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Reactive oxygen species (ROS) generated in some non-phagocytic
cells are implicated in mitogenic signalling and cancer1±6. Many
cancer cells show increased production of ROS7, and normal cells
exposed to hydrogen peroxide or superoxide show increased
proliferation8 and express growth-related genes9±11. ROS are generated in response to growth factors, and may affect cell
growth2,3,12,13, for example in vascular smooth-muscle cells6,13±15.
Increased ROS in Ras-transformed ®broblasts correlates with
increased mitogenic rate16. Here we describe the cloning of
mox1, which encodes a homologue of the catalytic subunit of the
superoxide-generating NADPH oxidase of phagocytes17,18,
gp91phox. mox1 messenger RNA is expressed in colon, prostate,
NATURE | VOL 401 | 2 SEPTEMBER 1999 | www.nature.com

uterus and vascular smooth muscle, but not in peripheral blood
leukocytes. In smooth-muscle cells, platelet-derived growth factor
induces mox1 mRNA production, while antisense mox1 mRNA
decreases superoxide generation and serum-stimulated growth.
Overexpression of mox1 in NIH3T3 cells increases superoxide
generation and cell growth. Cells expressing mox1 have a transformed appearance, show anchorage-independent growth and
produce tumours in athymic mice. These data link ROS production by Mox1 to growth control in non-phagocytic cells.

A human expressed sequence tag (EST) sequence which showed
homology to human gp91phox was identi®ed, and complete
sequencing revealed a predicted amino-acid sequence homologous
to the carboxy-terminal half of gp91phox. Sequencing was completed with 59-rapid ampli®cation of complementary DNA ends
(59-RACE) using human colon cDNA, and the predicted aminoacid sequence is shown in Fig. 1. The predicted protein is 564 amino
acids long, compared with 569 residues for gp91phox, and the two
show 56% identity. The gene is located at Xq22 (Genebank accession no. Z83819), but the locus is not informative with regard to
known diseases. Rat mox1, cloned by using degenerate primers
based on sequences that are highly conserved between gp91phox and
human mox1, is 82% identical to human mox1 (Fig. 1). Human and
rat Mox1 lack asparagine-linked candidate glycosylation sites,
which are seen in the highly glycosylated human and mouse
gp91phox/human
p65mox/human
p65mox/rat
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†
50
MGNWAVNEGLSIFAILVWLGLNVFLFVWYYRVYDIPPKFFYTRKLLGSAL
MGNWVVNHWFSVLFLVVWLGLNVFLFVDAFLKYEKADKYYYTRKILGSTL
MGNWLVNHWLSVLFLVSWLGLNIFLFVYVFLNYEKSDKYYYTREILGTAL

gp91phox/human
p65mox/human
p65mox/rat

51
100
ALARAPAACLNFNCMLILLPVCRNLLSFLRGSSACCSTRVRRQLDRNLTF
ACARASALCLNFNSTLILLPVCRNLLSFLRGTCSFCSRTLRKQLDHNLTF
ALARASALCLNFNSMVILIPVCRNLLSFLRGTCSFCNHTLRKPLDHNLTF

gp91phox/human
p65mox/human
p65mox/rat

●
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‡
148
HKMVAWMIALHSAIHTIAHLFNVEWCVNARVNNSDPYSVALSEL..GDRQ
HKLVAYMICLHTAIHIIAHLFNFDCYSRSRQATDGSLASILSSLSHDEKK
HKLVAYMICIFTAIHIIAHLFNFERYSRSQQAMDGSLASVLSSLFHPEKE

gp91phox/human
p65mox/human
p65mox/rat

‡
197
NESYLNFARKRIKNPEGGL.YLAVTLLAGITGVVITLCLILIITSSTKTI
GGSWLN....PIQSRNTTVEYVTFTSVAGLTGVIMTIALILMVTSATEFI
D.SWLN....PIQSPNVTVMYAAFTSIAGLTGVVATVALVLMVTSAMEFI

