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Changes in gene expression represent a major protective mechanism, and enforced overexpression of individual
genes has been shown to protect cells. However, no large-scale comparison of genes involved in mammalian
oxidative stress protection has yet been described. Using filter microarray and restriction fragment differential
display technology, hydrogen peroxide (H,O,)-resistant variants of hamster HA-1 fibroblasts and human HL-60
promyelocytes were found to possess a surprising lack of commonality in specific modulated genes with the
single exception of catalase, supporting the hypothesis that catalase overexpression is critical for resistance to
H,0,. Comparison of two cell lines from the same species (hamster) selected with an exogenous oxidative
stressing agent (H,O,) and an endogenous metabolic oxidative stressing agent (95% O,) also revealed little
commonality in modulation of specific mRNAs with the exception of glutathione S-transferase enzymes and
catalase. Acute oxidative stress in HL-60 led to the modulation of a limited subset of the genes associated with
chronic oxidative stress resistance. Overall, these results suggest that mammalian resistance to oxidative and
perhaps other stress does not require a significant number of common genes but rather only a limited number of
key genes (e.g., catalase in our model systems) in combination with others that are cell type and stress agent
specific.
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RESISTANCE to oxidative stress-induced damage is
an important part of cellular and organismal homeo-
stasis. Both prokaryotic and eukaryotic organisms
have evolved a plethora of defensive strategies to
protect themselves against the destructive effects of
both chronic and acute stress. Changes in gene ex-
pression are thought to represent a major protective
mechanism involved in stress responses. Further-
more, enforced expression of individual genes has
been shown to provide some protection, though usu-
ally not as effectively as the global responses seen
naturally. Elevated levels of Grp78, Grp94, heat
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shock protein 70, and heme oxygenase have all been
shown to protect cells against stress-induced damage
(2,10,13,20,21). Knowledge gained from the study of
these modulated genes not only lends insight into the
basic mechanisms of stress resistance, but may also
offer potential advantages as clinical targets in treat-
ing cancer and other diseases.

In addition to classical antioxidant enzymes (cata-
lase, glutathione peroxidases, and superoxide dismu-
tases), several novel potential mechanisms by which
cells become resistant to oxidative stress have been
suggested, including increased expression of redox-
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sensitive transcription factors (1,8) and increased ex-
pression of aldehyde-metabolizing enzymes (36). In
addition, it is also highly likely that other as yet un-
discovered alterations in gene expression could
contribute to resistance of oxidative stress. To date,
however, the number of genes assessed for cytopro-
tection is relatively small and limited to a few spe-
cific model systems. This is due, at least in part, to a
lack of studies comparing the modulation of genes in
oxidative stress-resistant cell lines. Those few studies
that attempted a comprehensive analysis of gene ex-
pression in oxidative stress-resistant cells have con-
centrated on one resistant phenotype due, at least in
part, to the labor-intensive nature of gene analysis
methodology. This has changed, however, with the
advent of gene microarray technology. This technol-
ogy now allows for the analysis of thousands of
genes in a single hybridization experiment.

In order to rapidly probe for gene-based mecha-
nisms responsible for mammalian cellular resistance
to oxidative stress, the current study utilized filter mi-
croarray technology as a global screening tool. Gene
expression was compared in three model systems
where resistance to oxidative stress in known to oc-
cur, with the long-term goal of obtaining a better
understanding of the genetic basis for resistance to
oxidative stress. These model systems include com-
paring two cell lines from different species (hamster
and human) selected for resistance to the same agent
(H,0,); comparing two cell lines from the same spe-
cies (hamster) selected for resistance to two different
forms of chronic oxidative stress (H,O, and 95% O,);
and comparing chronic to acute oxidative stress re-
sponses. In addition, restriction fragment differential
display (RFDD) was also used to gain additional in-
sight into the potential genetic mechanisms by which
mammalian cells establish and maintain an oxidative
stress-resistant phenotype.

MATERIALS AND METHODS
Derivation of Resistant HL-60 Cells

HL-60, HP50, and HP100 cells were derived from
HL-60 cells by repeated exposure to 50 and 100 uM
of hydrogen peroxide followed by the outgrowth of
viable cells. HP50 and HP100 were approximately
40- and 340-fold more resistant to hydrogen peroxide
than the HL-60 cells, respectively (14). These cells
were routinely maintained in RPMI medium supple-
mented with 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 pg/ml) in a humidified
incubator atmosphere of 95% air and 5% CO, at
37°C.
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Derivation of Oxidative Stress-Resistant
Hamster Fibroblasts

H,0,-resistant (OC14) and 95% O,-resistant (O,R95)
cell lines were isolated following chronic exposure
(>200 days) of parental HA-1 cells to progressively
increasing concentrations of H,O, or O, as previously
described (11,34,36). All hamster cell lines were
maintained in Eagle’s minimum essential medium
supplemented with Earle’s basic salts, 10% fetal calf
serum, penicillin (100 U/ml), and streptomycin (100
uwg/ml) in a humidified 5% CO,, 95% air atmosphere
at 37°C. Cells were seeded at a density of 2—5 x 10°
cells per 100-mm tissue culture dish and grown expo-
nentially to 75-85% confluence (45 x 10° cells per
100-mm dish) prior to experimental treatment and
harvest. Plating efficiencies of both cell lines were
60-70%.

