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ABSTRACT

Chronic exposure (>2(MI days) of HAI fibroblasts to increasing con
centrations of 11,( ), or O2 results in the development of a stable oxidative
stress-resistant phenotype characterized by increased cellular antioxidant

levels, particularly catatase (I). R. Spitz el al,. Arch. Biochem. Hiophvs.,
279: 249-260, 1990; I). R. Spitz el al.. Arch. Biochem. Biophys., 292:
221-227. 1992; S. J. Sullivan el al.. Am. J. Physiol. (Lung Cell. Mol.
Physiol.l, 262: L748-L756, 1992). Acutely stressed cells failed to develop

a stably resistant phenotype or increased catalase activity, suggesting that
chronic exposure is required for the development of this phenotype. This
study investigates the mechanism underlying increased catalase activity in
the II ,<>,- and O,-resistimi cell lines.

In II .(>,- and O,-resistant cells, catalase activity was found to be
20-30-fold higher than that in the parental HAI cells and correlated with
increased immunoreactive catalase protein and steady-state catalase
mRNA levels. Resistant cell lines also demonstrated a 4-6-fold increase in

catalase gene copy number by Southern blot analysis, which is indicative
of gene amplification. Chromosome banding and in situ hybridization
studies identified a single amplified catalase gene site located on a rear
ranged chromosome with banding similarities to Z-4 in the hamster
fihrohlast karyotype. Simultaneous in situ hybridization with a Z-4-spe-
cific adenine phosphoribosyltransferase i H'/i/'i gene revealed that the

amplified catalase genes were located proximate to APRT on the same
chromosome in all resistant cells. In contrast, HAI cells contained only
single copies of the catalase gene that were not located on .V/Vf'/'-nmtnin-

ing chromosomes, indicating that amplification is associated with a chro
mosomal rearrangement possibly involving /.-4. The fact that chronic

exposure of HAI cells to either H,O2 or 95% O2 resulted in gene ampli
fication suggests that gene amplification represents a generalized response
to oxidative stress, contributing to the development of resistant pheno-

types. These results support the hypothesis that chronic exposure to
endogenous metabolic or exogenous environmental oxidative stress rep
resents an important factor contributing to gene amplification and
genomic instability.

INTRODUCTION

In all O,-metaboli/.ing cells, a delicate steady-state balance exists

between ihe production of prooxidant species (i.e., hydrogen perox
ide, superoxide. and organic hydroperoxides) believed to arise from
respiration and cellular antioxidants that act in concert to detoxify
these species (i.e., catalases. glutathione peroxidases, glutathione re-

ductascs. superoxide disimilases, glutathione. and NADPH). When
this balance is disrupted by increases in prooxidant production and/or
decreases in antioxidant capacity, a condition referred to as oxidative
stress exists (1). If oxidative stress persists, oxidative damage to
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critical biomolecules (i.e., DNA. RNA. proteins, and lipids) accumu
lates and eventually disrupts normal metabolism, resulting in a wide
variety of biological effects ranging from alterations in signal trans-
duction and gene expression (2-5) to mitogenesis (6). transformation
(7-9). mutagenesis (10. 11), and cell death (12-14). To survive
oxidative stress, the cell must reestablish the steady-state balance
between prooxidants and antioxidants. because steady-state metabo

lism requires a highly reducing environment. This is accomplished by
decreasing prooxidant production, increasing antioxidant capacity,
and/or increasing the repair of oxidative damage. The basic mecha
nisms whereby cells reestablish this balance in response to oxidative
stress are fundamental to understanding the biological effects result
ing from exogenous exposure to prooxidants as well as endogenous
increases in prooxidants caused by changes in respiration.