gp91phox/human
p65mox/human
p65mox/rat
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198
RRSYFEVFWYTHHLFVIFFIGLAIHGAERIVRGQTAESLAVHNITVCEQK
RRSYFEVFWYTHHLFIFYILGLGIHGIGGIVRGQTEESMNESHPRKCAES
RRNYFELFWYTHHLFIIYIICLGIHGLGGIVRGQTEESMSESHPRNCSYS

gp91phox/human
p65mox/human
p65mox/rat

248
296
ISEWGKIK.ECPIPQFAGNPPMTWKWIVGPMFLYLCERLVRFWRSQQKVV
FEMWDDRDSHCRRPKFEGHPPESWKWILAPVILYICERILRFYRSQQKVV
FHEWDKYERSCRSPHFVGQPPESWKWILAPIAFYIFERILRFYRSRQKVV
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p65mox/rat
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297
346
ITKVVTHPFKTIELQMKKKGFKMEVGQYIFVKCPKVSKLEWHPFTLTSAP
ITKVVMHPSKVLELQMNKRGFSMEVGQYIFVNCPSISLLEWHPFTLTSAP
ITKVVMHPCKVLELQMRKRGFTMGIGQYIFVNCPSISFLEWHPFTLTSAP
1a
347
395
EEDFFSIHIRIVGDWTEGLFNACGCDKQEFQDAWK.LPKIAVDGPFGTAS
EEDFFSIHIRAAGDWTENLIRA.......FEQQYSPIPRIEVDGPFGTAS
EEEFFSIHIRAAGDWTENLIRT.......FEQQHSPMPRIEVDGPFGTVS
1b
396
445
EDVFSYEVVMLVGAGIGVTPFASILKSVWYKYCNNATNLKLKKIYFYWLC
EDVFQYEVAVLVGAGIGVTPFASILKSIWYKFQCADHNLKTKKIYFYWIC
EDVFQYEVAVLVGAGIGVTPFASFLKSIWYKFQRAHNKLKTQKIYFYWIC
2a
2b
446
495
RDTHAFEWFADLLQLLESQMQERNNAGFLSYNIYLTGWDESQANHFAVHH
RETGAFSWFNNLLTSLEQEMEELGKVGFLNYRLFLTGWDSNIVGHAALNF
RETGAFAWFNNLLNSLEQEMDELGKPDFLNYRLFLTGWDSNIAGHAALNF

496
545
DEEKDVITGLKQKTLYGRPNWDNEFKTIASQHPNTRIGVFLCGPEALAET
DKATDIVTGLKQKTSFGRPMWDNEFSTIATSHPKSVVGVFLCGPRTLAKS
DRATDVLTGLKQKTSFGRPMWDNEFSRIATAHPKSVVGVFLCGPPTLAKS
2c
2d
546
gp91phox/human LSKQSISNSESGPRGVHFIFNKENF
p65mox/human LRKCCHRYSSLDPRKVQFYFNKENF
p65mox/rat LRKCCRRYSSLDPRKVQFYFNKETF
gp91phox/human
p65mox/human
p65mox/rat

Figure 1 Predicted amino-acid sequence of human Mox1 (GenBank accession no.
AF127763, patent pending) and rat Mox1 (GenBank accession no. AF152963), with
human gp91phox. Abbreviations of amino-acid residues are according to standard IUPAC
nomenclature. ² and ³ indicate asparagine-linked candidate glycosylation sites in mouse
and human gp91phox, respectively. Filled circles indicate conserved histidines that are
candidates for haem ligation.
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Figure 2 Expression of mox1 mRNA. a, Tissue expression of human mox1 mRNA. Top
and middle panels were exposed for 24 h and 3 days, respectively. The bottom panel was
probed for actin mRNA. b, Expression of rat-mox1 mRNA in rat aortic smooth muscle and
induction by 20 ng ml-1 PDGF. Bottom, 28S rRNA. c, Expression of human mox1 in Caco2 cells. d, Northern analysis of human-mox1 mRNA in NIH 3T3 cells transfected with
vector alone (NEF2) or with human-mox1 (YA63, YA613, YA26, YA28 and YA212), and a
tumour YA26(T) produced in athymic mice after injection of mox1-expressing cells.

