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The generation of reactive oxygen species (ROS) in cells stimulated with growth factors requires the
activation of phosphatidylinositol 3-kinase (PI3K) and the Rac protein. We report here that the COOH-
terminal region of Nox1, a protein related to gp91°"°* (Nox2) of phagocytic cells, is constitutively associated
with BPix, a guanine nucleotide exchange factor for Rac. Both growth factor-induced ROS production and
Racl activation were completely blocked in cells depleted of BPix by RNA interference. Racl was also shown
to bind to the COOH-terminal region of Nox1 in a growth factor-dependent manner. Moreover, the depletion
of Nox1 by RNA interference inhibited growth factor-induced ROS generation. These results suggest that ROS
production in growth factor-stimulated cells is mediated by the sequential activation of PI3K, BPix, and Racl,
which then binds to Nox1 to stimulate its NADPH oxidase activity.

Reactive oxygen species (ROS), such as superoxide anions
and hydrogen peroxide (H,O,), are produced in mammalian
cells in response to the activation of various cell surface recep-
tors and contribute to intracellular signaling and to the regu-
lation of various biological activities, including host defense
and metabolic conversion (15, 23, 35). Receptor-mediated
ROS production has been studied extensively in phagocytic
cells. The enzyme NADPH oxidase of such cells is composed
of at least five protein components, namely two transmem-
brane flavocytochrome b components (gp91°"°* and p22P"°x)
and three cytosolic components (p47P"°*, p67P"*, and p40P"°¥)
(2). The exposure of resting phagocytic cells to an appropriate
stimulus results in extensive phosphorylation of the cytosolic
components of NADPH oxidase and their association with the
transmembrane flavocytochrome b components (1, 11, 33, 36).
The assembled oxidase complex catalyzes the transfer of an
electron to molecular oxygen to yield the superoxide anion,
which is then spontaneously or enzymatically converted to
H,O,. The small GTPase Rac is also required for the activa-
tion of NADPH oxidase in phagocytic leukocytes (12, 28).
Hematopoietic cell-specific Rac2 and the ubiquitously ex-
pressed protein Racl are the major and minor Rac isoforms,
respectively, in human neutrophils (19).

Nonphagocytic cells also produce superoxide anions in re-
sponse to a variety of extracellular stimuli, including platelet-
derived growth factor (PDGF) and epidermal growth factor
(EGF) (3, 5, 35, 38) Several homologs (Nox1, Nox3, Nox4,
Nox5, Duox1, and Duox2) of gp91P"* (Nox2) have been iden-
tified in various nonphagocytic cells (8, 13, 21, 23, 37). Nox
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proteins contain binding sites for FAD, NADPH, and heme,
and their NH,-terminal portions contain a cluster of six hydro-
phobic segments that are predicted to form transmembrane o
helices (23). Some of the gp91P"* homologs likely associate
with p22Ph°% to form functional cytochrome b in nonphago-
cytes, given that the latter protein is widely expressed (8) and
that p22P"* antisense RNA was shown to inhibit angiotensin
II-induced ROS generation in smooth muscle cells (41). The
expression of p40P"* is restricted to hematopoietic cells, and
the roles of p47P"** and p67P"°* in ROS production in non-
phagocytic cells remain unclear. Nox1, whose amino acid se-
quence has 56% identity to that of gp91P"*, has been impli-
cated in PDGF-induced ROS production based on the effect of
Nox1 antisense RNA in smooth muscle cells. PDGF also in-
creases the expression of Nox1 in smooth muscle cells (24).
Activated Rac is also required for the activation of ROS
generation in nonphagocytic cells, as revealed by the observa-
tion that the expression of a dominant-negative form of Racl
blocks PDGF-induced ROS generation in HepG2 cells (4, 10).
Moreover, the expression of a constitutively active form of Rac
increases ROS generation in several different types of cells.
Activation of Rac is achieved through the exchange of bound
GDP for GTP, a process that is catalyzed by a family of pro-
teins known as guanine nucleotide exchange factors (GEFs).
GEFs that target Rac include Sos; Vavl, -2, and -3; a- and
BPix; Ras-GRF1 and -2; and P-Rex1 (18, 25, 29, 42). Some of
these proteins also function as GEFs for other small GTPases,
such as Rho and Cdc42. All of these GEF proteins contain a
pleckstrin homology (PH) domain that flanks the catalytic Dbl
homology (DH) domain. Various GEFs also contain addi-
tional specific motifs or homology domains. For example, he-
matopoietic cell-specific Vav contains a calponin homology
domain, a cysteine-rich region, and both Src homology 2 (SH2)
and SH3 domains, whereas Pix contains an SH3 domain, a
GIT1 binding domain, a proline-rich (PXXP) region, and a
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leucine zipper (LZ) motif. The LZ motif, which is located in
the COOH-terminal region, mediates the homodimerization
of Pix (22).

