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Localizing NADPH Oxidase—Derived ROS

Masuko Ushio-Fukai
(Published 22 August 2006)

Reactive oxygen species (ROS) function as signaling
molecules to mediate various biological responses,
including cell migration, growth, and gene expres-
sion. ROS are diffusible and short-lived molecules.
Thus, localizing the ROS signal at the specific sub-
cellular compartment is essential for activating
redox signaling events after receptor activation.
NADPH (nicotinamide adenine dinucleotide phos-
phate) oxidase is one of the major sources of ROS in
vasculature; it consists of a catalytic subunit (Nox1,
Nox2, Nox3, Nox4, or Nox5), p22phox, p47phox,
p67phox, and the small guanosine triphosphatase
Rac1. Targeting of NADPH oxidase to focal complex-
es in lamellipodia and membrane ruffles through the
interaction of p47phox with the scaffold proteins
TRAF4 and WAVE1 provides a mechanism for
achieving localized ROS production, which is
required for directed cell migration. ROS are
believed to inactivate protein tyrosine phos-
phatases, which concentrate in specific subcellular
compartments, thereby establishing a positive feed-
back system that activates redox signaling pathways
to promote cell movement. Additionally, ROS produc-
tion may be localized through interactions of NADPH
oxidase with signaling platforms associated with
lipid rafts and caveolae, as well as with endosomes.
There is also evidence that NADPH oxidase is found
in the nucleus, indicating its involvement in redox-
responsive gene expression. This review focuses on
targeting of NADPH oxidase to discrete subcellular
compartments as a mechanism of localizing ROS
and activation of downstream redox signaling events
that mediate various cell functions.

Introduction

Although excess reactive oxygen species (ROS) are toxic, phys-
iological concentrations of ROS may function as signaling
molecules to mediate various responses, including cell migra-
tion and growth (/, 2). ROS may be produced in response to
receptor activation. However, given that ROS are diffusible and
short-lived, localizing the ROS signal at the precise subcellular
compartment after receptor activation is essential for stimula-
tion of specific redox signaling. NADPH oxidases are the major
sources of ROS in vasculature. In phagocytic cells, NADPH
(nicotinamide adenine dinucleotide phosphate) oxidases consist
of the membrane-bound cytochrome b558 comprising the
catalytic gp91phox and the p22phox subunits, as well as cytosolic
components including p47phox, p67phox, and the small Rho
guanosine triphosphatase (GTPase) Rac1 (3). Several homologs
of gp91phox (also termed Nox2)—Nox1, Nox3, Nox4, and
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Nox5—have been identified in nonphagocytic cells (4).
Although the evidence is strong that ROS generated by
NADPH oxidases participate in signal transduction, the mecha-
nisms by which receptors activate NADPH oxidase and regulate
ROS production are poorly understood. NADPH oxidases are
now recognized to have specific subcellular localizations. This
targeting is required for localized ROS production and activa-
tion of specific redox signaling pathways that are temporally
and spatially coupled to oxidant-sensitive proteins that mediate
various cell functions.

Localizing the ROS Signal for Directional Migration
Migrating cells create transitory integrin-containing structures
with tyrosine-phosphorylated proteins termed focal complexes
(5). Leading-edge focal complexes bear the strongest tensile
forces in migrating cells, and focal complex turnover is neces-
sary for the remodeling of lamellipodia to promote membrane
ruffling. The Rho GTPases Racl and Cdc42 are involved in
focal complex formation within lamellipodia and filopodia,
respectively, whereas RhoA facilitates the maturation of focal
complexes into stable focal adhesions (5). Racl directs the tyro-
sine kinase Src to lamellipodia to phosphorylate focal complex
proteins, including Pyk2, thus promoting the turnover of focal
complexes (6, 7). Directed cell migration is a highly localized
process involving the generation of spatially and temporally
restricted signaling molecules, including Racl (8) and phos-
phatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P;] (9), which is
the product of phosphatidylinositol 3-kinase (PI3K), at the site
of the new leading edge. Endothelial cell (EC) migration is a key
event for tissue repair in response to injury, angiogenesis, and
wound healing. In ECs, Racl- and Nox2-dependent NADPH
oxidase plays an important role in cell migration (/0—13). The
PI3K-Rac pathway is involved in the production of ROS that
accumulate at the membrane ruffles (/4), and this locally pro-
duced ROS is required for cytoskeletal reorganization and direct-
ed cell migration (15, 16). In addition to Racl, the p47phox and
Nox2 subunits of NADPH oxidase are also targeted to the focal
complexes in lamellipodia and to membrane ruffles (/6—18).
Thus, Racl-dependent NADPH oxidase activation and lamellipo-
dial dynamics are likely to be spatially and functionally coordi-
nated at the leading edge to promote directional cell migration.
Although the details of how NADPH oxidase and Racl are
coordinately regulated remain unknown, the molecular players
that recruit NADPH oxidase to focal complexes are beginning to
be discovered. Wu et al. (18) identified targeting molecules that
may specify the site of ROS production during cell migration. In
ECs, the p47phox subunit of NADPH oxidase binds to the
orphan adaptor TRAF4, which in turn binds to the focal contact
scaffold Hic-5, thereby targeting p47phox to the focal complexes.
Thus, there is local activation of NADPH oxidase and ROS pro-
duction. Cell migration is blocked by knockdown of TRAF4 or
Hic-5 using short interfering RNA (siRNA), by disruption of the
TRAF4-Hic-5 complex, or by inhibition of ROS with anti-
oxidants or of NADPH oxidase with a mutant form of p67phox;
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these findings indicate that localized ROS signal at lamellipodial
focal complexes through formation of a p47phox—TRAF4—Hic-5
complex is important for cell migration (Fig. 1).