Figure 3 Superoxide generation by Mox1. a, Reduction of nitroblue tetrazolium (NBT) in
mox1-transfected and control ®broblasts was measured in the absence (®lled bars) or
presence (open bars) of superoxide dismutase. b, Aconitase (®lled bars), lactate
dehydrogenase (narrow hatching) and fumarase (broad hatching) were determined in
lysates of cells transfected with vector alone (NEF2) or with mox1 (YA26, YA28 and
YA212). Results are the average 6 s:e:m: of 3 experiments. Activities are expressed as
percentage of that seen in NEF2 cells.

gp91phox19,21 (the positions of which are indicated by ³ and ²,
respectively, in Fig. 1). Regions in gp91phox (underlined), which
were previously proposed21±22 to be binding sites for ¯avin (regions
1a and 1b) and pyridine nucleotide (regions 2a±2d), are identical or
nearly identical between gp91phox and Mox1. Also shown (®lled
circles) are conserved histidines, which are candidates for haem
ligation. The hydropathy pro®les of human gp91phox and Mox1 are
nearly identical (not shown), and include ®ve very hydrophobic
stretches in the amino-terminal half of the molecules which are
predicted to be membrane-spanning regions.
The distribution in the tissues of mox1 mRNA was very different
from that of gp91phox. Among normal human tissues, mox1 was
expressed most in colon, and low expression was also detected in the
uterus and prostate (Fig. 2a). The human colon-carcinoma cell line
Caco-2 also expressed large quantities of mox1 message (Fig. 2c). In
cultured rat aortic vascular smooth-muscle cells (Fig. 2b), plateletderived growth factor (PDGF), which causes cell proliferation13,24,
induced a roughly twofold increase in the expression of rat mox1
mRNA within 12 hours of treatment, consistent with the idea that
Mox1 contributes to the growth-stimulatory effects of PDGF.
To investigate whether Mox1 catalysed superoxide generation in
cells, mox1 DNA was stably transfected into NIH 3T3 cells. After
selection, 30 surviving colonies were screened by the polymerase
chain reaction with reverse transcription (RT-PCR) for expression
of mox1 mRNA (not shown), and 22 of these showed expression of
mox1 message. Five colonies were selected for further analysis, of
which four (YA613, YA26, YA28 and YA212) showed signi®cant
expression of mox1 message (Fig. 2d). Superoxide generation by
intact cells was monitored by using superoxide dismutase-sensitive
reduction of nitroblue tetrazolium (Fig. 3a). YA26 and YA28 cells