We previously showed that the activation of phosphatidylino-
sitol 3-kinase (PI3K) is required for PDGF-induced ROS pro-
duction (4). Several Rac-GEFs are activated by phosphatidylino-
sitol 3,4,5-trisphosphate [PtdIns(3,4,5)P5] or PtdIns(3,4)P,, but
not by other phosphoinositides such as PtdIns(4,5)P,. These ob-
servations, together with the essential role of Rac in PDGF-
induced ROS production, suggest that the activation of a Rac-
GEF through the interaction of PtdIns(3,4,5)P; or PtdIns(3,4)P,
with its PH domain may contribute to this process. Alternatively,
a phox homology (PX) domain-containing protein similar to
p40PP* might mediate growth factor-induced ROS generation. In
the case of neutrophils, the production of ROS is triggered by the
formation of PtdIns(3)P, which binds to the PX domain of
p4OPhex (14).

We now show that BPix and Nox1 participate in the growth
factor-induced generation of ROS in nonphagocytic cells. Our
results demonstrate that BPix is essential for Racl-mediated
Nox1 activation and that BPix, Racl, and Nox1 form a ternary
complex in response to growth factor stimulation.

MATERIALS AND METHODS

Cell culture. Caco-2, HEK293T, and Cos-7 cells were maintained at 37°C in an
atmosphere of 5% CO, in culture dishes containing Dulbecco’s modified Eagle’s
medium (JBI) supplemented with 10% fetal bovine serum (JBI) and 1% antibi-
otic-antimycotic solution (Life Technologies).

Expression of wild-type and mutant forms of BPix. Caco-2 cells (10°) were
plated in 35-mm-diameter culture dishes and transfected for 24 h with pFLAG-
CMV-BPix, which encodes FLAG-tagged wild-type BPix, or with pPFLAG-CMV
plasmids containing various BPix mutants by use of Effectine (Qiagen). The cells
were then deprived of serum for 16 h, incubated for 10 min at 37°C in the absence
or presence of EGF (100 ng/ml; Upstate Biotechnology), and assayed for the
production of H,O,. Cell lysates were also subjected to an immunoblot analysis
of recombinant BPix expression, using monoclonal antibodies to FLAG (Sigma);
the filter was then reprobed with monoclonal antibodies to B-actin (Sigma),
which served as a loading control.

Electroporation of Caco-2 cells. Electroporation (Amaxa Biosystems, Co-
logne, Germany) was performed as described previously (26). Caco-2 cells (2 X
10°) were subjected to centrifugation, and then the pellet was resuspended in the
specified Amaxa Nucleofector solution. Plasmid DNAs (1 to 5 pg) were mixed
with 100 pl of cell suspension, transferred into Amaxa certified cuvettes (2.0 mm
wide), and electroporated with an Amaxa Nucleofector apparatus, using an
appropriate program supplied by the manufacturer’s protocol. After electropo-
ration, the cells were immediately transferred to complete medium and cultured
in 35-mm-diameter culture dishes at 37°C until analysis.

Preparation of GST fusion proteins and GST pull-down assays. The plasmid
pGEX4T1-Nox1-C, which encodes a glutathione S-transferase (GST) fusion
protein containing amino acids 217 to 550 of human Nox1, was introduced into
Escherichia coli, and the cells were cultured at 22°C for 7 h. Expression of the
GST fusion proteins was induced by 0.05 mM isopropyl--p-thiogalactopyrano-
side (ICN), and the cells were subsequently collected by centrifugation at 2,000
X g for 15 min and sonicated in 10X (wt/vol) phosphate-buffered saline (PBS)
containing 1% Triton X-100 and protease inhibitors (aprotinin [1 pg/ml], leu-
peptin [1 pg/ml], and 0.5 mM phenylmethylsulfonyl fluoride). After centrifuga-
tion for 30 min at 19,000 X g, the resulting supernatant was incubated with
glutathione-Sepharose 4B (Amersham Pharmacia Biotech) for 4 h at 4°C. The
mixture was centrifuged for 2 min at 5,000 X g, and the resulting pellet was
washed with 10 bed volumes of PBS containing 1% Triton X-100. For GST
pull-down assays, the bead-conjugated GST-Nox1-C fusion proteins were incu-
bated with lysates of Caco-2 or HEK293T cells transfected with pFLAG-BPix or
with purified Racl from E. coli for 3 h at 4°C in PBS containing 1% Triton X-100.
The beads were then separated by centrifugation, washed three times, and
subjected to immunoblot analysis with antibodies to FLAG or with monoclonal
antibodies to Racl (Upstate Biotechnology).
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Phosphoinositide binding assay. Pull-down assays with phosphoinositide an-
alogue beads (Echelon Research Laboratories Inc.) were performed as previ-
ously described (17). Briefly, the PH domains (amino acids 295 to 400) of BPix
were expressed in E. coli as fusion proteins with GST. Fusion proteins were
purified by using glutathione. Purified GST-BPix-PH domain (~200 ng) was
incubated with phosphoinositide analogue beads (Echelon Research Laborato-
ries Inc.) in PBS containing 1% Triton X-100 overnight at 4°C. Bead-bound
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and analyzed by immunoblotting with antibodies against
GST.

