was determined with the SOBR model of the CellFIT program.

RNA analysis. Total RNA was extracted with the Trizol reagent (Gibco BRL)
as specified by the manufacturer. Northern and RNase protection assays were
performed as described by Sambrook et al. (47). To obtain an N-myc probe for
RNase protections, the 580-bp fragment of exon 2 was amplified by PCR from
primers containing XbaI and KpnI adapters, with a cosmid containing the rat
N-myc gene as a template. This fragment was recloned into pSP72 (Promega).
The inserts from pSV2dhfr (47) and pCAD142 (50), which contain the mouse
dhfr and hamster cad cDNAs, respectively, were used as probes. Radioactive
bands were quantified with a PhosphorImager (Molecular Dynamics, Sunnyvale,
Calif.).

Protein preparation and Western analyses. Soluble proteins were extracted
essentially as described by Harlow and Lane (21). Briefly, cells were lysed in
ice-cold NET buffer (50 mM Tris HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1%
Nonidet P-40, 0.5 mM phenylmethanesulfonyl fluoride, 2 mM benzamidine).
After incubation for 10 min on ice, the cells were resuspended by vortexing and
the soluble proteins were separated by centrifugation at 16,000 3 g for 15 min at
4°C. The extracts were stored at 280°C. Nuclear and cytoplasmic extracts were
prepared essentially as described by Tishler et al. (61). Portions of lysates con-
taining 20 mg of protein were separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (8 or 12% polyacrylamide) and transferred to a polyvi-
nylidene difluoride membrane (Stratagene). After the transfer, the gels were
stained with Coomassie blue and the membranes were stained reversibly with
Ponceau S to verify equal loading. The membranes were probed with the mono-
clonal antibody PAb421, directed against p53 (a kind gift of Arnold Levine,
Princeton University, Princeton, N.J.), or polyclonal rabbit antibodies C-19 and
L-17, directed against p21waf1 (Santa Cruz Biotechnology). Secondary horserad-
ish peroxidase-conjugated goat anti-mouse antibodies (Bio-Rad) or goat anti-
rabbit antibodies (Pierce) were visualized by enhanced chemiluminescence as
specified by the manufacturer (Renaissance reagents; DuPont NEN).

RESULTS

Overexpression of N-MYC or c-MYC permits cad but not
dhfr amplification in REF52 cells. As shown by Perry et al. (42)
and confirmed here, REF52 cells are not permissive for am-
plification of cad or dhfr when selected with PALA (30 mM) or
MTX (50 nM) at three times the IC50 (frequencies less than
1029). Upon incubation with selective concentrations of these
agents, the cells arrest, remaining attached to the plates and
nearly constant in number for several weeks. We studied the
ability of exogenous N-MYC to abrogate this arrest and thus to
facilitate gene amplification in REF52 cells. The cells were
cotransfected with human N-myc and pSV2puro. Several pu-
romycin-resistant clones were isolated, and the levels of N-
MYC expression were analyzed. We were not able to detect
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endogenous N-myc mRNA in these cells. Four REF52/N-myc
clones (numbered 8, 11, 12, and 16) with different expression
levels were used for PALA and MTX selections. As a first step,
we determined the relative sensitivities of the cells to the se-
lective drugs. Compared to REF52 and control REF52/puro
cells, the REF52/N-myc clones had higher IC50s of PALA and
lower IC50s of MTX, in proportion to their levels of N-MYC
expression (Fig. 1). The highest level of expression of N-MYC
(in clone 11) was accompanied by a 3.5-fold increase in the
IC50 of PALA and a 2.6-fold decrease in the IC50 of MTX.

To analyze the basis for the differences in sensitivity, we
measured the levels of cad and dhfr mRNAs. In untreated
cells, increased levels of N-MYC (Fig. 2) or c-MYC (data not
shown) enhanced the expression of cad mRNA in proportion

to the levels of myc mRNA expression. In all of these clones,
the levels of dhfr mRNA were decreased by about one-half
(Fig. 2), which correlates with the increased sensitivity to MTX
(Fig. 1).

