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Nox1, a homologue of gp91phox, the catalytic moiety of the superoxide (O2ⴚ)-generating NADPH oxidase of phagocytes, causes increased O2ⴚ generation, increased mitotic rate, cell transformation,
and tumorigenicity when expressed in NIH 3T3 fibroblasts. This study
explores the role of reactive oxygen species (ROS) in regulating cell
growth and transformation by Nox1. H2O2 concentration increased
⬇10-fold in Nox1-expressing cells, compared with <2-fold increase in
O2ⴚ. When human catalase was expressed in Nox1-expressing cells,
H2O2 concentration decreased, and the cells reverted to a normal
appearance, the growth rate normalized, and cells no longer produced tumors in athymic mice. A large number of genes, including
many related to cell cycle, growth, and cancer (but unrelated to
oxidative stress), were expressed in Nox1-expressing cells, and more
than 60% of these returned to normal levels on coexpression of
catalase. Thus, H2O2 in low concentrations functions as an intracellular signal that triggers a genetic program related to cell growth.

W

hereas reactive oxygen species (ROS) are classically
thought of as cytotoxic and mutagenic or as inducers of
oxidative stress, recent evidence suggests that ROS play a role in
signal transduction. ROS are implicated in stimulation or inhibition of cell proliferation, apoptosis, and cell senescence (1–7).
Whereas activated phagocytes produce very high levels of O⫺
2
and H2O2 that participate in host defense, many other cell types
also generate ROS, albeit generally at lower levels (1, 8, 9).
The function of non-phagocytic ROS generation is unclear,
but in some cases correlates with cell proliferation and activation
of growth-related signaling pathways. Intriguingly, significant
ROS generation is seen in cell lines derived from human cancers
(9). Growth factors including platelet-derived growth factor
(PDGF) and epidermal growth factor (EGF) trigger H2O2
production (2, 10). Signaling responses to PDGF include mitogen-activated protein kinase activation, DNA synthesis, and
chemotaxis, and these are inhibited when the PDGF-stimulated
rise in H2O2 is blocked with antioxidants (2). Similarly, Rastransformed fibroblasts show elevated O⫺
2 (11), and a role in
mitogenic signaling was proposed, because antioxidants that
⫺
blocked O2 generation also blocked DNA synthesis.
The enzymatic origin of ROS in phagocytes is established, but its
origin in non-phagocytic cells is less clear. The phagocyte respiratory burst oxidase, an NADPH-dependent multicomponent enzyme, generates O⫺
2 , with secondary generation of H2O2 (reviewed
in refs. 12 and 13). The catalytic subunit, gp91phox, is dormant in
resting cells, but becomes activated by assembly with cytosolic
regulatory proteins. Whereas some ROS in non-phagocytes is of
mitochondrial origin (14, 15), ROS production in many cells is
blocked by inhibitors of the phagocyte NADPH oxidase. Such
superficial similarities with the phagocyte NADPH oxidase
prompted us to search for homologs of gp91phox. The first of these
identified and characterized was Nox1 (referring to NADPH oxidase, originally termed Mox1; ref. 16). To date, five human homologs have been identified, with additional homologs in rat,
mouse, Caenorhabditis elegans, and Drosophila (16–20).
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Fibroblasts overexpressing Nox1 showed increased O⫺
2 , and,
remarkably, exhibited a transformed phenotype, including increased proliferation and aggressive tumor formation in athymic
mice (16). Herein, we have investigated the mechanism by which
Nox1 induces cell transformation and tumorigenicity. By manipulating intracellular levels of H2O2 with Nox1 and catalase,
we demonstrate that H2O2 functions as an intracellular mediator
regulating cell growth and transformation. In addition, H2O2
triggers a genetic program that results in altered expression of a
large number of genes, including many previously associated
with transformation and cancer, as well as regulation of the cell
cycle and signal transduction.
Materials and Methods
Materials. DMEM was obtained from Fisher. FBS was from Atlanta
Biologicals (Atlanta, GA). Calf serum, HindIII, penicillin, streptomycin, and zeocin were obtained from GIBCO (Grand Island, NY).
The pZeoSV vector was from Invitrogen; puromycin, Hanks’
buffered saline solution (HBSS), rabbit alkaline phosphatase conjugated secondary antibody, protease inhibitor mixture [4-(2aminoethyl)benzenesulfonyl fluoride兾bestatin兾trans-epoxysuccinyl-L-leucyl-amido(4-guanidino)betane兾leupeptin兾aprotinin], and
PMSF were from Sigma. Antibody to human (h)catalase was
purchased from Athens Research and Technology (Athens, GA).
Dichlorofluorescin diacetate (DCFDA) was from Molecular
Probes. Five- to six-week-old male athymic mice were from Charles
River Breeding Laboratories. Human catalase cDNA was the kind
gift of G. T. Mullenbach (Chiron).
Transfection of Human h-Catalase. PCR was carried out by using as
a template the cDNA for human catalase in the pCI-neo vector.
The PCR product was ligated into the HindIII site of the pZeoSV
vector. A clone was identified by restriction analysis that contained the catalase in the sense orientation (referred to as
pZeoSV兾catalase), and the insert was verified by DNA sequencing. Transfections were carried out by using Fugene 6 according
to the manufacturer’s instructions. After 2 days, the cells were
split 1:27 into 10-cm plates, 0.4 mg zeocin兾ml media was added,
and cells were maintained until individual colonies formed.
Colonies were isolated by using cloning cylinders, and the cells
were removed from the plate with 50 l 0.25% trypsin (wt/vol)兾1
mM EDTA and placed in 2 ml of media in a 35-mm plate.
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Table 1. ROS generation in NIH 3T3 cells expressing Nox1 and
Nox1 plus h-catalase