Acute Oxidative Stress

For acute stress studies, HL-60 cells were passed
at a density of 100,000 cells/ml. After 2 days of incu-
bation, the cells were divided into two groups, one
receiving phosphate-buffered saline (PBS) only (con-
trols) and the other 100 UM of hydrogen peroxide.
Cells were then returned to the incubator for the des-
ignated period of time (4 h) and RNA extracted as
described below. A stock solution of hydrogen perox-
ide (30%, w/w) was diluted in PBS for all cell treat-
ment experiments.

RNA Isolation and Analysis

For HL-60 and HP100 cell lines, the cells were
grown to equivalent cell densities. At this time, the
cultures were centrifuged, washed with PBS, and to-
tal RNA extracted using RNA extractor according to
the manufacturer (Genosys, The Woodlands, TX).
The final RNA pellet was resuspended in diethylpyro-
carbonate-treated distilled, deionized water. The
same protocol was used to extract RNA from HL-60
control and peroxide-treated cells following incuba-
tion for 4 h (see above).

For HA-1, OC14, and O,R95 cell lines total RNA
was isolated from 80% confluent cell monolayers di-
rectly from the 100-mm culture plate using 1 ml of
Tri-Reagent (MRC, Cincinnati, OH) according to the
manufacturer’s instructions. Extracted samples were
stored in 100% EtOH at —80°C until analysis.

Microarray Hybridization

Human gene filter microarrays obtained from Re-
search Genetics (Research Genetics, Huntsville, AL)
were used for these studies. These arrays contain
5184 noncontrol cDNAs derived from various human
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tissues. cDNA was prepared from total RNA (6 ug
each) from duplicate samples obtained from cells as
described above, and the arrays probed and washed
as described by the manufacturer (Research Genet-
ics). A final wash stringency of 50°C and 0.5x SSC,
1% SDS was used for HA-1 sample probings, and
of 55°C and 0.5x SSC, 1% SDS for HL-60 sample
probings. The arrays were then phosphoimaged using
a Storm 860 phosphoimager with ImageQuant soft-
ware (Molecular Dynamics, Riverdale, CA).

Microarray Analysis

Arrays were compared for spot intensity variation
using the Pathways 3.0 software (Research Genetics).
Values were normalized to all data points. Duplicate
arrays were averaged and those exhibiting a twofold
or greater modulation, and of which both values were
either up- or downmodulated, were reported. Of these,
false positives originating from the shadow effects of
adjacent strong expressors or nonspecific background
signal were eliminated by visual examination using
the Thumbnail image window of Pathways.

A strict data filtering criteria was employed speci-
fying a minimum ratio of normalized intensity of 1.5
for either induced specie duplicate value, or maxi-
mum ratio of 0.67 for either reduced specie duplicate
value.

RNA Analyses

Northern blot preparation and hybridization was
carried out as previously described (3,4). Briefly, ex-
tracted RNA was electrophoresed in a 1.1% agarose/
formaldehyde gel, then transferred to Gene Screen
(NEN Research Products, Boston, MA) by capillary
transfer in 10x SSC and UV cross-linked with a UV
Stratalinker 1800 (Stratagene Cloning Systems, La
Jolla, CA). Blots were then prehybridized at least
2 h, then hybridized in 50 mM sodium phosphate
buffer (pH 6.8), 1x SET, 5x Denhardts, 0.5% SDS,
and 200 pug/ml denatured, fragmented salmon sperm
DNA at 65°C in a Hybaid hybridization oven (Labo-
ratory Product Sales, Rochester, NY). The hybridiza-
tion solution contained random primed (Oligolabe-
ling kit, Pharmacia, Piscataway, NJ) radiolabeled
probe added to fresh prehybridization solution. After
overnight hybridization, the blots washed two times
for 10 min each at room temperature with 2x SET
plus 0.2% SDS followed by two more washes for 20
min each at 65°C with 0.4x SET plus 0.2% SDS. The
blots were then phosphoimaged.