Assay of intracellular H,O, production. The intracellular production of H,O,
was assayed after the stimulation of cells with EGF (100 ng/ml) in serum-free
Dulbecco’s modified Eagle’s medium. Dishes of confluent cells were washed with
Hanks’ balanced salt solution and incubated for 5 min in the dark at 37°C with
the same solution containing 5 pM 2',7'-dichlorofluorescein diacetate (DCF-
DA; Molecular Probes). DCF-DA is oxidized by H,O, to the highly fluorescent
2',7'-dichlorofluorescein (DCF). The cells were then examined with a laser
scanning confocal microscope (model LSM 510; Carl Zeiss) equipped with an
argon laser tuned to an excitation wavelength of 488 nm, an LP505 emission filter
(515 to 540 nm), and a Zeiss Axiovert X100 objective lens. Images were digitized
and stored at a resolution of 512 by 512 pixels. Five groups of cells were randomly
selected from each sample, and the mean relative fluorescence intensity for each
group of cells was measured with a Zeiss vision system (LSM510, version 2.3) and
then averaged for all groups. All experiments were repeated at least five times.

Measurement of H,O, by FACSCalibur. HEK293T cells were stimulated with
EGF for 10 min, stained with DCF-DA to detect ROS, and subjected to mea-
surement in a FACSCalibur instrument from Becton Dickinson (excitation wave-
length, 488 nm; emission wavelength, 515 to 545 nm). ROS are expressed as a
histogram of the fluorescence generated by 10,000 cells.

Construction of siRNA for BPix and Nox1. Specific sequences of 19 nucleo-
tides of human BPix cDNA (GAGCTCGAGAGACACATGG, residues 721 to
739), human Nox1 ¢cDNA (CCAGGATTGAAGTGGATGG, residues 1130 to
1148), and humanVav2 cDNA (GATGACGTCTACCGCAGCGC, residues 415 to
433) were selected for the synthesis of small interfering RNAs (siRNAs) (7). The
pSUPER vector for siRNAs was purchased from Oligoengine. The phosphory-
lated oligonucleotides were annealed and cloned into the pSUPER vector by the
use of BglII (5" end) and HindIII (3" end). Cells were transfected with the
resulting construct and cultured for 48 h in complete medium. The transfected
cells were deprived of serum for 12 h, incubated for 10 min in the absence or
presence of growth factor, and then analyzed for the production of H,O,. The
depletion of endogenous BPix, Vav2, or Noxl1 by the relevant siRNA was con-
firmed by immunoblot analysis (BPix or Vav2) or reverse transcription-PCR
(RT-PCR) (Nox1).

RT-PCR. The total RNA was prepared from Caco-2 cells by the use of Trisol
(Invitrogen). RT was performed, with the total RNA as the template, by use of
an RT-for-PCR kit (Promega). PCR amplification of Nox]1 mRNA was carried
out with the primers 5'-GTACAAATTCCAGTGTGCAGACCAC-3" and 5'-C
AGACTGGAATATCGGTGACAGCA-3'. Glyceraldehyde-3-phosphate dehy-
drogenase served as the loading control.

RESULTS

Role of BPix in growth factor-induced ROS generation. The
activation of both PI3K and Racl is required for PDGF-in-
duced H,O, generation (4). We hypothesized that a Rac-GEF
such as BPix might link the activation of these two proteins.
PtdIns(3,4,5)P; or PtdIns(3,4)P, produced by PI3K might thus
bind to the PH domain of BPix and thereby result in the
activation of Racl, and consequently, Nox1. To investigate this
possibility, we first examined the effect of BPix overexpression
on EGF-induced ROS generation in Caco-2 cells. The gener-
ation of ROS by Caco-2 or HEK293T cells was determined by
measurement of the oxidation of DCF-DA to DCF with a
laser-based confocal microscope or by fluorescence-activated
cell sorting analysis. The exposure of control Caco-2 or
HEK293T cells to EGF (100 ng/ml) resulted in an increased
generation of ROS, as revealed by an increase in DCF fluo-
rescence (Fig. 1A and B). The presence of ectopically ex-
pressed FLAG-tagged BPix resulted in a marked increase in
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FIG. 1. Effect of BPix overexpression on EGF-induced ROS generation in Caco-2 or HEK293T cells. (A) Caco-2 or HEK293T cells were
transfected with an empty vector (pFLAG-CMV) or a vector encoding FLAG-tagged BPix or Myc-tagged Vavl. After incubation with EGF for
10 min, the generation of H,O, was monitored by confocal microscopic analysis of DCF fluorescence (see Materials and Methods). The mean
fluorescence intensity of DCF in experiments was measured and expressed relative to that of unstimulated cells transfected with empty vector. Data
are means * standard errors (SE) of values from five independent experiments. (B) HEK293T cells were transfected with empty vector
(PFLAG-CMV) or with a vector encoding FLAG-tagged BPix. Cells were stimulated with EGF for 10 min and then stained with DCF-DA. The
fluorescence was analyzed in 10,000 cells each with FACSCalibur (Becton Dickinson), with excitation at 488 nm and emission at 530 nm. (C) Cell
lysates from each sample from panels A and B were prepared and subjected to immunoblot analysis (WB) with antibodies to FLAG (for
recombinant BPix) or Myc (for recombinant Vavl); the filter was reprobed with antibodies to B-actin.