Cell line

Nox1

h-catalase

Mean DCF
fluorescence
per cell

NEF2
YA28
YA28兾Z4
YA28兾Z3
ZC-1
ZC-5

⫺
⫹
⫹
⫹
⫹
⫹

⫺
⫺
⫺
⫺
⫹
⫹

9 ⫾ 0.7
50 ⫾ 5.2
41 ⫾ 0.4
67 ⫾ 1.0
25 ⫾ 0.2
33 ⫾ 0.5

NBT reduced,
nmol兾20
min兾106 cells
19.1 ⫾ 0.5
28.7 ⫾ 5.1
35.1 ⫾ 2.9
76.2 ⫾ 29
32.6 ⫾ 3.2
30.5 ⫾ 4.4

DCF fluorescence (a measure of H2O2) and NBT reduction (a measure of O2⫺)
in the indicated cell lines were measured as in Materials and Methods. The
mean and SE of three independent measurements are shown.

Catalase Activity. Confluent cells were released from plates as
above, pelleted in a HermleZ180 M (Woodbridge, NJ) microcentrifuge set at maximum speed, and resuspended in 0.2 ml of
PBS (pH 7.2) with 1:100 protease inhibitor mixture and 10 mM
PMSF. While on ice, the suspension was sonicated briefly by
using a probe sonicator on setting 2. Lysates containing 1 mg兾ml
protein (Bio-Rad Protein Assay) and 0.5% Triton X-100 were
gently vortexed and microcentrifuged at maximum speed for 8
min. Fifty microliters of supernatant, 800 l 10 mM KPO4 (pH
7.1), and either 50 l H2O or 50 l 10 mM sodium azide were
combined on ice. The reaction was initiated by adding 100 l of
60 mM H2O2, and was allowed to proceed on ice. At 2 min and
10 min, 100-l aliquots were withdrawn and quenched in 5 ml of
a solution containing 0.24 M H2SO4 and 2 mM FeSO4. KSCN
(0.2 mM final) was added, and the absorbance of each sample
was measured at 460 nm. Catalase activity was calculated as in
ref. 21. Relative activity is expressed as a percentage of that in
YA28 cells.
Western Blotting. An aliquot of cell lysates (above) containing 30 g

of protein was diluted to 18 l in PBS. Buffer (6 l) containing 260
mM Tris (pH 8), 40% glycerol, 8% SDS, 4% 2-mercaptoethanol,
and 0.002% bromophenol blue was added, and samples were
heated 2 min at 100°C and loaded onto a 12% SDS gel. After
electrophoresis, the proteins were transferred to nitrocellulose.
Immunostaining was carried out as in ref. 22. Rabbit polyclonal
antibodies to h-catalase were diluted 1:500 and incubated with the
membrane for 13–18 hr. The anti-rabbit IgG from goat was diluted
1:5,000 and incubated for 2 hr with the membrane.