Western Blot Analyses

HL-60 cells, pelleted by centrifugation, or HA-1
monolayer cells were washed in PBS and lysed with
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1 ml of 15 mM CHAPS detergent, | mM EDTA, 20
mM Tris-HCI, pH 7.5, and protease inhibitor cocktail
(Boehringer Mannheim, Indianapolis, IN) per 10
cells. The lysates were then mixed with an equal vol-
ume of 2x Laemmli sample buffer (17) and 30 pug
(per lane) electrophoresed on a 15% SDS-polyacryl-
amide gel. After electroblotting to nitrocellulose
membrane according to the manufacturer (Schleicher
and Schuell, Keene, NH), immunoblots were hybrid-
ized to a 1:875 dilution of rabbit polyclonal antibody
prepared against bovine ubiquitin (StressGen, Victo-
ria, BC, Canada). This antibody detects free ubiquitin
and ubiquinated proteins on immunoblots. Ubiquitin
signal was detected using horse radish peroxidase-
conjugated secondary antibody followed by signal
development with ECL Plus according to the manu-
facturer (Amersham Pharmacia Biotech, Arlington
Heights, IL) and signal quantitation with a Storm 860
phosphoimager loaded with ImageQuant software
(Molecular Dynamics).

RESULTS

Filter Microarray Comparison of Hydrogen
Peroxide-Resistant Cells From Two Different
Cell Types

The human gene filter microarrays were hybridized
to probes derived from the RNA of hydrogen perox-
ide-resistant HA-1 and HL-60 cells as described in
Materials and Methods. An example of these results
is shown in Figure 1 for HL-60 control compared
with HP100-resistant cells. In the H,O,-resistant cell
line derived from HA-1 following chronic exposure
to H,0, (OC14), 14 mRNAs were found to be modu-
lated twofold or greater, 5 downregulated, and 9
upregulated. In H,O,-resistant cell line derived from
HL-60 cells following chronic exposure to H,O,
(HP100), 5 mRNAs were downregulated and 16 were
upregulated twofold or more. These results are shown
in Tables 1 and 2, respectively. Comparison of Tables
1 and 2 revealed, surprisingly, that none of the upreg-
ulated or downregulated mRNA species were com-
mon between the resistant cell types. Although hy-
bridizable catalase was not present on these arrays, it
is important to note that both peroxide-resistant cells
lines are known to dramatically overexpress catalase
(11,15,31). Previously reported catalase activities for
OC14 and HP100 cells relative to controls are ap-
proximately 20- and 18-fold, respectively (15,31) and
this increased activity was confirmed in the cultures
used during the current study.

The most dramatically modulated mRNA species
identified by the array probings in the OC14 and
HP100 H,O,-resistant cell lines were glutathione
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Figure 1. Example of microarray analysis. Human gene filter arrays containing 5184 noncontrol cDNAs were hybridized with probes
obtained from HL-60 control and HP100-resistant cells. The cDNA probes were prepared from 6 ug of extracted total RNA in the presence
of ®P radiolabel. After hybridization and washing, a final wash stringency of 55°C and 0.5x SSC, 1% SDS was employed. The arrays were
then phosphoimaged using a Storm 860 phosphoimager with ImageQuant software.

S-transferase (4.6-fold induction) and myeloperoxi-
dase (49.5-fold reduction), respectively. Both obser-
vations are consistent with previous reports (15,35).
Spitz et al. (33) have reported a fourfold increase in
glutathione S-transferase enzymatic activity in OC14
cells using a nonisoform-specific substrate but the
current finding shows this change in expression at the
level of mRNA and indicates that the pi isoform is
increased. Kasugai and Yamada (15) reported a dra-
matic decrease in myeloperoxidase enzymatic activ-
ity in HP100 cells that was not quantifiable due to a
lack of detectable activity in the HP100 cells. In addi-
tion, several mRNAs coding for enzymes associated
with oxidative energy metabolism, signal transduc-

tion, transcription, and proteolysis were also modu-
lated in both the hamster and human H,O,-resistant
cell lines, although the specific enzymes in each cate-
gory were different between the two cell lines. There
was also a strong induction of natural killer cell tran-
script 4 in the HP100 cell line (13.2-fold). However,
the function of the protein product of this mRNA has
not yet been reported.