To investigate the basic mechanisms underlying resistance to oxi
dative stress in mammalian cells, stable oxidative stress-resistant cell

lines have been isolated from the HAI Chinese hamster fibroblast cell
line after chronic (>2(X) days) exposure to progressively increasing
concentrations of H2O2 (50-800 JU.M)or O2 (80-95%; Refs. 12-15).
In this regard. H2O2 represents chronic exposure to a well-defined

exogenously applied oxidant. and 95% O, represents chronic expo
sure to an endogenous source of increased prooxidant production
believed to be derived from mitochondria! respiration (12-14). Both
the H2O2 (designated OC5 and OC 14)- and 95% O,-resistant (desig

nated O2R95) cell lines demonstrated stable (>75 days after oxidant

exposure) increases in several cellular antioxidants including gluta
thione. glutathione peroxidase activity, superoxide dismutase activity,
and catalase activity (12-14). The greatest magnitude of increase
(20-30-fold) was noted in catalase activity; therefore, the molecular

mechanism(s) responsible for this dramatic change is of considerable
interest.

To define the mechanisms responsible for this increase in catalase
activity, we examined the relationship between increased catalase
activity, immunoreactive protein, steady-state mRNA levels, and the

catalase gene copy number. When the catalase gene was found to be
amplified, the mechanisms by which this stable amplification event
could have occurred were investigated using chromosomal in situ
hybridization and chromosome banding studies. The results indicate
that chronic exposure of HAI cells to oxidative stress causes ampli
fication of the catalase gene by a process involving recombination
between chromosomes containing the catalase and APRT'' genes. This

work supports the hypothesis that gene amplification may represent a
fundamental cellular response underlying the development of resistant
phenotypes after the chronic exposure of immortalized cells to oxi
dative stress.

' The abbreviations used are: APRT. adenine phosphoribosyltransferase: DAPI. 4'.6-

diamidino-2-phenylindole: CAT. catalase.
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MATERIALS AND METHODS

Cell and Culture Conditions. HAI. OC 14, OC5, and O2R95 cell lines
were maintained in Eagle's MEM supplemented with 10% PCS (Hyclone).

penicillin/streptomycin, and phenol red as described previously (12-14).
Monolayers of cells were grown exponentially to 50-80% confluence and then

used for the preparation of whole cell homogenates and chromosome spreads
or extracted for RNA or DNA. Cells for survival experiments and the isolation
of acutely treated clones were grown in a similar fashion and treated in
complete media with H2O2 or 95% O2 as described previously (12-14). After

treatment, the cultures were trypsinized and plated into cloning dishes and
incubated for 7-9 days, and the clones were ring-isolated or stained for

clonogenic survival analysis as described previously (15).
Sample Preparation for Enzymology, Immunoblotting, RNA, and DNA

Analysis. For the en/ymology and determination of immunoreactive protein,
cell monolayers were harvested by scraping at 4Â°Cin PBS. pelleted at 400 X g,
froz.en at â€”¿�20Â°C.thawed at room temperature, and homogenized on ice in 50

mM potassium phosphate buffer (pH 7.8) containing 1.34 mM diethylenetri-

aminepentaacetic acid (13). Whole homogenates were used to measure catalase
activity by the method of Beers and Si/er (16) with the analysis of Aebi (17)
as described previously (12). Activity units were normalized to protein content
as determined by the method of Lowry et al. (18). and equal aliquots of
homogenates were processed and loaded onto polyacrylamide gels for immu-
noblotting based on this determination. Total RNA was isolated from mono-
layers directly from the culture plate using Tri-Reagent (Molecular Research
Center, Inc.. Cincinnati. OH) according to the manufacturer's instructions.

Extracted samples were stored in 100% ethanol at -80Â°C until analysis.

Genomic DNA was isolated by lysing cells in 0.5 M EDTA and 100 /ig/ml
proteinase K and then digesting them overnight at 50Â°C.The mixture was

extracted twice with phenol-chloroform and the DNA precipitated with etha

nol. The DNA pellets were recovered by centrifugation, resuspended in TE
buffer (10 mM Tris and l mM EDTA (pH 8.0)]. and treated with 10 /ng/ml
DNase-free RNase for I h before extraction with phenol-chloroform. The
genomic DNA was then reprecipitated and stored in absolute ethanol at â€”¿�80Â°C

until analysis. RNA and DNA concentrations were determined spectrophoto-

metrically at 260 nm.
Determination of Immunoreactive Catalase Protein. A rabbit polyclonal