It is currently believed that H,0, functions as a signaling
molecule by reversible oxidative inactivation of protein tyrosine
phosphatases (PTPs) at cysteines in the catalytic site (19, 20)
and by altering protein structure by oxidation of reactive thiols

Direction of migration

Membrane ruffles

Lamellipodium

Leading edge

ments and function upstream or downstream of the Rho GTPases.
PTP-PEST is one PTP that is localized to focal complexes
through direct binding to paxillin and Hic-5. PTP-PEST inhibits
Racl activity and phosphorylation of Pyk2 and Src (25), and
thus inhibits membrane ruffling. Furthermore, PTP-PEST
blocks focal complex turnover and polarized cell movement
(25). Myristoylated TRAF4 and p47phox target to nascent focal
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Fig. 1. Localizing the ROS signal for directed cell migration. Targeting p47phox to the focal complexes is mediated through formation of
p47phox-TRAF4-Hic5 complex, whereas p47phox targeting to the membrane ruffles is mediated through its direct binding to WAVET,
which contributes to localized ROS production and directed EC migration. p47phox also associates with active Rac1 and its effector ki-
nase PAK1, thereby phosphorylating p47phox and activating NADPH oxidase. Localized ROS production induces oxidative inactivation of
protein tyrosine phosphatase PTP-PEST, which localizes to focal complexes through direct binding to Hic-5. Inactivation of PTP-PEST
activates Rac1 and PAK1, which phosphorylates p47phox, creating a positive feedback loop that facilitates localized NADPH oxidase—de-
pendent ROS production. Targeting Rac1 to the lamellar leading edge is dependent on lipid rafts, which are also the site of integrin-medi-
ated adhesions. IQGAP1, a downstream target of active Rac1, functions as a scaffold protein to target Nox2 to the leading edge to local-
ize ROS production, which may contribute to directed EC migration.

(21). The lipid phosphatase PTEN, which along with PI3K con-
trols PI(3,4,5)P; abundance, is an important target of f (22). Be-
cause the local concentration of PI(3,4,5)P; is an important fac-
tor determining the sites of new actin-filled projections (23,
24), localized production of H,0, might be responsible for con-
trolling the temporal and spatial concentrations of PI(3,4,5)P;
that activate downstream signaling events (22).

Many PTPs concentrate in specific subcellular compart-

complex—like structures, which induces local oxidative inactiva-
tion of PTP-PEST (/8) (Fig. 1). Inhibition of PTP-PEST in turn
activates Racl and its effector kinase PAK1, thereby promoting
p47phox phosphorylation and creating a positive feedback loop
that facilitates NADPH oxidase activation, local ROS produc-
tion, and Racl activation. Furthermore, targeted inactivation of
PTP-PEST by localized ROS production through formation of
TRAF4-Racl-PAK1 complexes facilitates redox-sensitive acti-
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vation of Src and Pyk2 at focal complexes. These responses, in
turn, promote focal complex turnover and membrane ruffle for-
mation as well as cell migration. It should be noted that during
chemotaxis, PTEN is specifically localized to the back of the
cell membrane, whereas its substrate PI(3,4,5)P; is concentrated
at the front, leading edge (26). These results suggest that PTEN
regulates directed cell migration by targeting to the opposite
site of cells from leading edge where NADPH oxidase—derived
ROS and PI(3,4,5)P; accumulate, thereby sensing and amplify-
ing the PI(3,4,5)P; gradient at the leading edge. Furthermore,
other oxidant-sensitive, mitogen-activated protein kinase phos-
phatases such as MKP1 and SHP-2, which are predominantly
cytosolic, are not the targets of TRAF4-linked oxidants (/§).
Thus, TRAF4-p47phox—dependent ROS seem to have specifici-
ty for PTP-PEST because of its specific localization at focal
contacts and complexes.