Microarray Expression Profile Comparison of
Hpyperoxia-Resistant Cell Lines

Because the above results indicated a lack of spe-
cific common genes between different cell types from
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TABLE 1

MODULATED mRNA LEVELS IN HYDROGEN PEROXIDE-RESISTANT HA-1 CELLS DESIGNATED OC14

Assession # mRNA Ratio
AA423944 37-kDa leucine-rich repeat (LRR) protein 0.39
R0O0707 stearoyl-CoA desaturase (delta-9-desaturase) 0.43
AA293050 mitogen-activated protein kinase kinase 4 0.47
AA455316 aryl hydrocarbon receptor-interacting protein 0.48
AA446108 endoglin (Osler-Rendu-Weber syndrome 1) 0.49
AA456931 cytochrome c oxidase subunit VIc 2.03
H50345 succinate dehydrogenase complex, subunit A, flavoprotein 2.03
H57309 slug (chicken homolog), zinc finger protein 2.11
H75599 serum/glucocorticoid regulated kinase 2.17
T64625 esterase D/formylglutathione hydrolase 2.26
R09815 DKFZp58611420 2.31
W81684 transcription elongation factor B (SIII), polypeptide 1 2.59
T83829 pim-1 oncogene 2.92
R33755 glutathione S-transferase pi 4.58

hamster and human origin with acquired resistance to
peroxide, we also considered the comparative expres-
sion profiles of oxidant-resistant cells chronically
adapted to a different oxidant but from the same cell
type (hamster). The same filter microarrays were hy-
bridized to probes derived from the RNA of O,R95
cells that were derived from HA-1 following chronic
exposure to 95% O,. Hyperoxia is a known metabolic
oxidative stress where the reactive species (superox-
ide and hydrogen peroxide) are believed to be derived
from one-electron reductions of O, from mitochon-
drial electron transport chains (11). Results indicated

a surprising abundance of modulated mRNAs in
O,R95 cells, relative to HA-1 (60 in total; see Table
3), especially those that are upregulated (44 in num-
ber). Also surprising was the nearly complete absence
of commonly modulated mRNA species between the
O,R95 cells and the OC14 hydrogen peroxide-resis-
tant cells derived from the same parental cell line
(compare with Table 1). The only exception was the
elevated expression of glutathione S-transferase, al-
beit different isoforms, in both hyperoxia- and hydro-
gen peroxide-resistant HA-1 cells. Similar to the
0OC14 cells, the O,R95 cells have also been reported

TABLE 2

MODULATED mRNA LEVELS IN HYDROGEN PEROXIDE-RESISTANT HL-60 CELLS

Assession # mRNA Ratio
R05886 myeloperoxidase 0.02
AA431611 thyroid hormone receptor interactor 7 0.24
AA599178 ribosomal protein L27a 0.39
AA410517 protease inhibitor 6 (placental thrombin inhibitor) 0.44
AA424315 proteasome (prosome, macropain) 26S subunit, ATPase, 6 0.47
R25823 acetyl-Coenzyme A acetyltransferase 2 2.01
AA188155 actin related protein 2/3 complex, subunit 1B (41 kD) 2.10
T70122 ATP-binding cassette, subfamily E (OABP), member 1 2.14
N54914 chromosome 15 open reading frame 3 2.20
AA448396 heat shock 10-kDa protein 1 (chaperonin 10) 2.22
AA465611 ubiquitin specific protease 10 2.23
R43325 death associated protein 3 2.52
AA598637 chaperonin containing TCP1, subunit 4 (delta) 3.38
R61674 protein tyrosine phosphatase type IVA, member 1 3.39
H53340 metallothionein 1G 3.42
R60317 dihydrolipoamide dehydrogenase 3.50
N80129 metallothionein 1L 3.82
H23075 hydroxyacyl-coenzyme A dehydrogenase 4.10
H09590 eukaryotic translation initiation factor 4A, isoform 1 4.37
AA487812 vimentin 5.13
AA458965 natural killer cell transcript 4 13.24

Rows shown in bold also elevated by acute exposure to hydrogen peroxide.
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TABLE 3

MODULATED mRNA LEVELS IN HYPEROXIA-RESISTANT HA-1 CELLS

SUZUKI ET AL.

Assession #

mRNA

Ratio

R43973
H16958
R40850
AA490047
R06311
H48420
H77479
AA486626
H65044
R54097
AA115901
H94236
AA428778
WO03979
R00591
AA031770
AA262988
AA018906
AA487452
AA490981
R52548
HO05580
AA448184
AA504526
AA069414
AA490991
AA427472
AA421977
R63318
AA488233
AA453898
AA029041
AA490493
W52803
AA487034
H53499
AA490124
AA290737
W17246
T72698
AA452725
AA456183
N59851
R78607
AA404293
AA281137
AA454743
AA455272
AA457199
AA397819
W05628
R9O1078
T60223
R69153
R09561
T81764
AA402960
AA490771
T67474
R94775

eukaryotic translation elongation factor 1 gamma
glyceraldehyde-3-phosphate dehydrogenase

ARP1 (actin-related protein 1, yeast) homolog A (centractin alpha)
poly(rC)-binding protein 1