showed increased reduction of nitroblue tetrazolium compared
with vector (NEF2)-transfected cells, much of which was inhibited
by superoxide dismutase. Because superoxide dismutase and nitroblue tetrazolium are not likely to penetrate cells, superoxide must be
generated extracellularly. The amount of superoxide generated by
these cells is on the order of 0.3±0.6 nmol min-1 per 106 cells, or
about 5±10% of that generated by activated human neutrophils.
NADPH-dependent superoxide generation was measured in broken
cell preparations by using a lucigenin luminescence assay. Although
substantial background signal was seen, luminescence was about
twofold higher in mox1-transfected cells than in vector-transfected
cells, and was inhibited by both superoxide dismutase and the
general ¯avoprotein inhibitor diphenylene iodonium (not shown).
This signal was unaffected by added recombinant human p47phox,
p67phox and Rac1(GTP-gS), which are essential cytosolic factors for
the phagocyte respiratory-burst oxidase. Thus, mox1-transfected
cells show increased superoxide generation compared with control
cells.
To test whether superoxide generated by Mox1 can affect intracellular `targets', we monitored aconitase activity in control and in
three mox1-transfected cell lines. Aconitase contains a four-ironfour-sulphur cluster, which is highly susceptible to modi®cation by
superoxide, resulting in a loss in enzyme activity25,26, and has been
used as a reporter of intracellular superoxide generation. Aconitase
activity was signi®cantly diminished in YA26, YA28 and YA212 cells
compared with the transfected control (Fig. 3b), and the decrease in
activity paralleled the expression of mox1 in these cells (compare
with Fig. 2d). Approximately 50% of the aconitase in these cells is
mitochondrial, based on differential centrifugation, and the cytosolic and mitochondrial forms were both affected (not shown).
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Figure 4 Properties of NIH 3T3 cells transfected with mox1. a, Control NIH 3T3 (left) and
YA28 cells stably transfected with mox1 (right) grown in culture for 3 days and observed
by light microscopy (original magni®cation ´100). b, Growth curves for vector control
(NEF2) cell line (open circles) and YA26 (®lled circles) and YA28 (open triangles)
mox1-transfected cell lines. Cells were plated at 13 3 104 cells per well in 6-well plates.
Triplicates 6 s:e:m: are shown. c, Growth curves for YA28 cells in the absence (open
triangles) or presence (®lled circles) of 20 mM N-acetyl cysteine added daily to cultures.

Control cytosolic and mitochondrial enzymes that do not contain
iron±sulphur centres were not affected (Fig. 3b). Superoxide
generated in mox1-transfected cells is therefore capable of reacting
with and modifying intracellular components.
Remarkably, mox1-transfected NIH 3T3 cells grown in culture
take on a transformed appearance, becoming elongated and losing
contact inhibition (Fig. 4a). Of 13 cell lines developed from mox1transfected cells, 11 (85%) showed a transformed phenotype,
whereas none of 22 lines (0%) isolated from cells transfected with
vector alone showed this phenotype. The mox1 cells retain a partial
dependence on serum for growth (not shown), and growth rates in
the presence of serum are increased (Fig. 4b). Growth of the mox1transfected cells was inhibited by the antioxidant N-acetyl cysteine
(Fig. 4c), consistent with reactive oxygen acting as mediator in the
regulation of cell division. The mox1-transfected cells exhibited
anchorage-independent growth in soft agar (not shown), although
colonies were smaller than those seen for Ras-transformed
®broblasts.
The mox1-transfected cells also produced aggressive tumours in
athymic mice (not shown), which at about 3±4 weeks were similar
in size to those produced by ras-transformed NIH 3T3 cells. Of 15
mice injected with mox1-transfected NIH 3T3 cells, 14 showed large
tumours within 17 days of injection, and tumours showed expression
of mox1 mRNA (Fig. 2d). Histologically, the tumours resembled
®brosarcomas and were similar to ras-induced tumours (not
shown). Thus, ras and mox1 were similarly potent in their ability
to induce tumorigenicity of NIH3T3 cells in athymic mice.
A role in normal growth was demonstrated in rat aortic vascular
smooth-muscle cells by using antisense to rat mox1. Transfection
with the antisense DNA resulted in a decrease in both superoxide
generation (Fig. 5b) and serum-dependent growth (Fig. 5a). Mox1
is therefore implicated in normal growth in this cell type.
Our results show that Mox1, a homologue of gp91phox, generates
ROS in some non-phagocytic cells and may participate in normal
mitogenic regulation in response to growth factors, such as PDGF,
and in disregulated growth in hyperproliferative disorders such as
cancer and atherosclerosis.
M
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Figure 5 Role of Mox1 in growth of vascular smooth-muscle cells. a, Cells were
transfected with antisense rat mox1 (open triangles) or empty vector (®lled circles), and
cell number was quanti®ed using a Coulter counter. Values are the mean 6 s:e:m: of 3
experiments; *P , 0:001. b, Cells were transfected with antisense rat mox1 or empty
vector and were analysed for superoxide by electrospin resonance (ESR). Bars show the
mean 6 s:e:m: of 3 independent experiments. *P  0:03.