In addition to localizing at focal complexes, subunits of
NADPH oxidase have also been identified in cell protrusions
and membrane ruffles (17, 27). Wu et al. (17) had previously
reported that through interactions with the cytoskeletal protein
WAVEL, p47phox targets to membrane ruffles, where NADPH
oxidase stimulates ROS production. This event is required for
ruffle formation, tyrosine phosphorylation, and c-Jun N-termi-
nal kinase (JNK) activation (/7) that is involved in cell migra-
tion (28). Furthermore, upon stimulation with ECs with vascu-
lar endothelial growth factor (VEGF), p47phox associates not
only with WAVEI1 but also with Racl and the Racl effector
PAKI1. This leads to the phosphorylation of p47phox by PAKI,
which contributes to ROS production and membrane ruftle for-
mation (/7) (Fig. 1). Thus, TRAF4 and WAVEI function as
p47phox-binding scaffold proteins to localize a ROS signal at
lamellipodial focal complexes and membrane ruffles, respec-
tively, by targeting NADPH oxidase to these specialized mem-
brane compartments and thus stimulating directional cell migra-
tion (Fig. 1). Similarly, van Buul ef al. (27) have shown that
Nox2-regulatory subunits, p47phox and p67phox, of NADPH
oxidase are found in cell protrusions and membrane ruffles,
where they colocalize with Rac1 in primary human ECs.

IQGAPI is an actin-binding Racl effector that links Racl to
the cytoskeleton and is required for Rac-mediated polarized cell
migration (29, 30). Linkage between the microtubule plus-ends
and cortical regions is essential for the establishment of cell
polarity and directional migration. IQGAP1 captures and stabilizes
microtubules by interacting with the microtubule tip-binding
protein CLIP-170 near the cell cortical regions (37). Activated
Racl promotes capture of CLIP-170—capped microtubules in
lamellipodia (29). At the leading edge of cells, Racl also links
the adenomatous polyposis coli (APC) protein to actin fila-
ments through IQGAP1, thereby regulating polarization and
directional migration by forming a complex with APC and
CLIP-170. Of note, the Nox2 subunit of NADPH oxidase also
binds to and colocalizes with IQGAP1 at the leading edge in
actively migrating ECs (/6). IQGAP1 knockdown using siRNA
inhibits Nox2 translocation to the leading edge, ROS produc-
tion, and cell migration; these findings suggest that, like
TRAF4 and WAVEL, IQGAP1 also functions to target Nox2 to
specify the site of ROS production during cell migration.
IQGAPI1 also links Racl activation and recruitment of NADPH
oxidase to the specific membrane compartments to localize
ROS production, thus achieving specificity of redox signaling
involved in EC migration (Fig. 1).

Localizing the ROS Signal in Plant Root Cells

Root hair cells of plants become polarized, which is essential
for cell growth and development. Foreman et al. (32) reported
that localized ROS production by NADPH oxidase in the grow-
ing tips of cells is required for polarized root hair growth. As in
animal cells, ROS production appears to be regulated by Rho
GTPases. Carol et al. (33) provided the evidence that inactiva-
tion of Rho GTPase guanine nucleotide dissociation inhibitor
(RhoGDI) encoded by the supercentipede (SCN1) gene causes
more broad distribution of ROS and mislocalization of root hair
cells, leading to ectopic hair formation sites. These results
suggest that the spatial organization of growth in plant cells
requires the local RhoGDI-regulated activation of NADPH
oxidase and ROS production. GDI proteins inhibit GTPase
activity; thus, it will be intriguing to investigate whether similar
negative regulatory mechanisms restrict ROS production and
are observed in polarized cell growth of mammalian cells.