ESTs

EST

poly(A)-binding protein, cytoplasmic 1

ESTs

RNA binding protein (autoantigenic)

cartilage linking protein 1

ESTs

ephrin-B1

ESTs

pre-mRNA cleavage factor Im (25 kDa)

brain-derived neurotrophic factor

transcription factor AP-2 beta

DNA fragmentation factor, 45 kDa, alpha subunit

CGI-28 protein

superoxide dismutase 1, soluble ([myotrophic lateral sclerosis 1 (adult)]
peptidylprolyl isomerase F (cyclophilin F)

ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1
low-density lipoprotein receptor defect C complementing

glial fibrillary acidic protein

heterogeneous nuclear ribonucleoprotein F

ATPase, H+ transporting, lysosomal noncatalytic accessory protein 1A
DRI1-associated protein 1 (negative cofactor 2 alpha)

hypothetical protein FLJ11137

papillary renal cell carcinoma (translocation-associated)
sialyltransferase 4C (beta-galactosidase alpha-2,3-sialytransferase)
seven in absentia (Drosophila) homolog 2

centaurin beta2

retinoblastoma-like 2 (p130)

transforming growth factor, beta receptor II (70-80 kDa)

ESTs, Weakly similar to Zn-finger-like protein (H. sapiens)
CGI-43 protein

glutathione S-transferase M4

peptidylprolyl isomerase E (cyclophilin E)

splicing factor 3a, subunit 1, 120 kDa

nucleobindin 1

CDI151 antigen

WAS protein family, member 1

deleted in oral cancer (mouse, homolog) 1

triadin

KIAA0019 gene product

kallikrein 6 (neurosin, zyme)

ITBAI gene

uncl19 (C. elegans) homolog

DNA segment on chromosome 12 (unique) 2489 expressed sequence
phosphoserine phosphatase-like

cytochrome P450, subfamily IIIA, polypeptide 7

ribonuclease, RNase A family, 4

hypothetical protein FLJ20185

decay accelerating factor for complement (CD55)

cell division cycle 27

ring finger protein 5

UV radiation resistance associated gene

anaphase-promoting complex subunit 7

Homo sapiens clone 23596 mRNA sequence

0.2
0.31
0.32
0.32
0.33
0.34
0.27
0.35
0.35
0.35
0.35
0.35
0.37
0.37
0.37
0.38
2.12
2.17
2.25
2.44
2.56
2.56
2.58
2.59
2.62
2.76
297
3.01
3.01
3.12
3.24
3.30
3.48
3.92
3.94
3.96
3.96
4.19
4.30
4.63
4.70
4.72
4.74
5.24
5.25
5.34
5.76
5.85
5.86
6.26
6.37
7.07
7.56
7.81
8.40
8.46
8.64
8.68
9.36

11.63
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to have increased glutathione S-transferase activity
(using the nonspecific substrate) and catalase activity
and mRNA level (11,36).

Other novel mRNA species modulated in the
O,R95 cells, relative to the HA-1, of note include:
Homo sapiens clone 23596 (11.6-fold), the protein
product of which is homologous to endooligopepti-
dase A from human brain (9). This enzyme is thiol
activated and thought to be involved in the matura-
tion and degradation of neuropeptides. Anaphase-pro-
moting complex (subunit 7 was elevated 9.4-fold) is
a ubiquitin-protein ligase comprised of eight subunits
that is important for progression through mitosis (7).
UV radiation resistance associated gene (8.7-fold)
partially complements the ultraviolet sensitivity of a
xeroderma pigmentosa cell line (24) and is thought
to be involved with DNA repair. Ring finger protein
5 contains a zinc-chelating domain thought to be in-
volved in mediating protein—protein interactions (18).
Also of interest is decay accelerating factor (8.4-
fold), a cell surface protein involved in cellular sig-
naling and complement regulation, for which there is
also evidence that it can act as a cytoprotectant (22);
and Cu,Zn-superoxide dismutase (2.6-fold), another
antioxidant gene in addition to glutathione S-transfer-
ase and catalase whose activity and immunoreactive
protein have previously been reported to be elevated
in O,R95 and OC14 (32,36). Finally, as was seen in
the comparisons between the hamster and human
H,0,-resistant cell lines, several mRNAs coding for
proteins associated with oxidative energy metabo-
lism, signal transduction, transcription, and the cell
cycle were also modulated in the O,R95 cells, rela-
tive to HA-1 (Table 3), although the specific proteins
in each category were different from those seen in
the H,0,-resistant cell lines.