the level of ROS in response to EGF in both cell lines com-
pared with the level measured in control cells. An immunoblot
analysis with antibodies to BPix revealed that the level of BPix-
FLAG in the transfected cells was about three times that of
endogenous BPix (data not shown). HepG2 cells expressing
BPix showed a similar pattern of ROS generation in response
to PDGF (data not shown). Recent evidence suggested that
Vavl is the most effective Rac-GEF for the activation of Nox2
(gp91P"°%) reconstituted with p22P"ox pd7Phox. p67PRx and
Racl in COS cells (34). The overexpression of Vavl in Caco-2
cells, however, affected neither basal nor EGF-induced ROS
generation (Fig. 1A). Although these overexpression experi-
ments clearly suggest that BPix, but not Vavl, is involved in
ROS production in nonphagocytic cells, the requirement of
BPix for EGF-induced ROS formation is not clear since the
ROS production of unstimulated cells was also increased by
BPix overexpression. Activated Rac is known to regulate a
variety of cellular functions, including membrane ruffling and
lamellipodium formation, and the overexpression of BPix and
another Rac-GEF, P-Rex protein, was shown to cause mem-
brane ruffling and exaggerated lamellipodium formation, re-
spectively, in the absence of PDGF stimulation (22, 42).

To confirm the role of BPix in EGF-induced ROS genera-
tion in Caco-2 and HEK293T cells, we subjected Caco-2 and
HEK293T cells to transient transfection with pSUPER-BPix,
encoding a siRNA specific for the BPix gene. The cells trans-
fected with the siRNA vector exhibited a marked reduction in
the abundance of endogenous BPix protein compared with that
in cells transfected with the empty pSUPER vector (Fig. 2B).
Either Caco-2 cells or HEK293T cells transfected with the
pSUPER-BPix vector failed to generate ROS in response to
EGF, whereas both cells transfected with pSUPER alone ex-
hibited a marked increase in the ROS response to growth
factor stimulation, suggesting that BPix is essential for EGF-
induced ROS production (Fig. 2A). In order to determine
whether the effect of BPix on ROS generation is restricted to a
type of cell line (Caco-2 and HEK293T cells) or to EGF stim-
ulation, we examined the effect of BPix depletion on ROS
generation in HepG2 cells with PDGF stimulation. Knockout
of the BPix protein by transfection of pSUPER-BPix into
HepG2 cells led to a failure in PDGF-dependent ROS gener-
ation (data not shown). This result indicates that BPix is a key
molecule in growth factor-mediated ROS generation in various
cell lines. A recent report indicated that Vav2 is important for
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FIG. 2. Effect of BPix depletion by siRNA expression on growth factor-induced ROS generation. (A) Two different cell lines (Caco-2 cells and
HEK293T cells) were transfected with either pPSUPER-BPix, encoding a BPix-specific siRNA, or pPSUPER-Vav2, encoding a Vav2-specific siRNA.
Control cells were transfected with only the vector control (pPSUPER). After being cultured for 48 h, the cells were deprived of serum for 12 h.
After EGF treatment for 10 min, the generation of H,0, was then monitored by confocal microscopic analysis of DCF fluorescence. Data are
means * SE of values from five independent experiments. (B) Cell lysates were then prepared and subjected to immunoblot analysis with
antibodies to BPix and Vav2 (Babraham Co., Cambridge, United Kingdom); the filter was reprobed with antibodies to B-actin. (C) HEK293T cells
were transfected with pSUPER (control) or pPSUPER-BPix. After being cultured for 48 h, the cells were deprived of serum for 12 h. After EGF
treatment for 10 min, cell lysates were then prepared with PBS containing 1% Triton X-100 and were incubated for 3 h with a GST fusion protein
of PAK-RBD conjugated to glutathione-Sepharose 4B beads. The beads were then washed with ice-cold cell lysis buffer, and bound proteins were
subjected to immunoblot analysis with antibodies to Racl (upper panel). Cell lysates were also directly subjected to immunoblot analysis with
antibodies to Rac (second panel), Pix (third panel), and B-actin (bottom panel).

Rac activation in response to EGF stimulation (40). To verify
the effect of Vav2 on EGF-induced ROS generation, we also
subjected Caco-2 and HEK293T cells to transient transfection
with pSUPER-Vav2. A transient knockout of Vav2 in both cell
lines resulted in no inhibitory effect on EGF-induced ROS
generation. It is likely that Vav2 is not involved in EGF-me-
diated ROS generation in Caco-2 and HEK293T cells.

We next examined whether endogenous BPix regulates Racl
activity in HEK293T cells as was previously reported (25). The
amount of GTP-bound (activated) Racl was assayed by the use
of the Rac binding domain of p2l-activated protein kinase
(PAK-RBD), which binds Racl-GTP but not Racl-GDP (25,
27). Whereas EGF induced a marked increase in the abun-
dance of Racl-GTP in HEK293T cells transfected with
pSUPER alone, Racl activation by EGF was completely elim-
inate in cells transfected with pPSUPER-BPix (Fig. 2C). This
result demonstrates that BPix is an essential GEF for Racl.