antibody made against bovine catalase (Sigma: C-40) was kindly provided and

characterized by Spitz et al. (12). Polyacrylamide gels (10%) were loaded with
equivalent quantities of protein to which an equal volume of 2x Laemmli lysis
buffer [1 X Laemmli lysis buffer = 2.4 M glycerol, 0.14 M Tris (pH 6.8), 0.21
M SDS. and 0.3 mM bromphenol blue] had been added and then electrophore-
sed using a Mini Protean II system (Bio-Rad. Richmond. CA). The separated

proteins were transferred to polyvinylidene difluoride membranes, blocked
with powdered milk, and incubated with a 1:1000 dilution of antibody. The
membrane was then reacted with goat antirabbit horseradish peroxidase-

conjugated secondary antibody (Amersham), and the protein bands were
visualized using enhanced chemiluminescence (Amersham) and photographic
film. Quantitation was done by densitometry on the exposed film, after which
the membranes were also probed with ÃŸ-actin antibody to ensure equal

loading. For quantitative comparisons between resistant cells and HAI. the
resistant cell protein was diluted 1:7 before electrophoresis, so that the inten
sity of all of the bands to be compared was within the linear dynamic range of
the film.

Determination of Catalase mRNA Levels and DNA Copy Number. A
human catalase cDNA probe (pCatlO) was kindly provided by Dr. Franklin
Quan (University of Toronto, Toronto, Canada; Refs. 19 and 20). This probe
was used for Northern blot analysis of mRNA levels and to isolate a homol
ogous hamster probe for Southern blot analysis and gene mapping by in situ
hybridization. A hamster genomic DNA library in LambdaFix (Stratagene)
was screened by plaque hybridization with radiolabeled insert DNA from the
pCatlO clone, and recombinant A-phage were isolated. Clone A-Cat3 was
found by restriction mapping to contain a 12-kb insert that was subcloned as

a single fragment into the Noti site of pBS SKII generating pCat3, which was
used for in situ hybridization analysis. From pCat3, a 1-kb Sad subfragment

was isolated and cloned (pSacl) that was used for Southern blot analysis. This
fragment was subjected to DNA sequence analysis and found to encode the 3'
COOH terminus of the catalase gene as well as the untranslated 3' mRNA

sequences (data not shown), thus confirming the identification of A-Cat3 as

encoding the hamster catalase gene. The full-length APRT gene contained in
A-phage clone S78 was the generous gift of Dr. Mark Meuth (M. D. Anderson
Cancer Center, Houston. TX). For Southern blot analysis, a 3.9-kb BtunHl

fragment from a subclone containing only the APRT gene, a gift of Dr. Gerald
Adair (University of Utah. Salt Lake City. UT: RÃ©f.21). was isolated for use
as a probe, whereas the entire A-phage clone was used for in situ hybridization

analysis.
Northern blot analysis was carried out by fractionating approximately 10 fig

of total cellular RNA from each sample by electrophoresis on a formaldehyde-

agarose gel, followed by transfer to a GeneScreen Plus membrane (DuPont).
The membrane was then hybridized with ':P-radiolabeled DNA probes pre

pared by random priming (Amersham) in 1% SDS. I M NaCl. and 10% dextran
sulfate overnight at 65Â°C.The membrane was washed twice in 1% SDS and
2x SSC at 65Â°Cand once in 1% SDS and 0.4X SSC at 65Â°Cbefore being

exposed to film for autoradiography. The membranes were probed initially
with the CAT-specific probe (either pCatlO or Sad}, followed by a ÃŸ-actin

probe as an internal loading control. Southern blot analysis was carried out by
electrophoresing 10-^.g samples of ÃŸ,<;/II-digestedgenomic DNA on a 1%

agarose gel in TEA buffer and then transferring the DNA onto GeneScreen
Plus membrane by blotting with 0.4 N NaOH. Hybridization and wash condi
tions were the same as those for the Northern blot analysis. Membranes were
hybridized with a radiolabeled catalase probe ( 1.0-kb Sad fragment), followed
by the 3.9-kb BamHl APRT gene probe as a loading control. Quantitation was

carried out by densitometric scanning of the resulting autoradiographs.
Chromosome Banding and in Situ Hybridization. In the initial in situ