Although there were far fewer downregulated
mRNAs (16) in O,R95 cells it is noteworthy that four
of them (polyrC-binding protein 1, polyA-binding
protein, RNA-binding protein, and pre-mRNA cleav-
age factor Im) are all nucleic acid binding proteins.
The latter one appears to be involved in the process-
ing of mRNA precursors (25).

Microarray Expression Profile Comparison:
Acute Stress

We also performed microarray gene expression
analysis on RNA extracted from HL-60 cells treated
with a single acute dose of hydrogen peroxide (100
UM for 4 h). Comparison with the HP100 chronically
adapted H,O,-resistant cells revealed three common
modulations. These include heat shock chaperonin 10
(2.57-fold induction by acute peroxide), chromosome
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15 open reading frame 3 (2.32-fold induction), and
eukaryotic translation initiation factor 4A (2.02-fold
induction). The three genes modulated by acute as
well as chronic exposure to H,O, in HL-60 cells are
highlighted in Table 2.

Restriction Fragment Differential Display (RFDD)

Ubiquitin. Human RFDD was performed on HL-
60 control and HP100 hydrogen peroxide-resistant
RNAs extracted from log-phase unstressed cell cul-
tures. Several mRNAs exhibited altered levels of ex-
pression, three of which were strongly modulated.
One strongly modulated species was cloned and se-
quenced and found to encode ubiquitin. Ubiquitin
RNA exists as three different forms: A, B, and C. The
A form is further subdivided into ribosomal protein-
conjugated sequences designated A-52 and A-80
(17). In HL-60 cells, all of these forms are expressed
comparably. In the hydrogen peroxide-resistant HP50
and HP100 cell lines, however, there was little if any
detectable signal in the B variant form compared with
A and C (Fig. 2). Based on this dramatic reduction
of ubiquitin B transcript in resistant HL-60 cells, we
performed Western blot analysis to determine
whether this reduction is also reflected in its transla-
tion product, a small 76-amino acid protein (17). As
shown in Figure 3A (two separate analyses), no sig-
nificant reduction in ubiquitin protein was observed.
Our antibody also detects other ubiquinated proteins
because these represent targets to which ubiquitin has
attached. Comparison within lanes, and between the
two Figure 3A experiments, were therefore also per-
formed and revealed no obvious overall decrease in
the ubiquination of other proteins in the lanes of the
resistant phenotypes. Thus, the possible involvement
of ubiquitin protein and target ubiquitination in per-
oxide resistance demonstrated by the cell lines is un-
likely. More likely, a novel ubiquitin RNA effect is
involved of yet unknown mechanism. The ubiquitin
B-specific reduction presumably reflects the known
variation in this transcript at the 5" and 3’ untranslated
region of ubiquitin B compared with A and C. Inter-
estingly, distinct regulatory responses for the differ-
ent ubiquitin genes have been reported previously
(16,23).

To determine whether the observed downmodula-
tion of ubiquitin mRNA level was specific to HL-60
cells, the RNA from peroxide-resistant OCI4 and
control HA-1 cells was probed for ubiquitin. A simi-
lar strong downregulation of ubiquitin variant
mRNAs was not observed between these two cell
lines (Fig. 3B), indicating that this effect is not a gen-
eral characteristic common to different oxidative
stress-resistant phenotypes. Thus, as with genes iden-
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HP100

Figure 2. Expression of ubiquitin mRNA in HL-60 cells. Northern blot analysis of ubiquitin, identified by RFDD as a modulated mRNA.
Extracted RNAs from HL-60 control, HP50, and HP100 log-phase unstressed cell cultures were electrophoresed, blotted to nylon paper, and
then hybridized to radiolabeled ubiquitin cDNA probes specific for each ubiquitin variant indicated. B-Actin was used as a loading control.

tified by the above microarray analyses, the expres-
sion profile for RFDD identified ubiquitin as a gene
modulated by H,0, in oxidative stress-resistant HL-
60 human cells, but this effect was not common to
oxidative stress-resistant hamster cells.

Catalase and Myleoperoxidase. Two other strong-
ly modulated mRNAs species were also identified in
HP100 cells using RFDD. Cloning and sequencing
revealed that the upregulated species was catalase
and the downregulated was myeloperoxidase. North-
ern blot analysis (Fig. 4) confirmed these modula-
tions, consistent with earlier reports that catalase and
myeloperoxidase (MPO) activities in this cell line are
significantly altered (15).

DISCUSSION

In the current studies, the genetic basis of oxidative
stress resistance was assessed in detail using micro-
array technology. This study represents the first
large-scale comparison of mammalian genes involved
in oxidant stress resistance using these technologies.
The most striking observation from these analyses is
the relative paucity of specific mRNAs being modu-
lated between the different resistant sublines. This sur-
prising observation occurred despite the fact that cata-
lase, myeloperoxidase, glutathione S-transferase, and
superoxide dismutase were modulated in one cell line
or another, all consistent with previous reports (1,8,15).