Taking these differences into account, we selected each
clone in a drug concentration corresponding to three times the
IC50. All four REF52/N-myc clones produced PALA-resistant
colonies at similar frequencies of ;1024, more than 5 orders of
magnitude higher than for REF52 cells. To determine the
nature of the event responsible for resistance, four or five
PALA-resistant colonies from each REF52/N-myc clone were
analyzed by FISH. They all showed chromosomal cad ampli-
fication in which the extra copies (range, 3 to 10 per cell) were
present as condensed repeating units on rearranged marker
chromosomes (examples are shown in Fig. 3A). The extent of
cad gene amplification was confirmed by Southern analysis of
genomic DNA from the PALA-resistant colonies (data not
shown). Similar results were obtained with REF52 cells trans-
fected with the mouse c-myc gene, where PALA selection gave
resistant colonies with amplified cad at frequencies of ;1025.

To extend these observations to cells of another species, we
developed a nonpermissive human cell line, C11, by reintro-
ducing wild-type p53 into p53-null Li-Fraumeni MDAH041
cells (2). While MDAH041 cells form PALA-resistant colonies
at three times the IC50 at a frequency of 5 3 1024, the intro-
duction of p53 converted these cells to a nonpermissive state,
with a frequency of less than 1028 when selected in 200 mM
PALA (three times the IC50). To discover if deregulated ex-
pression of N-myc allows these nonpermissive human cells to
develop PALA resistance, we performed experiments similar
to those described above for REF52 cells. The human N-myc
gene was introduced into C11 cells, and two individual clones
that expressed it were subjected to PALA selection. As for
REF52/N-myc cells, the IC50s of PALA (80 and 85 mM) were
higher for both clones than for parental C11 cells (60 mM).
Both clones, selected in 300 mM PALA for 4 weeks, formed
PALA-resistant colonies at a frequency of 5 3 1025.

To see if MYC acts more generally to regulate permissivity
for gene amplification in REF52 cells, we selected the REF52/
N-myc clones with MTX at concentrations equal to three times
the IC50 for each clone. No resistant colonies were observed
(frequency less than 3 3 1027). Therefore, the expression of
N-MYC or c-MYC in REF52 cells facilitates amplification of
cad but not dhfr.

Pretreatment with PALA induces resistance in REF52 cells.
In trying different selection protocols, we found that pretreat-
ment with a low concentration of PALA (1.0 or 1.5 times the
IC50 [10 or 15 mM]) for 3 days before exposure to a selective
concentration (3 times the IC50) allowed PALA-resistant
REF52 colonies to arise at the high frequency of ;3 3 1024

(Table 1). Pretreatment with a low concentration of PALA (60
mM) for 3 days followed by selection in 200 mM PALA also
overcame the lack of permissivity of C11 cells, where resistant
colonies were formed at a frequency of 3 3 1024. Thus, a short
pretreatment with a low, nonselective, concentration of PALA
significantly facilitates the appearance of PALA-resistant
REF52 cells. Low concentrations of PALA inhibited cell
growth only partially; many REF52 cells divided two or three
times before arrest, forming microcolonies of four to eight cells
(data not shown). Counting REF52 cells cultured for 3 days in
PALA revealed that in 10, 15, or 30 mM PALA, the total
number of cells increased by 2.6-, 1.7-, or 1.1-fold, respectively,
while the number of untreated cells increased by 5.8-fold dur-
ing the same period. In contrast to the results with PALA, a
similar two-step selection of REF52 cells with MTX did not
generate any MTX-resistant colonies (Table 1). Although a

FIG. 1. Levels of exogenous N-myc mRNA and resistance to PALA or MTX
in REF52/N-myc clones. (A) Bars represent the IC50s of PALA or MTX. The
levels of N-myc mRNA, obtained by using a PhosphorImager, were normalized
to the level in clone 12. (B) Northern transfers (15 mg of total RNA) were
hybridized with a human N-myc probe.