hybridization and banding experiments, the metaphases were collected by
treating the cells in 200 Â¿ig/mlbromodeoxyuridine for 2.5 h. followed by 4 h
in 5 /ig/ml thymidine and then 1.5 h in 0.1 jug/ml Colcemid, and then the
metaphases were harvested by shaking the flask and collecting the media. After
centrifugation. the media were discarded, and the cells were resuspended in
0.4% KC1 ( 10 ml) and then incubated at 37Â°Cfor 30 min. Cells were then fixed

in 3:1 (v/v) methanol:acetic acid (22), and air-dried chromosome spreads on

slides were prepared. For in situ hybridization, the slides were pretreated with
RNase and proteinase K before denaturation in 70% formamide. The 1.5-kb

insert from pCatlO was excised with EcoRl and Wi/idlH and labeled with biotin
using the Oncor nick translation kit. The probe was dissolved in hybridization
mix (containing 50% formamide. tRNA. and herring sperm DNA) to a final
concentration of 2 ng//il and denatured at 70Â°C.Slides were incubated with the

probe overnight, and unincorporated probe was removed in 50% formamide.
The signal was amplified with biotin-antiavidin. and a total of three layers of
avidin-FITC were applied. Slides were mounted in antifade containing pro-

pidium iodide counterstain. FITC signals were visualized with epifluorescence.
and color slides were taken with Kodak EKTACHrome P800/I600 transpar
ency film. The metaphases were photographed twice to view DAPI-banded

chromosomes and FITC signals. This method (using the cDNA pCatlO probe)
was adequate to determine that the amplified genes resided on a chromosome
that had some banding characteristics consistent with hamster chromosome
Z-4, as determined by comparison with a previously published hamster fibro-

blast karyotype (23). However, experiments using this probe were unable to
detect single copies of the catalase gene in the parental HAI cell line and were
therefore unable to yield information as to the mechanism of how the ampli
fication event may have occurred.

The second set of experiments designed to determine the chromosomal
localization of single copies of the catalase gene in relation to the APRT gene
known to reside on hamster chromosome Z-4 (23) was carried out by in situ

hybridization of the homologous gene sequences present in pCat3 and simul
taneous cohybridization with a A-phage clone containing the hamster APRT
gene. These experiments were done with pCat3 (a 12-kb genomic catalase gene
probe) labeled with digoxigenin (green) and S78 (a recombinant A-phage clone

containing the genomic APRT gene probe) labeled with biotin (red), according
to a previously published method (24. 25). Briefly, in situ hybridization and
washing procedures were performed essentially as described previously (24,
25), with the following modification. Two-color hybridizations were done with
100 ng each of digoxigenin-labeled pCAT3 and biotin-labeled S78 DNA plus

50 /ig of hamster Cot 1 DNA (Life Technologies, Inc.). 5 /ig of sheared salmon
sperm DNA, and 5 /ig of Escherichia coli tRNA in 10 /Â¿Iof 10% dextran
sulfate, 50% formamide. and 1x SSC and hybridized overnight at 37Â°C.After

washing, the bromodeoxyuridine-substituted metaphase chromosome prepara

tions were treated to obtain replication banding by staining with Hoechst
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Fig. 1. Catalase activity in HAI, OC 14. OC5. O2R95, H2O2, and 95% O2 acutely

selected clones from HAI. Cell lines were maintained and harvested as described in
"Materials and Methods." and calalase activity was determined on whole homogenates

and nonnali/ed per milligram of protein. The /V values represent the number of separate
samples that were analyzed and. in the case of the acutely selected cells, the number of
separately collected clones. Errors represent Â±I SD, and asterisks indicate those groups
that are significantly different from HAI (P < 0.05).

33258 (0.5 mg/ml) and irradiating for 10 min at a 20-cm distance from two
15-W UV bulbs. Biotin-labeled probe detection was performed with 10 fig/ml
Cy3-conjugated avidin (Sigma), and digoxigenin-labeled probe detection was
performed with a 1:200 dilution of FITC-conjugated antidigoxigenin (Boeh-

ringer Mannheim) in 4x SSC and 0.2% Tween 20 for 30 min. The digoxigenin
signal was amplified with FITC-conjugated F(ab')2 fragment rabbit antisheep

IgG (H + L; Jackson ImmunoResearch Laboratories, Inc.). Finally, the slides
were stained in DAPI and mounted.