Methods
Cloning.
A homologous 334-base portion of an expressed sequence tag (EST176696; GenBank
accession no. AA305700) from a Caco-2 cell line was identi®ed by using the human
gp91phox amino-acid sequence as a query in a Blast search. The bacterial strain #129134
containing the EST sequence in the pBluescript SK-vector was purchased from ATCC
(Rockville). EST176696 encoded 337 amino acids showing homology to the C-terminal
60% of human gp91phox, and contained a stop codon corresponding to the C terminus of
gp91phox. 59-RACE, carried out using a human colon cDNA library and Marathon cDNA
Ampli®cation Kit (ClonTech, Palo Alto) using a gene-speci®c primer, yielded a
1.1-kilobase (kb) fragment containing an ATG codon corresponding in position to the
start site in gp91phox. Reampli®cation with DNA primers spanning the putative start and
stop codons yielded a 1.7-kb fragment which was TA-cloned into the PCR2.1 vector
(Invitrogen TA Cloning Kit, San Diego).
A 1.1-kb central fragment of rat mox1 cDNA was obtained by RT-PCR of vascular
smooth-muscle-cell RNA using primers designed to anneal to human mox1 and human,
mouse and pig gp91phox. The sequence was extended by 59- and 39-RACE, which yielded
850-base pair and 1.5-kb products, respectively. Full-length rat mox1 cDNA (2.6 kb) was
obtained by RT-PCR of the smooth-muscle-cell RNA by using primers designed to anneal
to the terminal segments of the 59- and 39-RACE products.

Transfections.
pEF-PAC vector alone and vector containing the subcloned coding region for mox1 were
stably transfected (10 mg DNA) into 2 3 106 NIH 3T3 cells by using Fugene 6 (Boehringer
Mannheim). Cells maintained in DMEM containing 10% calf serum were split after 2 days
and selected with 1 mg ml-1 puromycin. Colonies surviving in selection media for 10±14
days were subcultured and characterized for expression of mox1 mRNA. For antisense
experiments, cells plated at low density were transfected using Superfect reagent (Qiagen)
with either full-length antisense rat-mox1 in the pcDNA3 vector (Invitrogen) or empty
vector. Cells were replated at higher density, allowed to grow in medium with 10% calf
serum, 400 mg ml-1 geneticin and 10 mM glutamine and passaged 3±4 times in selection
medium. Transcription from the empty vector and the antisense construct were veri®ed by
RT-PCR by using vector-speci®c primers.

Northern blots.
Human multiple tissue northern blot I and blot IV membranes (ClonTech) were incubated
at 68 8C in hybridization solution for 1 h and hybridized (68 8C, 3±4 h) with radiolabelled
mox1 coding region. Human or rat mox1 coding region was labelled by random priming
with [32P]dCTP (10 mCi) using the Prime-It II kit (Stratagene, La Jolla). For analysis of
mox1 mRNA expression in cell lines, total RNA was prepared from 106 cells using the High
Pure RNA Isolation Kit (Boehringer Mannheim) or RNeasy kit (Qiagen, Valencia, CA).
Total RNA (10±20 mg) was separated on a 1% agarose formaldehyde minigel and
transferred to a Nytran ®lter (Biorad, Hercules, CA) and immobilized by ultraviolet
crosslinking.
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Nitroblue tetrazolium (NBT) reduction assay.
Cells (500,000 per well in six-well plates) were plated. After 24 h, medium was removed
and cells were washed with 1 ml Hanks solution (Sigma). Filtered 0.25% NBT (1 ml,
Sigma) was added with or without 600 units of superoxide dismutase (Sigma) and cells
were incubated at 37 8C for 8 min. Cells were scraped and NBT was pelleted by low-speed
centrifugation. The NBT pellet was resuspended in 1 ml of pyridine (Sigma) and
solubilized by heating for 10 min at 100 8C. Reduced NBTwas quanti®ed by measuring the
absorbance at 510 nm (extinction coef®cient of 11,000 M-1 cm-1).