Measurement of Hydrogen Peroxide and Superoxide. Relative con-

centrations of intracellular H2O2 were determined as in refs. 23
and 24. Confluent cells in 100-mm dishes (⬇5–6 ⫻ 106 cells)
were washed with 6 ml HBSS and released by using 0.25%
trypsin (wt/vol)兾1 mM EDTA, followed by the addition of 5%
FBS in HBSS. After pelleting, cells were resuspended in 5% FBS
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Fig. 1. Expression of Nox1 increases intracellular H2O2. Cells were incubated
with 2 M dichlorofluorescin diacetate, and fluorescence and cell number
were determined by flow cytometry. The dashed line indicates vector control
(NEF2) cells, and the solid line indicates cells expressing Nox1 (YA28).

in HBSS and counted. Dichlorofluorescin diacetate was added
to a final concentration of 2 M, and incubated for 1 hr in the
dark at room temperature. Dichlorofluorescein (DCF) fluorescence was determined by using 0.5 ⫻ 106 cells per 3 ml 5% FBS
in HBSS by using a FACSCalibur from Becton Dickinson
(excitation wavelength, 488 nm; emission wavelength, 515–545
nm). Extracellular H2O2 was measured as in Ruch et al. (25). O⫺
2
was measured by nitroblue tetrazolium (NBT) reduction (16).
Tumorigenesis in Athymic Mice. Under metafane inhalational anesthesia, athymic mice were injected s.c. behind the neck with
1 ⫻ 106 cells in 200 l of PBS. Tumor volume (V) was calculated
according to: V (cm3) ⫽ [(width)2兾2] ⫻ (length), by using
calipers to measure the tumor dimensions.
Expression Profiling. Poly(A) RNA was isolated from 1 ⫻ 107 cells
by using Oligotex Direct mRNA Kit (Qiagen, Chatsworth, CA).
Double-stranded DNA was prepared by using Superscript
Choice system (Life Technologies, Grand Island, NY). Biotinylated RNA was synthesized by using BioArray High Yield RNA
transcript labeling kit (Enzo Biochem). Biotinylated RNA was
treated in a buffer composed of 200 mM Tris (pH 8.1), 500 mM
potassium acetate, and 150 mM magnesium acetate for 35 min
at 94°C. Affymetrix (Santa Clara, CA) Mu6500 arrays were
hybridized with biotinylated RNA (15 g兾chip) for 20 hr at 45°C
using the manufacturer’s hybridization buffer. The Fluidic Station 400 from Affymetrix was used for washing and staining (with
streptavidin-phycoerythrin). Arrays were scanned by using a
Hewlett Packard GeneArray Scanner. Digitized image data were
processed by using GENECHIP EXPRESSION ANALYSIS software
(Affymetrix).
Reverse Transcription (RT)-PCR. Total RNA was prepared from cell
lines by using the RNeasy Mini Kit (Qiagen, Chatsworth, CA).
Reverse transcription was performed on the total RNA by using
the Advantage RT-for-PCR Kit (CLONTECH). PCR detection
of Nox1 mRNA was carried out by using the primers ATATTTTGGA AT TGCAGATGA ACA and ATAT TGAGGA AGAGACGGTAG.

Results
Nox1-Transfected Cells Have Increased H2O2 Levels. By using several
methods (spin trapping, lucigenin, and NBT reduction), we
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Maintenance of Cell Lines and Measurement of Cell Number. Cell lines
were maintained at 37°C in 5% CO2 in DMEM containing either
10% calf serum or 10% FBS, 100 units兾ml penicillin, and 100 g兾ml
streptomycin. Puromycin was used as the selection antibiotic when
making the Nox1 expression cell lines, and was maintained at 1
g兾ml during cell culture to maintain the selection pressure.
YA28兾Z4, ZC-1, YA28兾Z3, and ZC-5 cells were maintained with
or without 0.2 mg兾ml zeocin. Cells were photographed by using a
phase contrast microscope (Nikon, Model DIAPHOT). For
growth curves, cells were plated in 6 well plates at ⬇5 ⫻ 104 cells
per well and cultured in media with 10% calf serum. Cells were
treated with 0.25% trypsin (wt兾vol)兾1 mM EDTA, released by
pipeting, and then counted with a hemacytometer.