We examined whether the effect of BPix on ROS generation
originates from PI3K activity. Treatment of the cells with
LY294002 as a PI3K inhibitor blocked BPix-induced ROS gen-

eration as well as ROS generation in control cells upon the
addition of EGF (Fig. 3A). To investigate the role of the
various functional domains of BPix in ROS generation, we
examined EGF-induced ROS production in Caco-2 cells ex-
pressing various BPix mutants. The expression of a BPix pro-
tein containing a point mutation in the SH3 domain (BPix-
SH3m, in which Trp*® is replaced with Lys) affected neither
basal nor EGF-induced ROS production, whereas BPix mu-
tants lacking either the PH domain (BPix-APH, lacking amino
acid residues 295 to 400) or the LZ motif (BPix-ALZ, lacking
amino acid residues 587 to 634) and the DH domain mutant of
BPix (BPix-DHm, in which Leu®*® and Leu®* are replaced
with Ser and Arg, respectively) completely blocked ROS gen-
eration in response to EGF (Fig. 3A). These results thus sug-
gest that the GEF activity of BPix through the DH domain and
the abilities of BPix to bind a product of PI3K through its PH
domain and to dimerize through its LZ motif are essential for
EGF-induced ROS generation and that BPix mutants lacking
either the PH or LZ domain exert a dominant-negative effect.

To verify the direct activation of BPix by PI3K, we measured
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the binding affinity of the PH domain of BPix to various phos-
phoinositides. The GST-conjugated PH domain was incubated
with phosphoinositide-coupled beads and washed with PBS
three times. Bound complexes of the GST-PH domain of BPix
and phosphoinositide were separated by SDS-PAGE and an-
alyzed by immunoblotting with antibodies against GST. The
PH domain of BPix bound to PtdIns3P, PtdIns(3,4)P,,
PtdIns(3,5)P,, and PtdIns(3,4,5)P; as well as PtdIns4P and
PtdIns5P, but not PtdIns and PtdIns(4,5)P,, indicating that
PtdIns 3-kinase products directly interact with the PH domain
of BPix (Fig. 3C). We next investigated the effect of binding of
PtdIns 3-kinase products with the PH domain of BPix on Racl
activity. The expression of BPix in HEK293T cells resulted in
Racl activation as a downstream effect of BPix, whereas pre-
treatment with LY294002 abolished Racl activation in re-
sponse to EGF stimulation (Fig. 3D). Moreover, the overex-
pression of BPix in HEK293T cells depleted of Vav2 (BPix™"
Vav2™) resulted in Racl activation in response to EGF stim-
ulation. This result suggests that PI3K activation regulates
Racl activation through BPix.

Effect of mitochondrial ROS on EGF-mediated ROS gener-
ation. It is well known that the electron transport chain in
mitochondria is a major source of ROS production for many
cell types (6, 28, 31). Approximately 1 to 3% of the electrons
are leaked from mitochondria and then reduce free oxygen to
make superoxide anions. We first asked whether ROS from
mitochondria contribute to EGF-mediated ROS production.
To examine this possibility, we used diphenyliodonium (DPI)
as an NADPH oxidase inhibitor and rotenone and antimycin A
as electron transport chain blockers. Treatment of Caco-2 cells
with DPI resulted in a complete inhibition of ROS production
in response to EGF stimulation, whereas treatment with rote-
none or antimycin A had a marginal effect on the inhibition of
EGF-mediated ROS production (Fig. 4). This result suggests
that EGF-induced ROS originates not from mitochondria, but
from NADPH oxidase activity.

Association of PPix with Noxl. BPix contains a PtdIns
(3,4,5)P5-responsive PH domain and is able to catalyze the
GDP-GTP exchange of Racl. The results shown in Fig. 2
suggest that BPix contributes to EGF-induced ROS genera-
tion. We hypothesized that this specificity is attributable to the
interaction of BPix with a Nox isoform that is responsible for
EGF- or PDGF-induced ROS formation. We have confirmed
that Noxl1 is the most abundant isozyme in Caco-2 cells by a
TagMan real-time quantitative PCR (data not shown). To test
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our hypothesis, we examined whether BPix interacts with Nox1.
Nox1 contains five putative transmembrane domains in its
NH,-terminal region and both FAD and NADPH binding
domains in its cytosolic COOH-terminal region (23) (Fig. 5A).
We prepared GST fusion proteins containing the transmem-
brane segment and COOH-terminal residues 217 to 550
(Nox1-C) and conjugated them to glutathione-Sepharose 4B
beads. The incubation of bead-conjugated GST-Nox1-C with
lysates of Caco-2 cells expressing FLAG-tagged BPix revealed
a specific association of FLAG-tagged BPix with Nox1-C in an
EGF-independent manner (Fig. 5B). To investigate whether
Nox1 associates with BPix in cells, we cotransfected HEK293T
cells with vectors for hemagglutinin (HA)-tagged Nox1-C and
for FLAG-tagged BPix. Cells were incubated in the absence or
presence of EGF and then cell lysates were subjected to im-
munoprecipitation with antibodies to HA. Immunoblot analy-
ses of the resulting precipitates with antibodies to FLAG re-
vealed that FLAG-tagged BPix interacted with Nox1-C and
that the extent of these interactions was not affected by EGF
stimulation (Fig. 5C). For verification of the colocalization
between BPix and Nox1 in vivo, pFLAG-BPix was transfected
into COS-7 cells with pEGFP-N1-full-length Nox1. Figure 5D
shows that TRITC-FLAG-BPix is colocalized with GFP-Nox1