FIG. 2. Levels of cad and dhfr mRNAs in untreated REF52 and REF52/N-
myc cells. (A) Northern transfers (15 mg of total RNA) were hybridized with cad
or dhfr probes. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
was analyzed as a loading control. (B) Quantitative data from a PhosphorImager
were normalized to the levels in REF52 cells.
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few such colonies were observed in the control selection (Table
1), there was no increase in dhfr copy number, as revealed by
Southern and FISH analyses (data not shown; also observed
previously by Perry et al. [42]). We also performed mixed
two-step selections. REF52 cells were pretreated with PALA
at 1.5 times the IC50 for 72 h and then subjected to selection in
MTX at 3 times the IC50, and vice versa. Neither of these
mixed selections gave rise to any resistant colonies (Table 1).

Coamplification of cad and endogenous N-myc in PALA-
resistant REF52 clones. To understand the mechanisms of
PALA resistance in REF52 cells selected after pretreatment,
we examined both the cad copy number and the structure of
amplified cad DNA in PALA-resistant cells. Twenty colonies
from three independent two-step PALA selections of REF52
cells were analyzed at the 105- to 106-cell stage. The selection
scheme used (see Materials and Methods) ensures that clones
derived from different plates are independent. Analysis by
FISH revealed that the cad gene was amplified in all 20 clones
and also that the amplified cad genes were present as intra-
chromosomal ladder-like structures, most often on one chro-
mosome and often occupying most of this chromosome (rep-
resentative metaphase spreads are shown in Fig. 3B). Parental
REF52 cells were nearly tetraploid, with four chromosomes

carrying cad, each copy represented by a hybridization spot on
each chromatid. The chromosomes carrying amplified cad,
usually one per cell, had 1 to 10 additional copies, most often
4 to 8 (16 clones analyzed). Similar numbers were obtained by
Southern analysis of genomic DNA from PALA-resistant col-
onies (data not shown).

The early steps of gene amplification often involve chromo-
some breaks, which are recognized by p53-dependent path-
ways. How might pretreatment of REF52 cells with PALA
allow them to tolerate such breaks in the presence of p53?
Replication of DNA under suboptimal conditions in a low
concentration of PALA may lead to amplification and in-
creased expression of genes such as myc, which are involved in
cell cycle regulation, thus disrupting the normal inhibition of
growth in response to DNA damage. The known colocalization
of cad and N-myc on human chromosome 2p (54) prompted us
to study the involvement of endogenous N-myc in cad ampli-
fication in rat REF52 cells. The rat N-myc gene has been
mapped to chromosome 6 (25), but the chromosomal localiza-
tion of the rat cad gene has not been reported. When we
cohybridized rat genomic cad and N-myc probes to metaphase
spreads of REF52 cells, we found that these two genes were
linked in rat cells as well as in human cells (Fig. 3C). To test for

FIG. 3. FISH of metaphase chromosomes from PALA-resistant cells. (A) Partial metaphase spreads representing cad amplification in PALA-resistant cells selected
from REF52/N-myc clones 12, 8, 16, and 11 (panels 1 to 4, respectively). An unrearranged chromosome shows two green signals for cad. (B) cad amplification in
PALA-resistant REF52 cells selected after preexposure to PALA. Panels 1 to 6 represent independent clones 2, 4, 7, 11, 12, and 24, respectively. (C) Coamplification
of cad and N-myc in PALA-resistant REF52 cells selected after preexposure to PALA. Panels 1 and 2 represent clones 7 and 21, respectively. Chromosomes were
hybridized simultaneously with a biotin-labeled cad probe (green) and a digoxigenin-labeled N-myc probe (red). Chromosomes were counterstained with DAPI (blue).
An unrearranged chromosome 6, carrying single copies of cad and N-myc, is indicated by an arrow.
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coamplification, metaphase spreads from 16 PALA-resistant
REF52 clones, selected after pretreatment with a low concen-
tration of PALA, were hybridized with both probes. In all of
these, both cad and N-myc were amplified on the same chro-
mosome (Fig. 3C).