Fig. 2. Catalase expression and activity in cells transfected with Nox1 and
h-catalase. (A) Catalase expression was determined in the indicated cell lines by
Western blotting by using an antibody that recognizes both the human (upper
band) and mouse (lower band) catalase. Caco-2 cells serve as a positive control for
expression of h-catalase. (B) Catalytic activity (100% ⫽ 6.5 units兾mg cell protein)
was assayed in cell lysates. The mean and SE of 4 –25 determinations is shown. (C)
Reverse transcription–PCR demonstrates Nox1 expression. G3PDH (glyceraldehyde 3-phosphate dehydrogenase) serves as a loading control.

previously showed that NIH 3T3 cells expressing Nox1 show a
1.5- to 2-fold increase in O⫺
2 levels (16), confirmed by using NBT
reduction in Table 1. In the previous study, NBT reduction was
⬇50% inhibited by superoxide dismutase (SOD), indicating that
part of the superoxide generation occurs extracellularly (16). In
addition, both cytoplasmic and mitochondrial forms of aconitase
showed diminished activity in Nox1-expressing cells, suggesting
that a portion of the superoxide generation also occurred within
the cell. Because H2O2 is formed via dismutation of O⫺
2 , H 2O 2
levels were also measured herein by using flow cytometry of
DCF fluorescence. Cells that stably express Nox1 (YA28)
showed ⬇10-fold increased median fluorescence compared with
vector control (NEF2) cells (Fig. 1). This result corresponds to
a ⬇5-fold increase in the mean fluorescence (Table 1). The SOD
mimetic MnTBAP (100 M) added to Nox1-expressing cells
caused a 25% decrease in NBT reduction and a 29% increase in
DCF fluorescence, consistent with dismutation of superoxide to
form H2O2. In addition, Cu-Zn SOD (600 units兾ml) increased
the DCF fluorescence by ⬇3-fold; these data verify the use of
these reagents in this cell system to monitor O⫺
2 and H2O2.
Because we presume that SOD did not enter the cell, it is also
possible that the extracellular SOD catalyzed the oxidation of
DCF by way of bicarbonate radical, which can be formed by
Cu兾Zn SOD plus H2O2. Nevertheless, H2O2 levels outside the
cell, detected by using homovanillic acid (25), were not consistently affected by expression of Nox1 (not shown). Thus, Nox1
produces a marked increase in intracellular H2O2.
Expression of h-Catalase in Nox1-Expressing Cells. YA28 cells ex-

pressing Nox1 were transfected with the pZeoSV兾catalase vector
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Fig. 3. Effect of Nox1 and catalase on the transformed appearance of NIH 3T3
cells. Cell lines that do not (NEF2) or do (YA28, YA28兾Z4, YA28兾Z3, ZC-1, ZC-5)
express Nox1. Lines that express catalase: ZC-1 and ZC-5. (⫻100.)

containing the h-catalase or with the empty vector. Twelve cell
lines were obtained from the catalase transfections, and these
were analyzed for catalase expression. Two of these (ZC-1 and
ZC-5) showed significant expression of h-catalase protein (Fig.
2A), which is distinguished from the mouse catalase based on its
slightly larger size, whereas one line (YA28兾Z3) failed to express
h-catalase, and was used as a negative control line along with the
YA28兾Z4 cells, which are YA28 cells transfected with the empty
vector. Based on the density of the bands compared with the
mouse enzyme, ZC-1 and ZC-5 cells express roughly equivalent
quantities of the mouse and h-catalase. Expression data are
consistent with catalase activity measurements (Fig. 2B), which
show that both ZC-1 and ZC-5 have 2- to 3-fold increased
catalase activity compared with control cell lines. The expression of Nox1 was unaffected by overexpression of h-catalase
(Fig. 2C).
Catalase Overexpression Decreases H2O2 Levels in Nox1-Expressing
Cells. Cell lines were examined for H2O2 levels by using DCF