FIG. 3. Roles of the PH domain and LZ motif of BPix in EGF-induced ROS generation. (A) Caco-2 cells were transfected with empty vector
(PFLAG-CMYV, or pcDNA3.0 for Myc epitope-tagged BPix-ALZ) or with vectors encoding either wild-type BPix or BPix mutants. They were then
deprived of serum for 16 h and incubated for 10 min in the absence or presence of EGF (100 ng/ml). Cells were pretreated with LY294002 (10
wM) for 30 min before the treatment with EGF (100 ng/ml). The generation of H,O, was assayed on the basis of DCF fluorescence. Data are
means = SE of values from five independent experiments. (B) Lysates of the transfected cells were subjected to immunoblot analysis with
antibodies to the FLAG or Myc epitope, as indicated. (C) Phosphoinositide binding assay. Purified GST-BPix-PH domain (~200 ng) was incubated
with phosphoinositide analogue beads (Echelon Research Laboratories Inc.) overnight at 4°C and then washed with PBS containing 1% Triton
X-100. Bead-bound proteins were separated by SDS-PAGE and analyzed by immunoblotting with antibodies against GST. (D) HEK293T cells
were transfected with FLAG-BPix only or together with pPSUPER-Vav2. After being cultured for 48 h, the cells were deprived of serum for 12 h.
The cells were pretreated with LY294002 (10 pM) for 30 min before a treatment with EGF (100 ng/ml). After EGF treatment for 10 min, cell
lysates were then prepared in PBS containing 1% Triton X-100 and were incubated for 3 h with a GST fusion protein of PAK-RBD conjugated
to glutathione-Sepharose 4B beads. The beads were then washed with ice-cold cell lysis buffer, and bound proteins were subjected to immunoblot
analysis with antibodies to Racl (top). Cell lysates were also directly subjected to immunoblot analysis with antibodies to Vav2 (Babraham Co.),
FLAG, and B-actin. The quantitative results for an active form of Rac from the PAK-RBD assay are shown in graph form (bottom).
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Direct interaction of Racl with Nox1. In activated phago-
cytic cells, Rac2 translocates from the cytoplasm to the plasma
membrane and associates with the NADPH oxidase by inter-
acting with both p67P"°* and gp91P"°* (2). We therefore exam-
ined whether the active form of Racl binds to Noxl. GST-
Nox1-C associated with Racl present in Caco-2 cell lysates in
a manner that was dependent on the presence of guanosine
5'-O-(3'-thiotriphosphate) (GTP-y-S) (Fig. 6A). As a positive
control, GST-PAK-RBD was examined for binding to Racl in
the presence of GTP-y-S (Fig. 6A and B). Given that Racl
interacts with BPix and that BPix interacts with Nox1 (Fig. 5),
the observed physical association of Racl with Noxl might
have occurred indirectly through BPix. However, we found that
GST-Nox1-C binds to purified Racl in a GTP-y-S-dependent
manner (Fig. 6B), suggesting that Racl interacts directly with
Nox1. We investigated whether the stimulation of Caco-2 cells
by EGF results in the production of activated Racl molecules
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FIG. 5. Growth factor-independent interaction of BPix with Nox1.
(A) Schematic representation of the structure of Nox1. The horizontal
line represents Nox1-C. (B) Caco-2 cells were transfected with FLAG-
tagged BPix. After serum deprivation, they were incubated in the
absence or presence of EGF (100 ng/ml) for 10 min. Cell lysates were
then prepared, incubated for 2 h with bead-conjugated GST or GST-
Nox1-C, and then subjected to immunoblot analysis with antibodies to
FLAG. (C) pFLAG-CMV-BPix was transiently expressed in HEK293T
cells either alone or together with pcDNA3.0-HA-Nox1-C, as indi-
cated. After serum starvation for 16 h, cells were incubated in the
absence or presence of EGF (100 ng/ml) for 10 min. Cell lysates were
then subjected to immunoprecipitation (IP) with antibodies to HA,
and the resulting precipitates were subjected to immunoblot analysis
with antibodies to FLAG (upper panel). Lysates were also directly
subjected to immunoblot analysis with antibodies to HA (middle
panel) or FLAG (lower panel). (D) Cos-7 cells cotransfected with
pEGFP-N1-Nox1 and pFLAG-BPix were starved of serum for 16 h and
then fixed before (top panels) or after (bottom panels) stimulation
with EGF (100 ng/ml) for 10 min. BPix distribution was visualized by
using an anti-FLAG antibody and a tetramethyl rhodamine isocyanate-
conjugated secondary antibody. These results are representative of
three independent experiments.

that are able to associate with GST-Nox1-C. GST-Nox1-C
fusion proteins were found to interact with Racl present in the
lysates of EGF-treated cells to a much larger extent than with
that in the lysates of untreated cells (Fig. 6C). These results
thus indicate that EGF induces the formation of a complex
containing Nox1 and the active form of Racl.