Statistics. Statistical comparisons were made using ANOVA with Dun
can's new multiple range test. The mean Â±1 SD is reported. Differences were

declared significant if P < 0.05.

that required chronic exposure to develop, the following experiment
was carried out. Populations of the parental HA 1 cells were selected
with a single acute exposure to 1 ITIMH2O2 for l h or 95% O2 for 92 h
(surviving fraction < 2 X IO"1), and nine surviving clones from each

treatment group were ring-isolated and expanded into clonally se

lected cell lines. Each H2O2 or 95% O2 clonally selected cell line was

0Â° 0Â°

-CAT

-Actin

Fig. 2. Western blot analysis of catalase protein levels in oxidative stress-resistant cell
lines. Ten /ig of total cellular protein isolated from the HAI, OC5, OC 14, and O2R95 cell
lines were electrophorcsed under denaturing conditions. The proteins were transferred to
membranes and incubated with (he indicated antibodies. Quunlitation was accomplished
in a separate experiment by diluting (he resistant cell homogenales 1:7 before analysis (o
obtain all band intensities in the linear range of (he film before densitometry was carried
out.

RESULTS

The mean catalase activity in the parental HA 1 cell line and in the
oxidative stress-resistant OC 14, OC5, and O-.R95 cell lines was

measured throughout the course of the experiments (approximately
100 population doublings) shown in Figs. 2-5. Both the H2O2-
resistant (OC14 and OC5) and 95% O2-resistant (O,R95) cell lines
demonstrated significant 20-30-fold increases in catalase activity

(Fig. 1). The increase in catalase activity was the result of correspond
ing increases in the immunoreactive catalase protein (Fig. 2) as
measured by Western blot analysis. Experiments in which resistant
cell samples were diluted until the band intensity was approximately
equal to that of HAI indicated that catalase protein levels increased
approximately 25-fold in the resistant cell lines (data not shown).

Within the limits of resolution, the protein appeared to be of identical
size in all cell lines. Northern blot analysis of total cellular RNA
isolated from the four cell lines also indicated that the steady-state

levels of catalase mRNA (Fig. 3) had similarly increased in the
resistant cell lines. These results show that the increased catalase
activity observed in the oxidative stress-resistant cell lines as com

pared with that of the parental cell line is due to increased protein
levels that are the consequence of increased catalase mRNA levels.

To determine whether this stable increase in catalase expression
resulted from a selection of preexisting cells from the HAI population
that overexpressed catalase before oxidant exposure or from a process

-CAT

Fig. 3. Northern blot analysis of calalase mRNA levels in the HAI. OC5. OC 14. and
O2R95 cell lines. Total cellular RNA (10 fj.g) was loaded into each lane of a formalde-
hyde-agarose gel, separated, and then transferred onto membranes. Hybridization with the
pCatIO probe for catalase mRNA and a 0-actin cDNA probe was then accomplished.
Hybridized mRNAs were visualized by auloradiography.
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Fig. 4. Southern blot analysis of the catalase gene copy number in HAI. OC5. OCI4.
and O,R95 cells. Ten /ig of genomic DNA isolated from each of the cell lines were
digested with Bgl\\. separated, and subjected to Southern blot analysis. The blot was
probed with the 1.0-kb genomic fragment from pCAT3. whereas the APRT gene probe
was a 3.9-kb genomic ÃŸi/mHIfragment. Hybridi/ed hands were visuali/ed with autora-

diography and quantitated by laser densitometry.

then evaluated for catalase activity. Fig. 1 shows that acute single dose
selection with either H2O2 or 95% O2 resulted in cell lines that
demonstrated catalase activity that was not significantly greater than
that of the nonselected parental HAI cell populations. These results
support the hypothesis that catalase overexpression in the OC5. OC 14,
and CKR95 cell lines developed as a result of chronic exposure to
oxidative stress and not by the selection of a preexisting phenotype
from the heterogeneous HAI parental cell line acutely exposed to
oxidative stress.