To determine if the amplification of N-myc induced its ex-
pression, we analyzed mRNA from REF52 cells and eight
PALA-resistant clones. N-myc mRNA, undetected in parental
REF52 cells, was observed in all the PALA-resistant clones
tested (four examples are shown in Fig. 4), supporting the
conclusion that activation of endogenous N-myc follows its
amplification and the idea that N-MYC allows nonpermissive
REF52 cells to escape growth arrest and to give rise to PALA-
resistant colonies. Remarkably, only one of the four PALA-
resistant REF52/N-myc colonies selected from clones 11 and
16 (highest expression of exogenous N-myc) exhibited coam-
plification of cad and endogenous N-myc (data not shown),
consistent with the shorter amplicons found in PALA-resistant
cells derived from these clones (compare Fig. 3A, panels 3 and
4, and B). Since there is no need to express endogenous N-myc
when exogenously expressed N-myc is already present, the cad
gene can be amplified independently of N-myc amplification in
this situation.

Cell cycle regulation of REF52/N-myc cells in response to
PALA or MTX. To understand how MYC affects cell cycle
arrest and thus the potential for gene amplification, we per-
formed a cell cycle analysis of PALA-treated REF52 and
REF52/N-myc cells by flow cytometry. At 24 h after adding a
selective concentration of PALA (30 mM) to an exponentially
growing population of REF52 cells, some of the cells accumu-
lated in early S-phase (Fig. 5A). The fraction of cells in S phase
increased gradually with time, mainly at the expense of cells in
G1, so that after 72 h about 95% of the population had a DNA
content corresponding to early to mid-S (Fig. 5A). In the
continuous presence of PALA for 5 or 7 days, the cell cycle
distribution was very similar to that observed after 3 days (data
not shown). In parallel experiments, we measured the percent-
age of PALA-treated REF52 cells that were able to incorpo-
rate bromodeoxyuridine (BrdU) into their DNA during a 2-h
pulse. As seen in Fig. 6, the number of BrdU-positive cells

declined with increasing duration of treatment or drug con-
centration. The staining was much weaker than in untreated
control cells, reflecting inhibited DNA synthesis (note that
PALA-treated cells have very little dTTP, allowing significant,
albeit low-level incorporation of BrdU in place of dTTP). Al-
though up to 17% of the REF52 cells were BrdU positive after
3 days in 30 mM PALA, they all had the morphology of ar-
rested cells. Arrest was confirmed by counting the total num-
ber of cells after exposure to 30 mM PALA for 3 days (1.1-fold
increase) or by counting the numbers of cells in marked areas
of the plates at 24-h intervals for 5 days (1.1-fold increase). No
increase in the number of dead cells was detected by cell cycle
analysis (Fig. 5A) or visual observation. To test the reversibility
of arrest, after 1 week PALA was removed and uridine was
added (to allow renewed DNA and RNA synthesis). We found
that 15% of the cells formed colonies, corrected for the plating
efficiency of untreated control cells.

A similar cell cycle analysis was performed with the four
REF52/N-myc clones, each treated with PALA at the appro-
priate concentration (three times the IC50 [see below]) for 2, 3,
or 5 days. Since all four lines behaved similarly, data for only
two are shown (Fig. 5B). PALA-treated REF52/N-myc cells
proceeded slowly through S phase for the first 1 to 2 days,
eventually entering G2 and mitosis. (Note that net DNA syn-
thesis can occur in PALA-treated cells, probably through con-
version of rRNA to deoxynucleoside triphosphates.) Some of
the cells even managed to rereplicate their DNA, giving rise to
a small peak with twice the G2 DNA content (Fig. 5B) (note
that the REF52 cells are nearly tetraploid). There was a par-
allel increase in the number of apoptotic cells (Fig. 5B), rep-
resented by the sub-G1 fraction (11). The extent of apoptosis in
REF52/N-myc clones correlated with the level of N-myc ex-
pression, so that clone 11 had more apoptotic cells than did
clone 8. This result contrasts with that obtained for REF52
cells, which are tightly arrested by a selective concentration of
PALA (Fig. 5A), demonstrating that overexpression of MYC
enhances the ability of the cells to undergo apoptosis when
starved for pyrimidine nucleotides.