fluorescence as in Fig. 1, and data are summarized in Table 1.
Cell lines that express Nox1 alone show an increase in mean DCF
fluorescence of 5- to 7-fold, compared with control cells. Expression of h-catalase in ZC-1 and ZC-5 cells, while failing to
restore DCF fluorescence to normal levels, decreases mean DCF
fluorescence by about 50%. H2O2 levels in YA28兾Z4 and
YA28兾Z3 cells (i.e., vector control cells) were not appreciably
affected, compared with YA28 cells. In contrast, there was no
consistent change in the O⫺
2 levels in cells expressing h-catalase,
compared with the parent Nox1-expressing cells (Table 1).
Catalase Overexpression Reverses the Transformed Phenotype of
Nox1-Expressing Cells. As shown previously (16), cells that over-

express Nox1 show a characteristic transformed appearance,
with focus formation and loss of contact inhibition (Fig. 3
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Effect of Nox1 and catalase on proliferation of NIH 3T3 cells. Cell lines are as in Fig. 3. Bars show the range of cell counts of duplicate cultures.

Upper). This transformed appearance is maintained in the vector
control cell lines (YA28兾Z4 and YA28兾Z3) that do not overexpress h-catalase (Fig. 3). However, in YA28 cells that overexpress h-catalase (ZC-1 and ZC-3), there was a reversion to a
normal appearance that is indistinguishable from that of the
NEF2 cells that do not express Nox1.
Catalase Overexpression Decreases the Growth Rate of Nox1-Expressing Cells. As shown previously (16), YA26 and YA28 cells that

overexpress Nox1 showed a 2- to 3-fold increase in growth rates
in culture compared with control cells (Fig. 4A). Overexpression
of h-catalase resulted in a decrease in growth rate to near control
levels, whereas vector control lines (YA28兾Z4 and YA28兾Z3)
that failed to suppress H2O2 levels showed high growth rates that
were comparable to those of the parent Nox1-expressing cell line
(Fig. 4). Consistent with H2O2 as the relevant growth stimulatory
signal, addition of 1 M H2O2 to the cell culture resulted in a
50% increase in cell number after 4 days.
Catalase Overexpression Prevents Tumor Formation by Nox1-Expressing Cells. Tumorigenicity of Nox1 and h-catalase-overexpressing

cells was evaluated by tumor growth in athymic mice. As shown in
Table 2, YA28 cells that overexpress Nox1 formed tumors within
14 days in athymic mice, whereas control (NEF2) cells fail to form
tumors by 30 days, confirming our earlier study (16). Nox1expressing cells that also express h-catalase (ZC-1 and ZC-5)
behaved like cells that did not express Nox1, failing to form tumors
by 30 days, whereas the vector control cell lines (YA28兾Z3 and
YA28兾Z4) that did not overexpress catalase but did express Nox1
produced aggressive tumors that were indistinguishable from those
produced by the parent Nox1-expressing cell line.

Table 2. Effect of Nox1 and h-catalase on tumorigenicity of
NIH 3T3 cells
Cell
line
NEF2
YA28
YA28兾Z4
YA28兾Z3
ZC-1
ZC-5

Nox1

h-catalase

Mice
injected,
number

⫺
⫹
⫹
⫹
⫹
⫹

⫺
⫺
⫺
⫺
⫹
⫹

4
25
5
5
5
5

Mice in
which tumors
formed, no. (%)

Tumor
volume,
cm3

0 (0%)
24 (96%)
5 (100%)
5 (100%)
0 (0%)
0 (0%)

—
2.2 ⫾ 1.4
1.9 ⫾ 0.9
4.5 ⫾ 0.7
—
—

Cell line designations are as in Table 1. The mean tumor volume ⫾ standard
error 25 days after injection of cells is indicated.

Arnold et al.

Effects of Nox1 on Gene Expression, and Reversion of Expression
Changes by Catalase. The effect of Nox1 and h-catalase on mRNA