The implication of these results is that only a lim-
ited number of common key genes, and in our case
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Figure 3. Expression of ubiquitin in oxidative stress-resistant human and hamster cells. (A) Western blot analysis of HL-60 versus resistant
sublines. 30 pg of protein per lane was electrophoresed on a 15% SDS-polyacrylamide gel, electroblotted, and hybridized to a rabbit
polyclonal antibody to bovine ubiquitin. Ubiquitin signal was detected using horse radish peroxidase-conjugated secondary antibody followed
by signal development with ECL Plus and signal quantitation with a Storm 860 phosphoimager and ImageQuant software. Results are shown
for two different experiments (Exp. 1 and Exp. 2). (B) Northern blot analysis of HA-1 versus OC14 subline. RNA extracted from HA-1 and
OC14 cells was prepared, electrophoresed, blotted, and hybridized as above using radiolabeled ubiquitin as a probe.

only one (catalase), play a central role in chronic oxi-
dative stress resistance, at least between these two
cell types, and that other genes involved in resistance
are more cell type and stress agent specific. Our data
suggest that these latter genes include common activ-
ities such as oxidative energy metabolism, signal
transduction, transcription, and proteolysis, although
the specific enzymes in each category are different.
In HA-1 cells, the upregulation of glutathione S-
transferase in both OC14 and O,R95 cells suggests
that this enzyme is important in resistance via the
well-known ability of these enzymes to aid in the

metabolic detoxification of cytotoxic byproducts of
oxidative stress, such as aldehydes and hydroperox-
ides. This hypothesis has been supported by previous
results using depletion of glutathione to sensitize
these hamster cells to aldehydes and hydroperoxides
implicated in oxidative stress (33,35). Aside from
these examples, the lack of specific genes being mod-
ulated in a similar fashion when comparing OC14
with O,R95 hamster cell lines suggests that mecha-
nisms of resistance are peculiar to the source of the
oxidative stress (i.e., exogenous administration vs.
endogenous metabolic oxidative stress). In HP100
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Figure 4. Northern blot confirmation of RFDD-identified catalase and myleoperoxidase. cDNAs to catalase and myleoperoxidase (MPO)
were radiolabeled and used to probe Northern blots containing RNA from HL-60 and HP100 cells. GAPDH was used as a loading control.

human cells, the dramatic downregulations of mye-
loperoxidase and ubiquitin B RNA may be an indica-
tion that these genes are especially important in resis-
tance to hydrogen peroxide in HL-60 cells and this
has been confirmed for myeloperoxidase (38). It is
also interesting to note that ubiquitin is known to be
modulated by oxidative stress (12,29). Furthermore,
a recent report demonstrates a new role for ubiqui-
tin—activation of transcription—that is separate
from protein degradation (27). Our data suggest yet
another possible “new” role involving ubiquitin RNA
and not its protein product in resistance.

Several models of stable oxidative stress-resistant
cell lines have been developed following chronic ex-
posure to oxidative stress. Most were developed as
hydrogen peroxide-resistant lines, but others include
hyperbaric oxygen-, redox quinone-, and excitotoxin-
resistant lines as well (5). These lines were all se-
lected following chronic exposure to oxidative stress
and demonstrated stable resistant phenotypes. In ad-
dition to the OC14, O,R95, and HP100 cell lines,
studies on these other model systems also support a
central role for catalase in chronic resistance to oxi-

dative stress. Chinese hamster cell line R-8, which
exhibits a 10-fold resistance to hydrogen peroxide
compared with control cells, exhibit a corresponding
10-fold increase in catalase activity but not superox-
ide dismutase, glutathione peroxidase, or glutathione
reductase, suggesting that resistance is associated
with the enhanced catalase activity (28). In neonatal
cardiac myocytes, exposure to continuously gener-
ated hydrogen peroxide results in catalase mRNA in-
duction but not superoxide dismutase or selenium-
dependent glutathione peroxidase (19). rC18 cells are
a PC12 pheochromocytoma neuronal-like cell line
derivative developed by long-term exposure to the
Alzheimer’s disease-derived amyloid beta protein
(26). This protein apparently causes the generation of
hydrogen peroxide in culture and, expectedly, the
rC18 cells also become resistant to hydrogen perox-
ide and #-butyl hydroperoxide-mediated cell killing.
These cells exhibit highly elevated levels of catalase
and glutathione peroxidase but not the superoxide
dismutases. Another neuronal model of oxidative
stress resistance was developed by exposing mouse
nerve cell line HT-22 to the excitotoxin glutamate, a
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neurotransmitter known to lead to the generation of
reactive oxygen species in target cells (26). Again in
this model system, catalase levels were elevated in
the stress-resistant cells but not glutathione peroxi-
dase or superoxide dismutase.