The remarkable stability (>200 days; approximately 200 popula
tion doublings) observed for increased catalase activity in cell lines
chronically exposed to oxidative stress indicated that stable genetic
changes had occurred. Because overexpression is often associated
with gene amplification, the number of catalase genes present in the
parental HAI cell line and the resistant OC5, OC14, and O2R95 cell
lines was determined by Southern blot analysis. The genomic DNAs
(10 /ig each) were digested with Bglll. transferred to a membrane
after electrophoretic separation, and then hybridized with a radiola-
beled 1-kb genomic fragment from the CAT gene along with a 3.9-kb

BamHl fragment from the hamster APRT gene (Fig. 4). Each gene
fragment detected a single Bglll fragment (1.4 kb for the CAT gene
and 5.0 kb for the APRT gene). Levels of the APRT gene varied little
among the four cell lines, but a 4-6-fold increase in catalase gene
copy number was detected in both the H,O-,- and 95% 0-,-resistant

cell lines. Therefore, overexpression of catalase mRNA seems to be
due in part to amplification of the catalase gene.

The amplified CAT genes could be the result of independent events
at multiple sites or a single amplification event involving one site.
This question was addressed by in situ hybridization and banding

studies to map the location of the CAT genes in the HAI parental cell
line and the resistant cell lines. Preliminary chromosome identifica
tion was carried out by selecting four metaphases with the clearest
DAPI (G bands) banding from HAI, OC5. and OC 14 cells. After
examination of the karyotypes, the only consistent difference was the
absence of chromosome Z-4 in the resistant cell lines (data not

shown). In its place, a long acrocentric chromosome with a small short
arm was present in OC14 cells, and an acrocentric chromosome with
no short arm was present in OC5 cells. A comparison of banding
patterns revealed that the three dark bands from Z-4 were present in

the acrocentric chromosomes beginning from the distal end to midway
toward the centromere. Three dark bands proximal to where the Z-4

bands ended appeared to come from another chromosome. These new
bands appeared to include the site where catalase genes were ampli
fied, as determined by in situ hybridization using the pCatIO probe
(data not shown). Unfortunately, in these initial experiments using the
cDNA probe (pCatIO), single copies of the catalase gene in the HAI
parental cell line could not be identified; therefore, no information as
to the type of rearrangements that may have been involved in the
amplification event was obtained.

Because it was not possible to locate the single copies of the
catalase gene in the HAI parental cells using the cDNA probe, a new-

probe (pCat3) containing 12 kb of catalase genomic DNA was pre
pared for in situ hybridization mapping. In addition, to test the
hypothesis that Z-4 rearrangements were involved in the amplification

event, the chromosomes were also probed with the hamster APRT
gene (S78 A-phage probe) that had been previously mapped to Z-4
(23, 26). Fig. 5A shows an in situ hybridization of the digoxigenin-
labeled pCat3 probe (green) and biotin-labeled APRT probe (red) to
HA 1 chromosomes. The HA I chromosomes showed signs of karyo-

typic instability and had three to four catalase gene copies located on
different chromosomes and three to four single copies of the APRT
gene also residing on different chromosomes. None of the HA 1 cells
examined demonstrated hybridization of both pCat3 and APRT on a
single chromosome. In contrast. OC5 (Fig. 5ÃŸ).OC 14 (Fig. 5C), and
O2R95 (Fig. 5D) all contained a single amplified catalase gene site
that was now located on a chromosome with an APRT gene. Neither
the Southern blot analysis (Fig. 4) nor the in situ hybridization results
(Fig. 5) indicates amplification of the APRT gene. These results
suggest that a translocation event involving a chromosome carrying a
copy of the APRT gene (possibly Z-4) and a separate chromosome

carrying a single copy of the catalase gene occurred during chronic
exposure to oxidative stress. Amplification of the catalase gene was
only observed in cells that had undergone translocation, and gene
amplification was always restricted to a single A/'/ÃŽT'-associatedchro

mosomal site. Because both the H-.O-,- and 95% O-,- selected cell lines

exhibited similar rearrangements and gene amplification, the translo
cation/amplification event does not seem to be specific to the condi
tions of oxidan! exposure but rather seems to occur in response to
chronic oxidative stress in general.