To test whether inactivation of p53 in REF52 cells produces
a similar effect on the cell cycle distribution in PALA, we
analyzed REF52/p53C141Y cells, which express the dominant
negative p53 mutant protein C141Y and are permissive for cad
gene amplification (26). Similar to REF52/N-myc clones,
REF52/p53C141Y cells did not arrest in response to PALA
(Fig. 5B; only one time point is shown). Most of these cells
reached mitosis, and, as in REF52 cells expressing N-MYC,
abnormal mitoses gave rise to cells with a range of DNA

FIG. 4. Expression of N-myc mRNA in PALA-resistant REF52 clones. Total
RNA from PALA-resistant clones selected after preexposure to PALA (lanes 1
to 4) and parental REF52 cells (lane 5) was analyzed by RNAse protection, using
as a probe a 585-bp fragment derived from the second exon of the rat N-myc
gene. The amount of RNA was normalized with a b-actin probe.

TABLE 1. Gene amplification in REF52 cells pretreated and
selected with PALA or MTXa

Pretreatment Selection
No. of

colonies
observedb

No. of
cells

analyzedb

Amplification
frequency

None PALA (30 mM) 0 5 3 107 ,2 3 1028

MTX (50 nM) 0 5 3 106 ,2 3 1027

MTX (40 nM) 3c 5 3 106 ,2 3 1027

PALA (15 mM) PALA (30 mM) 82 7 3 105 2.9 3 1024

PALA (10 mM) PALA (30 mM) 98 6 3 105 4.1 3 1024

PALA (15 mM) MTX (40 nM) 0 1 3 106 ,1026

MTX (50 nM) 0 1 3 106 ,1026

MTX, 15 nM MTX (40 nM) 0 1 3 106 ,1026

MTX, 20 nM MTX (50 nM) 0 1 3 106 ,1026

MTX, 15 nM PALA, 30 mM 0 1 3 106 ,1026

MTX, 20 nM PALA 0 1 3 106 ,1026

a REF52 cells were seeded at a low density (5 3 103 cells per 10-cm plate) in
low, nonselective concentrations of PALA or MTX for 72 h and then exposed to
selective concentrations. Resistant colonies appeared after about 4 weeks.

b Totals from two or three independent selections.
c dhfr was not amplified in these colonies.
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contents. These data confirm that the PALA-induced arrest of
REF52 cells is mediated by p53. The arrest prevents REF52
cells from entering mitosis when pyrimidine nucleotides are
limiting, and the failure of REF52/N-myc cells to arrest in

PALA leads to aberrant DNA replication, abnormal mitosis,
DNA damage, and cell death.

Induction of p53 in PALA-treated, MTX-treated, or UV-
irradiated REF52 and REF52/N-myc cells. Inactivation of the
p53-mediated cell growth arrest pathway in normal human or
mouse fibroblasts (33, 71) or REF52 cells (26) is required for
the cells to be permissive for PALA resistance and cad ampli-
fication. Since REF52/N-myc cells fail to arrest in PALA, thus
giving rise to PALA-resistant colonies, we evaluated the induc-
tion and function of p53 by comparing the abilities of control
REF52/puro cells and three REF52/N-myc clones to induce
p53 and the p53-dependent gene p21waf1 in response to PALA
or UV radiation. The level of p53 protein was much higher in
untreated REF52/N-myc cells than in control REF52/puro
cells, in proportion to the level of N-MYC expression (Fig.
7A). Cells exposed to PALA at three times the IC50 were
analyzed after 24, 48 or 72 h, and cells irradiated with UV were
analyzed after 8 h. Treatment with PALA or UV led to an
increase in the amount of p53 protein in all the cells (Fig. 7A
and B). In the PALA-treated cells, the increase in the amount
of p53 was detected after 24 h (data not shown); the level of
p53 reached a maximum after 48 h and stayed high for 72 h
(Fig. 7A). The level of p21waf1 in untreated REF52/N-myc cells
was not elevated, despite the high level of p53, but did increase
in response to p53 induction after exposure to UV (Fig. 7B) or
PALA (data not shown).

Both REF52/puro and REF52/N-myc cells arrested early in

FIG. 6. Analysis of DNA synthesis in REF52 cells treated with PALA. The
cells were exposed to 10, 15, or 30 mM PALA for 24, 48, or 72 h; labeled with
BrdU for 2 h; fixed; and stained with a cell proliferation kit (Amersham). The
percentage of nuclei labeled with BrdU is shown at each time point.