Aconitase, lactate dehydrogenase and fumarase assays.
Aconitase, lactate dehydrogenase and fumarase activities were determined as
described25,27,28.

Superoxide measurement by spin trapping.
Transfected cells were washed twice with phosphate-buffered saline (PBS), sedimented at
400g for 10 min, resuspended and homogenized by sonication in 1 ml lysis buffer (50 mM
Tris, 0.1 mM EDTA, 0.1 mM EGTA, aprotinin, leupeptin, pepstatin and PMSF). Membrane pellet (10 mg 28,000g) (resuspended in lysis buffer) was incubated with 10 mM
DEPMPO (5-diethoxyphosphoryl-5-1-pyrroline-N-oxide, Oxis), 100 mM diethyldithiocarbamate, 100 mM NADPH, 0.1 mM diethylenetriaminepentaacetic acid in PBS at 37 8C
for 30 min. Electron spin resonance spectra were recorded using a Bruker EMX spectrometer at 9.78 GHz, 20 mW with a modulation amplitude of 1.0 G, and quanti®ed by
adding the total height of eight peaks relative to baseline.

Superoxide measurement by lucigenin.
Lucigenin luminescence measurements were carried out using 30 mM lucigenin29. When
added, p47phox, p67phox and Rac1(GTP-gS) were at 1 mM.

Soft agar assay.
Trypsinized cells were suspended in medium containing DMEM, 10% fetal bovine serum,
100 units ml-1 penicillin, 100 mg ml-1 streptomycin and 0.3% noble agar (Difco, Detroit)
with or without puromycin; 1:5 3 105 cells per well were plated in six-well plates onto
solidi®ed medium containing 1% noble agar. Plates were incubated at 37 8C in 5% CO2,
and medium was added every 5±7 days. After 19 days, cells were incubated overnight with
p-iodonitrotetrazolium violet (Sigma) and photographed.
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Activation of the nuclear transcription factor NF-kB by in¯ammatory cytokines requires the successive action of NF-kB-inducing kinase (NIK) and an IkB-kinase (IKK) complex composed of
IKKa and IKKb1±5. Here we show that the Akt serine±threonine
kinase6 is involved in the activation of NF-kB by tumour necrosis
factor (TNF). TNF activates phosphatidylinositol-3-OH kinase
(PI(3)K) and its downstream target Akt (protein kinase B).
Wortmannin (a PI(3)K inhibitor), dominant-negative PI(3)K or
kinase-dead Akt inhibits TNF-mediated NF-kB activation. Constitutively active Akt induces NF-kB activity and this effect is
blocked by dominant-negative NIK. Conversely, NIK activates
NF-kB and this is blocked by kinase-dead Akt. Thus, both Akt and
NIK are necessary for TNF activation of NF-kB. Akt mediates
IKKa phosphorylation at threonine 23. Mutation of this amino
acid blocks phosphorylation by Akt or TNF and activation of NFkB. These ®ndings indicate that Akt is part of a signalling pathway
that is necessary for inducing key immune and in¯ammatory
responses.

NF-kB regulates gene expression in immunity, stress responses,
in¯ammation7 and the inhibition of apoptosis8,9. Ordinarily, NFkB is sequestered in the cytoplasm by the inhibitory protein IkB.
Ultraviolet radiation, T-cell activation, bacterial lipopolysaccharide, viral gene products and in¯ammatory cytokines promote IkB
degradation, thereby allowing NF-kB to enter the nucleus and
induce gene transcription7. Activation of the type-1 TNF receptor
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