DISCUSSION

The most significant finding in the current study is that chronic
exposure of a mammalian cell line to an exogenous (H,O2) or endog
enous (95% O2) metabolic source of oxidative stress results in the
amplification of an antioxidant gene (catalase) critical to the devel
opment of the stable oxidative stress-resistant phenotype. Overexpres

sion of catalase could not be detected in HAI cells that survived a
single acute exposure to either H-.O-, or 95% O2. It is unlikely,
therefore, that chronic oxidant exposure selected a preexisting sub-

population already stably expressing catalase at elevated levels from
the parental cell line. These data support the hypothesis that prolonged
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*>In \iiu hyhndi/ation ol the e.ituluse IÂ¿,'Ã•V<'/Manil APRT l./vJi Â¿eneslo HAI l/U. OC? (,/fl. (K"14 (ft, and O2Rl>5 (/)l chromosomes. Metaphase chromosomes were prepared

from the four cell lines and hybridized simultaneously with the digoxigenin-labeled catatase gene (green. pCAT3 probe) and biotin-labeled APRT gene (reti, S78 A-phage probe) as
described in "Materials and Methods." At least 12 cells from each cell line were carefully examined, and a representative photograph is shown from each group. Small arrows in A

indicate single copies of catatase (green) and APRT (red). Large arrows in B-D indicate amplified catatase genes.

exposure to oxidative stress is the critical step in the genetic changes
that lead to catalase overexpression.

Currently, there are two nonexclusive models for gene amplifica
tion. The first mechanism proceeds through the reintegration of ext-

rachromosomal copies of the selected gene in the form of episomal or
double minute chromosomes. It is unlikely that this mechanism con
tributes to catalase gene amplification, because no double minute
chromosomes containing catalase genes were detected by in situ
hybridization in either the resistant or parental cell lines. The second
process by which gene amplification is believed to occur is the
chromatid breakage-fusion-bridge mechanism commonly seen in

drug-selected hamster cell lines (27, 28). In this model, a chromatid

break is induced on the chromosome between the resistance gene and
the telomere. After replication, the broken end is repaired by fusion
with the sister chromatid. generating a dicentric chromosome with
duplicated copies of the target gene. Repetition of the cycle generates
multiple copies of the gene located distal to the original locus (see
Ref. 27 for more details). Evidence from recent studies of drug-

induced gene amplification has found that these breakage sites are
associated with fragile sites (27, 28). In addition, the literature sug
gests that chromosomal instability and recombinational events may
also be related to fragile site sequences (27-29). Chronic exposure of
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Chinese hamster ovary fibroblasts to 95% O2 has been shown to give Perhaps one of the most speculative but intriguing applications of
rise to what appear to be fragile sites as well as chromosomal insta
bility (aberrations and breaks; Ref. 30), and it is reasonable to postu
late similar effects from other oxidants such as H2O2. Even more
relevant is the localization of 95% O2-induced fragile sites to chro
mosomes Z-3 and Z-4 (30), the latter being a tentatively identified

catatase gene amplification site in the current study as well as a site
prone to deletions in a previous study (26). These data lead us to
speculate that perhaps fragile site sequences near APRT on Z-4 and

near the catalase gene on another chromosome are activated by agents
causing oxidative stress, thereby initiating DNA strand breakage, the
critical first step leading toward gene amplification of the protective
protein, catalase. This hypothesis is consistent with the observation
that many of the drugs and agents (including H2O2) that give rise to
gene amplification cause DNA breaks (27, 31 ).