FIG. 7. Induction of p53 and p21waf1 in cells treated with PALA, MTX, or UV. (A) Immunoblot analysis of p53 expression in treated or untreated control (lanes
C) REF52/puro and REF52/N-myc cells. The cells were exposed to PALA for 48 or 72 h (30 mM for REF52/puro, 55 mM for REF52/N-myc clone 8, 85 mM for clone
16, and 110 mM for clone 11). The film for clone 11 was exposed three times less than were the films for the other clones shown. The untransferred part of the gel,
stained with Coomassie blue, is presented as a loading control. (B) REF52/puro and REF/N-myc clone 11 cells were irradiated with UV (24 J/m2), and the proteins
were extracted 8 h later. p53 was detected with antibody PAb421, and p21waf1 was detected with a mixture of antibodies C-19 and L-17. (C) REF52/puro and
REF52/N-myc clone 16 cells were treated with 50 nM MTX for 48 or 72 h and analyzed as in panel A. (D) Western analysis of the relative amounts of p53 in nuclear
and cytoplasmic extracts from REF52 and REF52/N-myc clone 16 cells. The amount of nuclear extract assayed corresponded to three times as many cells as the amount
of cytoplasmic extract.
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S phase when treated with MTX, but the REF52/N-myc cells
progressed to apoptosis within 1 day (data not shown), with
appreciable apoptosis after 2 days (Fig. 5C). There was no
induction of p53 in REF52/puro cells after 3 days of treatment
(Fig. 7C). Induction of p53 and p21waf1 by PALA but not by
MTX has also been reported for primary human fibroblasts
(32). In contrast, the p53 level in MTX-treated REF52/N-myc
cells increased after 24 h and stayed high for 72 h (Fig. 7B).
The high level of p53 in REF52/N-myc cells correlates well
with their ability to undergo apoptosis in response to serum
deprivation, nucleotide starvation, or DNA damage. However,
untreated REF52/N-myc cells have the same low level of
p21waf1 as do parental REF52 cells. Therefore, we examined
whether the p53 in untreated REF52/N-myc cells might be
prevented from functioning by retention in the cytoplasm (37,
58). We analyzed both nuclear and cytoplasmic extracts from
untreated or UV-irradiated cells (Fig. 7D). The level of p53
was very low in untreated REF52 cells, and after UV irradia-
tion, it accumulated in the nucleus. On the other hand, in
REF52/N-myc cells, p53 is more abundant in the cytoplasm
and UV irradiation of these cells resulted in the accumulation
of p53 in both the cytoplasm and the nucleus. Our data agree
well with the recent finding that the cytoplasmic retention of
wild-type p53 impairs the G1 checkpoint after DNA damage in
neuroblastomas (38). Altogether, the data suggest that, in spite
of the significantly elevated level of p53 in untreated REF52/
N-myc cells, its predominantly cytoplasmic localization pre-
vents the induction of p21. After DNA damage, activated p53
accumulates in nuclei and induces the expression of p21, but
the cell cycle arrest is still compromised. However, the acti-
vated p53 is able to induce apoptosis.

DISCUSSION

Overexpression of MYC overcomes cell cycle arrest and
permits cad amplification in REF52 cells. The first line of
defense in response to the pyrimidine nucleotide depletion
caused by exposure to PALA of normal cells, which are not
permissive for gene amplification or other DNA rearrange-
ments, is reversible p53-mediated cell cycle arrest, a process
quite distinct from the irreversible p53-mediated response of
the same cells to agents that damage DNA directly (32). Re-
versible arrest protects cells from the DNA damage that ac-
companies attenuated mitosis when DNA synthesis is not com-
plete (59), while irreversible arrest protects the organism from
abnormal cells that have suffered unrepaired damage. PALA-
treated REF52 cells first accumulate at the beginning of S
phase and then shift toward the middle of S phase. The arrest
is tight: the cells do not reach G2 even after 5 days (Fig. 5A) or
9 days (data not shown) in PALA. Although the arrest is
reversible for only 15% of the treated cells, it is protective for
the cell populations, since it prevents the propagation of dam-
aged cells. Abrogation of arrest in REF52 cells by the mutant
p53 protein C141Y (Fig. 5B) or by SV40 large T antigen (26)
confirms the dependence on p53. Deregulated expression of
N-MYC or c-MYC abolishes arrest in REF52 cells, allowing
the cells to enter mitosis under pyrimidine nucleotide-limiting
conditions. Thus, the failure to arrest in PALA can lead to
broken DNA, chromosomal aberrations, and death of the
great majority of cells but can also promote the genesis of rare
cells with amplified cad genes. In contrast, both REF52 and
REF52/N-myc cells are arrested by MTX early in S phase, do
not replicate their DNA, and fail to amplify dhfr. These results
agree well with the recently reported MTX-induced arrest
early in the S phase of both p531 and p532 cells (32), con-
firming that this arrest is not mediated by p53. The differences