levels was evaluated by using the Affymetrix Mu6500 DNA microarray, which queries the expression of 6,500 genes. Because
Nox1 causes increased mitogenic rate, transformed appearance and
tumorigenicity, and because h-catalase reverts these phenotypes,
we focused on genes whose expression is increased or decreased
with Nox1 and whose expression is reverted toward normal on
h-catalase expression. This group represents genes whose expression is regulated directly or indirectly by H2O2, and these are
candidates for a role in mitogenesis and transformation. Approximately 200 genes increased or decreased their expression by
2.5-fold or more in YA28 cells compared with NEF2 cells. ExpresTable 3. Effect of Nox1 and catalase on expression of cell cycle
and tumor-related genes
Fold increase or decrease
Protein or gene
Tumor-associated兾tumorigenesis
Ecotropic viral integration site 2 (Evi-2)
MoMuL V-like endogenous provirus
L6 Ag
Stromelysin-3
Membrane-type matrix metalloproteinase
Haptoglobin
Transin-1 (tromelysin-1)
Growth factor兾cytokine
Epiregulin
Hepatoma transmembrane kinase ligand
New member PDGF兾VEGT family
growth factors
Preproendothelin-1 (ET-1)
Signaling
MAPKK6
Calcineurin catalytic subunit (PP2B)
Zipper protein kinase
Protein-tyrosine kinase substrate p36
pre-PDGF receptor
Serum-inducible kinase
Cell cycle
Cyclin-like protein (Cyl-1)
Cyclin G

Nox1 vs.
control

Nox1兾catalase
vs. Nox1

1 15, 17
1 4.2, 14
1 2.3, 3.1
2 1.6, 4.5
2 2.2, 6.6
2 3.3, 4.2
2 4.4, 10

2 16, 17
2 4.1, 12
2 3.5, 4.3
1 1, 4.8
1 3.6, 12
1 1, 4.9
1 1, 2.4

1 7.7, 11
1 3.7, 8.3

2 6.0, 7.6
2 2.0, 17

2 2.2, 2.9
2 3.0, 6.6

1 13, 15
1 1, 3.7

1 3.2, 7.7
1 2.1, 2.5
1 1.3, 3.4
1 1.5, 3.3
2 2.5, 3.7
2 3.0, 6.8
1 2.5, 3.2
1 2.1, 3.8

2 1, 2.8
2 2.5, 3.3
1 2.1, 5.2
1 3.0, 5.2
2 3.8, 7.2
2 1.6, 4.2

mRNA levels were evaluated using a DNA microarray, as described in
Materials and Methods. Fold increase (1) or decrease (2) in mRNA level is
indicated. The values of two independent experiments are shown.
PNAS 兩 May 8, 2001 兩 vol. 98 兩 no. 10 兩 5553
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Fig. 4.

Table 4. Effects of Nox1 and catalase on gene expression
Category of gene
Apoptosis
Cell adhesion
Cell cycle
Chaperones兾heat shock proteins
Cytoskeletal兾structural proteins
Development兾differentiation
DNA repair
Endocrine
Extracellular matrix
Endocytosis
Growth factor兾cytokine
Inflammation兾immune function
Lipid binding兾transfer proteins
Enzymes of metabolism
Neuronal
Protein degradation
Protein synthesis
RNA processing
Signaling
Transcription
Replication
Transport
Tumor-associated兾tumorigenesis
Function unknown兾miscellaneous

No. changed
by Nox1

No. normalized
by catalase

6
9
2
3
12
6
1
4
8
1
4
4
5
24
2
7
15
4
6
19
1
7
7
5

2
7
2
3
6
3
1
2
7
1
4
3
2
12
2
5
7
3
4
9
0
3
7
4

mRNA levels were evaluated using a DNA microarray, as in Materials and
Methods. mRNAs whose expression in NIH 3T3 cells is affected by Nox1
overexpression are subdivided into functional categories. The number of
genes in each category whose expression is increased or decreased by 2.5-fold
or more is shown in the second column. The number of these same mRNAs
whose expression was then normalized by coexpression of h-catalase is shown
in the third column.