Another intriguing aspect of altered gene expres-
sion in response to oxidative stress is the differences
between acute vs. chronic exposures. Modulations in
gene expression that occur transiently in response to
acute oxidative stress appear to involve a subset of
the alterations that occur following chronic exposure,
possibly indicating differences in the mechanisms by
which mammalian cells adapt to acute vs. chronic ox-
idative stress. However, the relationship between
transient and stable resistance has been largely ig-
nored in mammalian cells. Here, we observe that
three genes present in chronically hydrogen peroxide-
resistant HP100 cells were also modulated by acute
exposure to hydrogen peroxide, and in the same di-
rection. These genes include heat shock chaperonin
10, chromosome 15 open reading frame 3, and eukar-
yotic translation initiation factor 4A. The induction
of heat shock chaperonin 10, a mitochondrial matrix
protein chaperone, could represent an important pro-
tective mechanism because, in combination with heat
shock protein 60, chaperonin 10 has been demon-
strated to confer protection against the oxidative
stress produced by ischemia-induced injury in rat
cardiomyoctes (19). Similar changes in gene expres-
sion have also been observed in control cells tran-
siently exposed to menadione and long-term stable
menadione-resistant cells (37). These results suggest
that the acquisition of a stable oxidative stress-resis-
tant phenotype may in part represent the stable inte-
gration of gene expression changes that normally oc-
cur transiently in cells exposed to acute episodes of
oxidative stress. This slowly evolving stable integra-
tion of gene expression changes might also relate to
the wide variety of changes in signal transduction-
associated genes and genes associated with transcrip-
tional regulation noted in the chronic oxidative stress-
resistant cells analyzed in the current study and in
previous studies (1,8). Perhaps changes in these sig-
naling molecules and transcription factors are related
to stably redirecting metabolic processes to limit the
production of reactive species produced as by-prod-
ucts of oxidative energy metabolism as well as in-
creasing the capacity of the cellular detoxification
and repair processes to cope with the continuous ac-
cumulation of oxidative damage.

Opverall, as expected, elevations in at least some anti-
oxidant enzymes levels were observed in the stable oxi-
dant-stress cell lines. These include glutathione S-trans-
ferase, superoxide dismutase, and catalase. Because
they all act to detoxify reactive oxygen species, it
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would be expected that their induction would contribute
to resistance against chronic oxidative stress as experi-
enced by these cells. The very strong downregulation
of myeloperoxidase (MPO) also would be expected to
minimize the levels of toxic oxidized halogens pro-
duced by the oxidations catalyzed by this enzyme in
the presence of hydrogen peroxide, and this hypothesis
has been supported by recent observations (38). Also
this downregulation of MPO represents another exam-
ple of a metabolic biochemical pathway specific to the
HL-60 cell lineage, which appears to be downregulated
in order to limit the production of toxic by-products of
oxidative metabolism during chronic oxidative stress.

Identification of oxidative stress-associated genes
may be valuable not only in understanding basic
mechanisms of resistance, but also in the identifica-
tion of clinically relevant targets for manipulation of
disease progression. Many human disease states are
currently thought to involve chronic oxidative stress.
Therefore, novel oxidative stress-associated gene reg-
ulation might be expected to contribute to cellular at-
tempts to limit disease progression by 1) limiting the
metabolic production of reactive species, 2) enhanc-
ing the detoxification of reactive species once
formed, 3) enhancing the repair of oxidative damage
to lipids, proteins, or nucleic acids, and/or 4) altering
cellular signaling processes in order to reestablish a
viable nonequilibrium steady state capable of sup-
porting basic cellular processes in the face of chronic
oxidative stress. In fact, oxidative stress-associated
gene expression and the resulting protein products
have been implicated in many clinically relevant con-
ditions including ischemia-reperfusion, stroke, car-
diovascular disease, cancer, inflammation, trauma,
aging, autoimmunity, cystic fibrosis, diabetes, hear-
ing loss, infectious disease, muscular dystrophy, peri-
odontal disease, and hypertrophy (5,6,30). Gene
expression changes involved in chronic oxidative
stress-resistant phenotypes, such as those identified
by the current study, may therefore represent poten-
tial useful clinical targets for manipulating pathologi-
cal conditions that involve oxidative stress. Because
ours is the first large-scale comparison of genes in-
volved in mammalian oxidative stress protection, it
will be interesting to determine whether future stud-
ies in other oxidative stress model systems lead to
similar conclusions toward ultimately selecting the
best genes for clinical targeting.
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