A second unresolved mechanistic question is whether the gene
amplification/translocation event alone can account for the increased
levels of catalase mRNA in the oxidative stress-resistant phenotype.
There is a very good correlation between the 20-30-fold increases in

catalase activity, the increases in immunoreactive protein, and the
steady-state levels of mRNA. The observed 4-6-fold increase in

catalase gene copy number, although a major component contributing
to increased catalase levels, does not seem to be able to completely
account for the increase in steady-state catalase mRNA levels. Chro

mosomal translocations can disrupt normal gene structure and alter
gene expression by bringing new regulatory elements such as enhanc
ers or sequences that govern mRNA stability into the gene structure
(32). Translocations involving the catalase gene could involve such a
phenomenon. In this model, oxidative stress would activate fragile
sites, leading to chromosome translocations resulting in both catalase
gene amplification and the juxtaposition of new sequences that en
hance transcriptional activity or increase the mRNA stability of the
amplified genes. Alternatives to this hypothesis could also include
specific secondary mutations in a transcription factor(s) that binds to
the catalase gene and/or the loss of negative regulatory elements in the
gene itself. Regardless of the specific mechanism, it does seem that
mechanisms other than gene amplification are contributing to the
increase in catalase mRNA.

The overall significance of oxidative stress-induced gene amplifi

cation in immortalized cell lines potentially relates to a wide variety
of biologically significant situations due to the ubiquitous nature of
oxidative stress. Many cytotoxic therapies used for the treatment of
cancer result in increased oxidative stress. Anthracycline antibiotics
(i.e., Adriamycin) are known to cause oxidative stress, and gene
amplification seems to be one mechanism by which cells can become
resistant to these chemotherapeutic agents (33). Many other anticancer
agents such as mitomycin C, nitrogen mustards, and ionizing radiation
have been suggested to result in oxidative stress, and repeated treat
ment with these agents is associated with the acquisition of cellular
resistance to drugs as well as gene amplification (34-39). Previously,
we have shown that the oxidative stress-resistant phenotype in OC5

and OC 14 cells is accompanied by an increased resistance to cisplatin
(40), and we have data showing that OC5 cells become resistant to
Adriamycin-induced cell killing.4 The data in this report as well as

data from other studies showing that hamster as well as human tumor
cells are capable of undergoing antioxidant gene amplification in
response to chronic oxidative stress (41, 42) suggest that gene ampli
fication may be a generalized response to oxidative stress with po
tential relevance to a wide variety of situations in which tumor cells
become resistant to cytotoxic therapy.

1Unpublished observations.

the concept that gene amplification and genomic instability represent
a generalized response to oxidative stress may involve situations in
which gene amplification is known to occur, but the origin of the
selective pressure responsible for inducing the amplification event is
unknown. Several reports document the amplification of presumptive
oncogenes in human tumors, but the origin of the selective pressure
responsible for inducing the amplification event is as yet unknown
(reviewed in Ref. 43). In addition, human tumor cells seem to have
increased intracellular production of prooxidants such as peroxides as
well as decreases in cellular antioxidants such as catalase and man
ganese Superoxide dismutase (Ref. 44; reviewed in Ref. 45) that
would be expected to result in a prooxidant state. It is also well
accepted that oxidative stress can initiate as well as promote carcino-

genesis, and antioxidants are known to be anticarcinogens (7, 8). It is
therefore intriguing to speculate that the amplification of oncogenes
could be induced as a generalized response to an endogenous oxida
tive stress associated with the carcinogenic process and the altered
metabolism of cancer cells that allows the tumor cell to continue to
proliferate in the face of an increasingly prooxidant state. In support
of this speculation, it has been recently reported that cell lines trans-

fected with myc and ras (both presumptive oncogenes) become re
sistant to oxidative stress induced by exposure to ionizing radiation
(46) and demonstrate significant alterations in oxidative metabolism
(47). However, rigorous testing of this hypothesis awaits further
experimentation.

In summary, our results demonstrate that chronic exposure of the
HAI cell line to exogenous bolus doses of H2O2 or endogenous
metabolic increases in prooxidant production caused by 95% O2
(presumably OT, H2O-,, and organic hydroperoxides) results in the

amplification of catalase genes in a process that seems to involve
genomic instability. The extra copies of the gene are stably integrated
into the chromosomal structure and seem to be the result of a recom-

binational event. This work suggests that gene amplification could
represent a generalized response to oxidative stress in immortalized
cell lines that contributes to the development of resistant phenotypes
after chronic exposure. This work also supports the hypothesis that
chronic exposure to environmental or metabolic oxidative stress could
represent an important factor contributing to gene amplification and
genomic instability.
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