sion of ⬇70% of these genes reverted to normal or near normal
levels in ZC-5 cells that overexpress h-catalase. Examples of some
of these genes are shown in Table 3, which includes genes the
expression of which may relate to regulation of cell division or
tumorigenesis, including genes related to cell cycle, signaling proteins, and proteins whose occurrence or activity has been correlated
previously with human cancers. Of the 19 genes in these categories
that are regulated by Nox1, most reverted to near basal levels by
h-catalase. Table 4 overviews expression changes induced by Nox1
in 24 functional categories of genes, and includes the number in
each category changed by Nox1 and the number of these that are
reverted to near normal levels by catalase.
Discussion
NIH 3T3 cells that stably express Nox1 show a transformed
phenotype, with loss of contact inhibition and aggressive tumor
formation in athymic mice (16). Two explanations can be offered
for the mechanism by which ROS induces the transformed phenotype. First, reactive oxygen generated by Nox1 may be mutagenic, causing the transformed phenotype by producing mutations
in bona fide oncogenes or tumor suppressors. Alternatively, Nox1generated ROS might function as an intracellular signal, inducing
a growth-related genetic program. If the first mechanism is correct,
then the transformed phenotype is expected to be stable, and will
not be affected by removal of ROS. However, if ROS function as
a growth signal, then their removal should reverse the transformed
phenotype. Accumulating (albeit controversial) evidence has implicated ROS in signaling related to cell proliferation and transformation (2, 11, 16, 26). Conflicting evidence points to either O⫺
2
or H2O2 in mitogenic regulation and transformation (1, 26–30).
⫺
Ras-transformed fibroblasts overproduce O2 , and this overproduc5554 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.101505898

Table 5. Effect of Nox1 on expression of stress-related proteins
Fold change
Protein
Oxidative stress
Catalase
SOD1
SOD2
SOD3
Glutathione reductase
Thioredoxin reductase*
Thioredoxin*
Glucose-6-phosphate dehydrogenase
Chaperones兾heat shock proteins
Mammalian
Osmotic stress protein 94
HSP-25*
HSP-47
HSP-70
HSP-E71
HSP-84
HSP-90␣*
DNAJ protein homolog HSJ1*
HSP90-␤*
Yeast
DDR48
HSP104
HSP12
HSP26
HSP42
HSP82
PDI1
SSA1
SSA2
SSA3

NIH 3T3 Nox1
vs. control
NC
NC
NC
NC
—
NC
NC
NC

1 3.2, 3.3
NC
2 2.4, 2.5
NC
NC
NC
NC
2 2.1, 3.1
NC
—
—
—
—
—
—
—
—
—
—

Yeast
⫾ H2O2
1 14.7
1 4.3
1 5.9
—
1 2.1
1 12.2
1 11.5
12

—
—
—
—
—
—
—
—
—
1 2.3
1 14.9
1 10
1 ⬎5
14
1 2.3
1 2.8
1 2.7
23
1 4.2

In the column labeled ‘‘NIH 3T3 Nox1 vs. control,’’ the fold increase (1) or
decrease (2) in mRNA level for the indicated protein was evaluated in
Nox1-transfected (YA-28) cells compared with control (Nef-2) cells using a
DNA microarray, as described in Materials and Methods. In the column labeled
‘‘Yeast ⫾ H2O2,’’ the increase or decrease in protein level in yeast in the
presence or absence of H2O2 is shown. Yeast data are taken from ref. 50.
*Reported as ‘‘similar to’’ the indicated gene in the Affymetrix database. For
Nox1 vs. control cells, the values of the two independent experiments are
shown. NC, No change.