We next determined whether the complex formation of
BPix-Racl-Nox1 occurs in cells by performing GST pull-down
assays using GST-Racl with or without GTP-y-S. GST-Racl-
GTP-v-S interacted simultaneously with Nox1 and BPix (Fig.
6D). These results indicate that the COOH-terminal region of
Nox1 contributes to the complex formation of BPix-Racl-
Nox1. We therefore examined the effect of Nox1-C expression
on growth factor-induced ROS generation. The stimulation of
HEK293T cells with EGF that had been transfected with an
empty vector resulted in a 4.5-fold increase in DCF fluores-
cence (Fig. 6E). In contrast, growth factor stimulation of
HEK293T cells expressing Nox1-C failed to induce ROS gen-
eration. These results thus suggest that Nox1-C blocks the
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FIG. 6. Direct interaction of Racl with Nox1. A Caco-2 cell lysate (A) or purified Racl (1 pg) (B) was incubated first for 10 min at room
temperature in the absence or presence of 100 uM GTP-y-S and then for 3 h at 4°C with bead-conjugated GST, GST-Nox1-C, or GST-PAK-RBD
(10 pg) in a final volume of 500 wl of PBS containing 1% Triton X-100 in the continued absence or presence of 100 uM GTP-y-S. Proteins that
bound specifically to the beads as well as to the cell lysate or purified Racl were then subjected to immunoblot analysis with antibodies to Racl.
(C) Caco-2 cells were deprived of serum for 16 h and then incubated for 10 min in the absence or presence of EGF (100 ng/ml). Cell lysates were
then incubated for 3 h with bead-bound GST, GST-Nox1-C, or GST-PAK-RBD. Proteins retained specifically by the beads were subjected to
immunoblot analysis with antibodies to Racl (upper panel). Cell lysates were also subjected directly to immunoblot analysis with the same
antibodies (lower panel). (D) GST-Rac was incubated first for 10 min at room temperature in the absence or presence of 100 puM GTP-y-S and
then with lysates of HEK293T cells transfected with HA-Nox1-C together with FLAG-BPix for 3 h at 4°C. The beads were then washed with
ice-cold cell lysis buffer, and bound proteins were subjected to immunoblot analysis with antibodies to HA or FLAG. (E) HEK293T cells
transfected with a vector encoding Nox1-C (pcDNA3.0-HA-Nox1-C) or the corresponding empty vector (pcDNA3.0) were deprived of serum for
16 h and then incubated for 10 min in the absence or presence of EGF (100 ng/ml). The generation of H,O, was assayed on the basis of DCF
fluorescence. Data are expressed as mean fluorescence intensities relative to that for the corresponding unstimulated cells transfected with empty
vector and are means = SE of values from five independent experiments. (F) Cells transfected as for panel E were lysed and subjected to
immunoblot analysis with antibodies to HA; filters were reprobed with antibodies to B-actin.
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FIG. 7. Role of Nox1 in EGF-induced ROS generation. (A) Caco-2 cells were electroporated with either pFLAG-BPix or the empty vector
together with pSUPER-Nox1. After being cultured for 48 h, the cells were deprived of serum for 12 h. After EGF (100 ng/ml) treatment, the
generation of H,O, was measured on the basis of DCF fluorescence. Data are means + SE of values from three independent experiments.
(B) Total cell lysates of each sample from panel A were prepared and subjected to immunoblot analysis with antibodies to FLAG; the filter was
then reprobed with antibodies to B-actin. (C) Total RNA was prepared from each sample from panel A. An RT-PCR demonstrates Nox1

expression. GAPDH served as a loading control.

formation of an active NADPH oxidase complex in growth
factor-stimulated cells by acting in a dominant-negative man-
ner to sequester BPix, activated Racl, and other components
of NADPH oxidase.

Inhibition of EGF-induced ROS generation by knockout of
Noxl. To determine the role of Noxl in EGF-induced ROS
generation, we tested the effect of a knockout of Nox1 on ROS
generation in Caco-2 cells electroporated with pSUPER-Nox1
encoding a siRNA specific for the Nox1 gene. As shown in Fig.
7A, the silencing of Nox1 in Caco-2 cells resulted in a signifi-
cant decrease in ROS generation in response to EGF stimu-
lation. Moreover, the overexpression of BPix had no effect on
ROS generation in Caco-2 cells depleted of Nox1 protein (Fig.
7). This result demonstrates that Nox1, as a downstream mol-
ecule of BPix and the EGF receptor, is essential for the for-
mation of an active NADPH oxidase complex in EGF-stimu-
lated Caco-2 cells.

DISCUSSION

Previous observations have indicated that the activation of
PI3K is essential for growth factor-induced ROS production in
nonphagocytic cells (4). Our present data are consistent with
this notion and further suggest that PtdIns(3,4,5)P; and
PtdIns(3,4)P,, which are products of PI3K action, are required
for the activation of Racl through interaction with the PH
domain of the Rac-GEF BPix. Our observation that growth
factor-induced ROS formation or Racl activation was com-
pletely blocked by a siRNA-based depletion of BPix in two
different human cell lines (Caco-2 and HEK293T) suggests
that BPix is the predominant Rac-GEF in the activation of
Nox1 by growth factors (Fig. 2). In addition to its role in the
PI3K-BPix-Racl-Nox1 pathway, PI3K activation is linked to
ROS production by another pathway, as indicated by the ob-
servation that PtdIns(3)P, a potential breakdown product of



VoL. 24, 2004

PtdIns(3,4,5)P,, binds to the PX domains of p40P"** and
p47P°* and thereby results in the activation of the NADPH
oxidase complex in human neutrophils (14, 20, 44). However,
given that the expression of p40P™™ is restricted to cells of
hematopoietic lineages (43, 44), this pathway is likely operative
only in phagocytic cells.