in cell cycle regulation in response to the very different nucle-
otide deprivations caused by PALA or MTX may provide the
basis for the different abilities of the cells to form colonies
resistant to these drugs. Deregulated MYC expression leads to
two changes in REF52 cells: failure to arrest in response to
ribonucleotide starvation, resulting in the initiation of gene
amplification, and failure to arrest in response to the DNA
breaks that accompany amplification, thus allowing the prop-
agation of cells carrying broken DNA. The importance of the
second control has been demonstrated in REF52 cells trans-
formed by tsA58, a temperature-sensitive mutant of SV40 T
antigen (26). When selected with PALA at 33°C (a permissive
temperature), these cells develop colonies with amplified cad.
Inactivation of T antigen at 39.5°C (a nonpermissive temper-
ature) soon after the genesis of PALA-resistant cells (less than
1,000 cells per colony) was followed by rapid p53-mediated cell
growth arrest, which could be reversed by shifting the temper-
ature back to 33°C. The effect of N-MYC in allowing the
formation of PALA-resistant colonies is not unique to REF52
cells. We also analyzed human Li-Fraumeni fibroblasts with
restored wild-type p53 (2). These C11 cells do not give rise to
PALA-resistant colonies at a detectable frequency (less than
1028), and, as for REF52 cells, introduction of exogenous
N-myc does permit PALA-resistant colonies to form at a rel-
atively high frequency. The data for both REF52 and C11 cells
confirm the crucial role of p53 in preventing resistance to
PALA and demonstrate the ability of deregulated N-myc to
abrogate this defensive mechanism.

Effects of preexposing cells to PALA. The success of gene
amplification in REF52 cells requires that two events occur in
the same cell: inactivation of checkpoints that respond to DNA
damage or nucleotide starvation and amplification of the target
gene. The probability of achieving this situation is very low
except when the events are not independent. Pretreatment of
REF52 cells with a low concentration of PALA for two to three
cell divisions before selection induces the formation of PALA-
resistant colonies with amplified cad at a frequency many or-
ders of magnitude higher than that observed in a one-step
selection. All of the PALA-resistant colonies so obtained have
large amplicons which include the physically linked cad and
N-myc genes. In these cells, the amplification of endogenous
N-myc is accompanied by activation of its expression, thus
permitting cells with amplified cad to overcome p53-mediated
growth arrest.

We do not know the mechanism of activation of N-myc
expression as a result of an increase in copy number, but we
speculate that expression could be stimulated if a factor that
negatively regulates N-myc is titrated out by an increase in
gene copy number. The N-MYC protein is expressed at a high
level in several neonatal mouse tissues (13), but only low levels
of N-myc mRNA are detected in most adult tissues. The N-myc
promoter is active in many cell types, even those with unde-
tectable levels of mRNA (5). Down regulation of N-myc
mRNA occurs through trans-acting proteins which negatively
regulate transcriptional initiation (60, 67), transcriptional elon-
gation (70), and the stability of mature transcripts (5).