tion is correlated with activation of mitogenic signaling pathways
(11). Loss of SOD (which should elevate O⫺
2 levels) has also been
correlated with a cancer phenotype, and overexpression of SOD
leads to reversion of transformation (28–30). On the other hand,
H2O2 is generated in response to the growth factors epidermal
growth factor and PDGF, and is linked to growth-related signaling
(2, 10). The present studies were undertaken to investigate whether
the phenotype of Nox1-transfected cells is reversible, thereby
implicating ROS as a signal molecule, and, if so, to identify whether
the relevant signal is O⫺
2 or H2O2.
Superoxide generation is modestly increased in cells expressing Nox1, despite a marked overexpression of Nox1 mRNA (16).
Aconitase activity was also decreased by 20–25%, consistent
with intracellular exposure of the enzyme to O⫺
2 . Herein, we
report that Nox1-expressing NIH 3T3 cells produce 5- to 10-fold
higher levels of H2O2 than do control cells, based on DCF
fluorescence. Because binding sites for the prosthetic groups
NADPH, FAD, and heme are nearly identical to those of
gp91phox (17), we presume that the enzyme like the phagocyte
oxidase generates O⫺
2 directly, and that the observed H2O2
originates from dismutation of O⫺
2.
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The target(s) in the cell for H2O2 that relate to growth and
transformation are not clear. p42兾p44 mitogen-activated protein
kinase (MAPK); p38 MAPK; p70S6k; signal transducers and
activators of transcription (STAT) Akt兾protein kinase B; and
phospholipase D signaling pathways are all activated by reactive
oxygen (34–38), but, in some cases, activation is indirect (39, 40).
A direct effect is on protein tyrosine phosphatase-1B (PTP-1B),
which is inhibited by oxidation of an active site thiol by O⫺
2 and
H2O2 (41, 42), leading to increased phosphotyrosine on many
cell proteins. However, O⫺
2 is ⬇10-fold kinetically more efficient
than H2O2 in activating PTP-1B (42). Thus, reversal of the
transformed phenotype with catalase is more consistent with a
pathway other than PTP-1B. A variety of other targets can also
be affected by ROS, including transcription factors such as
NF-B (43), activator protein-1 (AP1; ref. 44), and p53 (45).
Whatever the proximal target(s), H2O2 reprograms the cell’s
expression of enzymes and other proteins. DNA microarray
experiments (Tables 3 and 4) indicate that ⬇2% of 6,500 genes
queried are regulated by H2O2.
Surprisingly, unlike the response of bacteria (46, 47) or yeast
(48) to oxidative insult, few if any of the expression changes were
related to oxidative defense or stress. Proteins in Saccharomyces
cerevisiae induced by H2O2 (49) are summarized in Table 5.
Escherichia coli exposed to oxidative insult induce functionally
similar proteins, many of which are also induced by heat and
other stress (50). In contrast, few if any functional analogs of
these proteins are induced in Nox1-transfected cells (Table 5).
Rather, many of the changes were in proteins related to the cell
cycle, signal transduction, and transcription (Tables 3 and 4),
indicating that H2O2 in the quantities produced triggers a highly
specific genetic program that is distinct from a stress response per
se. H2O2-induced changes in some of these proteins may participate in regulation of cell proliferation and induction of the
transformed phenotype. These studies may have direct implications for understanding the role of reactive oxygen in cancer and
other diseases of cellular hyperproliferation.
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We show herein that h-catalase expressed in Nox1-expressing
cells lowers intracellular H2O2, and that lowered H2O2 normalizes
the phenotype of these cells in terms of transformed appearance,
growth rate in culture, and tumorigenicity in athymic mice. Normally, H2O2 is metabolized by catalase and cellular peroxidases,
limiting its lifetime. H2O2-metabolizing activities, however, must be
partially rate limiting, because H2O2 accumulates on Nox1 overexpression and diminishes with catalase overexpression. Thus, the
activity of endogenous H2O2-metabolizing enzymes in these cells is
well suited to permit H2O2 levels to fluctuate when production is
increased, a necessary condition for function as a signal. In contrast,
catalase failed to affect cellular generation of O⫺
2 . These data do not
eliminate a cosignaling role for O⫺
2 . For example, overexpression of
Mn SOD or Cu兾Zn SOD in NIH 3T3 cells decreased cell proliferation (31, 32). However, SOD overexpression perturbs both O⫺
2
and H2O2 levels, and SOD-induced H2O2 was associated with cell
senescence in the latter study (32). Perhaps related to these studies,
overexpression of either Mn SOD or Cu兾Zn SOD in Nox1expressing cells was cytotoxic, and transfected cell lines failed to
survive (R.S.A., unpublished work). The present studies complement earlier ones that collectively strongly implicate H2O2 as a
mediator of normal cell proliferation: endogenous Nox1 is induced
along with increased ROS in vascular smooth muscle cells by the
growth factor PDGF, and decreased expression of endogenous
Nox1 (using antisense DNA) decreases ROS levels and inhibits
serum-dependent cell proliferation (16).
Although the effects of ROS on cells are complex, our data are
consistent with some earlier studies that showed a role for H2O2
in cell division. A low concentration of exogenously added H2O2
caused a modest increase in proliferation of BHK-21 and human
prostate cells, whereas higher levels resulted in slowed growth,
cell cycle arrest, and兾or apoptosis (26, 33). Whereas H2O2 is
membrane permeant and should enter the cell, metabolism will
undoubtedly alter cellular levels over time, complicating interpretations and causing mixed responses that depend on time and
concentration. This metabolism may account for the relatively
small growth response of cells to added H2O2. In contrast, Nox1
continuously elevates the steady state concentration of H2O2,
permitting an unadulterated mitogenic response.