In addition to the PH domain, which is common to all
Rac-GEF proteins, BPix contains an SH3 domain as a PAK
binding site, a DH domain for GEF activity, and an LZ motif
for dimerization (22). Our mutational analysis demonstrated
that the PH domain, the DH domain, and the LZ motif are
essential for the function of BPix in ROS production, whereas
the SH3 domain is dispensable. It is well known that an inter-
action between Pix and PAK enhances the GEF activity (32).
The expression of a PAK kinase mutant failed to induce
growth factor-induced ROS generation (data not shown). Our
data show that PAK has no effect on BPix-related ROS gen-
eration. These results suggest that both the interaction of BPix
with PI3K products via its PH domain and its homodimeriza-
tion via the LZ domain are essential for growth factor-induced
ROS generation but that the association of BPix with PAK via
its SH3 domain is not required for this process.

Studies with the NADPH oxidase of phagocytic cells have
indicated that GTP-bound, but not GDP-bound, Rac2 directly
interacts with gp91P"** and that this physical interaction is
required for the electron flow from NADPH to the heme
group of cytochrome b (12, 30). We have now shown that Racl
binds to the COOH-terminal flavoprotein domain (Nox1-C) of
Nox1 in an activation-dependent manner. To investigate what
region of Nox1 is responsible for binding to Racl, we prepared
GST fusion proteins containing the COOH-terminal residues
217 to 550 (Nox1-LC) or 336 to 550 (Nox1-SC) of Nox1 and
conjugated them to glutathione-Sepharose 4B beads. Both
GST-Nox1-SC and GST-Nox1-LC associated with Racl
present in Caco-2 cell lysates in a manner that was dependent
on the presence of GTP-y-S. The amount of Racl associated
with Nox1-LC was larger than that bound to Nox1-SC (data
not shown). Unlike that of Nox1-SC, the NH,-terminal region
of Nox1-LC contains a transmembrane domain. The region of
Nox1 that interacts with Racl might thus include the mem-
brane-proximal domain.

We also found that BPix associates with this domain of
Nox1. This appears to be the first demonstration of a direct
interaction between any Rac-GEF protein and a member of
the Nox family. There is a large family of Rac-GEFs (though
some can also act as GEFs for other monomeric GTPases),
including Sos, Vav, Tiam, Ras-GRF1, and Pix (18, 25, 29, 40,
45). We have determined that Vavl does not associate with the
flavoprotein domain of Nox1 (data now shown). These results
suggest that the large numbers of identified Rac-GEFs are not
likely functionally redundant and that they may mediate the
activation of specific Nox isoforms through physical interac-
tions. This notion is consistent with the previous observation
that Vavl is the most effective Rac-GEF for the promotion of
ROS production by the NADPH oxidase of phagocytic cells
despite the fact that other Rac-GEF proteins (Vav2 and
Tiam1) are more efficient at catalyzing GDP-GTP exchange on
Rac (34).

Although several homologs (Nox1, Nox3, Nox4, NoxS,
Duoxl, and Duox2) of gp91P"* from phagocytic cells have
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been identified in various nonphagocytic cells, no physical cou-
pling between growth factor receptors and Nox isozymes has
been proposed. Lassegue et al. suggested that the Nox1 iso-
form acts downstream of the PDGF receptor on the basis of
the observation that PDGF-induced ROS formation was com-
pletely blocked by the expression of Nox1 antisense RNA in
smooth muscle cells (24). This conclusion is consistent with our
observation that expression of the siRNA of Nox1 resulted in
an inhibition of growth factor-induced ROS formation in
Caco-2 cells.

Several papers recently suggested that novel human ho-
mologs of p47P"** (NOXO) and p67°"°* (NOXA) are capable
of supporting the activation of Nox1 (9, 16, 39). To verify the
function of NOXO and NOXA in the regulation of ROS gen-
eration through BPix-Rac-Nox1, we measured ROS generation
in response to EGF in either HEK293T cells overexpressing
Nox1, NOXO, and NOXA (HEK293T/Nox1/NOXO/NOXA)
or Caco-2 cells overexpressing NOXO and NOXA (Caco2/
NOXO/NOXA). We found that the stimulation of either
HEK293T/Nox1/NOXO/NOXA or Caco2/NOXO/NOXA cells
with EGF caused a marked increase in ROS generation com-
pared with EGF-stimulated control HEK293T or Caco-2 cells.
The knockout of endogenous BPix protein in HEK293T/Nox1/
NOXO/NOXA or Caco2/NOXO/NOXA cells resulted in an
inhibition of ROS generation in response to EGF, indicating
that BPix is essential for EGF-induced ROS production via
Nox1 and for the supporting activities of NOXO and NOXA
(data not shown).

In conclusion, we have established a sequential mechanism
by which growth factor stimulation induces the production of
ROS. The binding of growth factors to their receptors results
in the activation of PI3K, the products of which, namely
PtdIns(3,4,5)P; and PtdIns(3,4)P,, then bind to the PH domain
of Noxl-associated BPix and stimulate the GDP-GTP ex-
change activity of BPix. The activated BPix converts Racl-GDP
to Racl-GTP, which then also associates with Nox1 to promote
the electron transfer from NADPH to molecular oxygen.
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