When any cell is starved for deoxynucleoside triphosphates
under conditions where DNA synthesis is not inhibited com-
pletely, the DNA is likely to be broken through misincorpora-
tion and unsuccessful attempts at repair (44). For a permissive
cell line such as BHK, which does not arrest efficiently when
DNA is broken, pretreatment with either PALA or MTX can
stimulate amplification of either cad or dhfr, since amplifica-
tion of the target gene alone is sufficient for resistance (44).
When nonpermissive cells are used, the situation and results
are different: pretreatment with PALA permits only cad am-
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plification, whereas pretreatment with MTX does not cause
the cells to become permissive at all. Our cell cycle data show
that REF52 cells do not arrest in response to a low nonselec-
tive concentration of PALA, continuing to replicate their DNA
for a few days. The DNA breaks likely to result from replica-
tion when DNA precursors are limiting can provide starting
points for gene amplification, probably through bridge-break-
age-fusion mechanisms, as indicated by the structure of the
amplified cad genes, which are arranged in large amplicons on
marker chromosomes (52). The activation of N-myc expression
allows REF52 cells to escape from the arrest induced by bro-
ken DNA and facilitates further cad and N-myc coamplifica-
tion. It is interesting that the amplified DNA is unstable, since
culturing the cells without PALA for 2 to 3 weeks resulted in
the loss of both amplified cad and N-myc genes (data not
shown), indicating that PALA-resistant REF52 cells do not
tolerate amplified DNA well, probably because of the associ-
ated DNA breaks that are a necessary part of continuing
bridge-breakage-fusion cycles (44, 52). Failure to detect dhfr
amplification upon pretreatment with a low nonselective con-
centration of MTX, followed by selection at a higher concen-
tration, may be due to a very low frequency of the two required
events if there is no gene near dhfr that can overcome the
arrest.

Overexpression of MYC abrogates the ability of p53 to cause
growth arrest. We have shown previously that the inactivation
of wild-type p53 in REF52 cells by expression of a mutant p53
protein or SV40 T antigen (26) permits the selection of PALA-
resistant cells with amplified cad genes. The present data dem-
onstrate that a similar effect can be achieved through overex-
pression of MYC, which overcomes the p53-mediated cell
cycle arrest induced in response to PALA treatment. In con-
trast, MTX-induced early S-phase arrest does not depend on
p53 (32); N-myc is not able to overcome this arrest, and, as a
result, REF52/N-myc cells do not give rise to MTX-resistant
colonies. Analysis of untreated REF52/N-myc cells reveals that
the p53 level is significantly increased, probably through pro-
tein stabilization, in proportion to N-MYC expression. The
accumulation of wild-type or mutant p53 has been found in
cells with deregulated expression of c-MYC (23, 45), but the
mechanism is unknown. Despite their high levels of p53, un-
treated REF52/N-myc cells have a low basal level of p21waf1,
suggesting that the p53 present is unable to activate p21waf1

transcription. DNA damage or treatment with PALA does
lead to p53-dependent activation of p21waf1 expression, which,
however, does not lead to efficient cell growth arrest. Instead,
the REF52/N-myc cells became very sensitive to apoptosis, and
their ability to undergo apoptosis correlated with the levels of
N-myc and p53. These data are consistent with the observa-
tions that MYC-mediated, p53-dependent apoptosis is inde-
pendent of cell cycle arrest and the induction of p21waf1 (65).
However, the involvement of p53-independent mechanisms of
MYC-mediated apoptosis (46) is also possible.

The predominantly cytoplasmic localization of p53 in
REF52/N-myc cells, even after UV irradiation, prompted us to
suggest cytoplasmic retention as a p53-inactivating mecha-
nism. Many tumors and cell lines have been identified recently
which use cytoplasmic retention of wild-type p53 as a way to
inactivate the ability of p53 to suppress growth (37, 38, 58).
However, this mechanism has not been connected to the de-
regulated expression of N-MYC. Interestingly, cytoplasmic re-
tention of p53 is also observed in neuroblastomas, tumors in
which N-MYC is overexpressed frequently. The absence of p53
mutations in primary neuroblastomas (29, 64) supports the
idea that these tumors may have developed other ways to
inactivate the growth-suppressive function of p53. Recent data

showing that c-MYC represses growth arrest by suppressing
the transcription of gadd45 mRNA (35) represents another
possible mechanism, which we are now testing.

In summary, we have demonstrated that activation of a myc
proto-oncogene, which can be stimulated under relatively mild
conditions, allows cells to overcome the p53-mediated cell cy-
cle arrest that follows DNA damage, thus promoting gene
amplification and genomic instability.
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