Localizing the ROS Signal in Caveolae and Lipid Rafts
Caveolae and lipid rafts are cholesterol- and sphingolipid-rich
plasma membrane microdomains where multiple signaling
molecules, including G protein—coupled receptors (GPCRs),
receptor tyrosine kinases (RTKs), protein kinase C, Src family
kinases, and G proteins are localized (34). They serve as plat-
forms for compartmentalization of signaling. Caveolae and its
signature protein caveolin-1 (Cavl) are polarized in migrating
ECs, indicating their role in cell motility (35). Spatially restricted
redistribution of lipid rafts at the leading edge is required for
localized activation and coordination of the signaling linked to
directed cell migration (36, 37). The polarization of cholesterol-
enriched domains changes the plasma membrane microviscosity
properties at the front of moving cells, thereby stimulating forma-
tion of the actin network required to push the leading-edge mem-
brane forward (38). Furthermore, cell adhesion via integrins
regulates targeting of active Racl and its coupling of PAK to the
plasma membrane by preventing internalization of the lipid rafts
(39), which are sites of NADPH oxidase activation (Fig. 1).
NADPH oxidases have been identified in caveolae and lipid rafts
in various cell systems (40—42), which could be important for the
temporal and spatial control of signaling pathways involved in
cell migration and the anchorage-dependent cell growth.

In ECs, death receptor activation by TNF-a, Fas ligand, or
endostatin stimulates lipid raft clustering and formation of
redox signaling platforms in lipid rafts, which contributes to
activation of NADPH oxidase and impairment of endothelium-
dependent vasorelaxation (47). Using immunofluorescence
microscopy and biochemical fractionation, Zhang et al. showed
that Fas ligand stimulation promotes recruitment of Nox2,
p47phox, and Racl into lipid rafts, where there is an increase in
NADPH oxidase activity and ROS production in ECs (47) (Fig.
2). In vascular smooth muscle cells (VSMCs), Nox1 is found in
caveolae and lipid rafts under unstimulated conditions (42).
Angiotensin II (Ang II), a GPCR agonist, induces transactivation
of epidermal growth factor receptor (EGFR) through redox-
sensitive activation of c-Src and c-Abl tyrosine kinases (43, 44).
Activation of Src and Abl by Ang II is dependent on Ang II type
I receptor (AT|R) trafficking into Cavl-enriched lipid rafts to
which Racl is also recruited after Ang II stimulation (45—48).
This AT;R movement is associated with egress of EGFRs from
their basal location in Cavl-enriched fractions. Ultimately,
transactivated EGFRs migrate with tyrosine-phosphorylated
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Fig. 2. Localizing the ROS signal in caveolae and lipid rafts. (A) In ECs, death receptor activation by TNF-a, Fas ligand, and endo-
statin stimulates lipid raft clustering and formation of redox signaling platforms in lipid rafts by recruiting Nox2, p47phox, and Rac1,
thereby increasing NADPH oxidase activity and ROS production in these specialized membrane microdomains, which contributes to
endothelial dysfunction. (B) In VSMCs, Nox1 is found in caveolae and/or lipid rafts under unstimulated conditions (42). Ang Il stimula-
tion promotes association of caveolin-1, c-Src, and c-Abl with AT, receptor and trafficking of receptor complex into caveolae and/or
lipid rafts into which Rac1 is also recruited. This AT, receptor movement and localized ROS production in specialized microdomains is
required for the Ang ll—mediated, ROS-dependent transactivation of the EGFR and its egress from caveolae. Tyrosine-phosphorylat-
ed EGFR and caveolin-1 subsequently appear at focal adhesions where Nox4 and phospho-paxillin localize, thereby forming redox
signaling platforms. These caveolin-1—dependent receptor movements and dynamic assembly of various signal scaffolds with NADPH

oxidase are essential for activation of specific redox signaling pathways involved in VSMC hypertrophy.

Cavl to focal adhesions where Nox4 and phosphorylated pax-
illin localize, thereby forming redox signaling complexes (44,
46) (Fig. 2). Either inhibition of NADPH oxidase or Cavl
knockdown using siRNA substantially blocks Ang II-induced
increase in VSMC hypertrophy measured as an increase in
[*H]leucine incorporation (48, 49). These findings indicate that
caveolae and lipid rafts play important roles in linking death
receptor (Fas) or GPCR (Ang II) signal with NADPH oxidase to
promote local production of ROS, thereby forming redox
signaling platforms involved in endothelial dysfunction and
vascular hypertrophy (Fig. 2). Understanding the functional
importance of caveolae and lipid rafts in redox signaling in vivo
is the subject of future investigation.

Localizing the ROS Signal in the Endosomal and
Nuclear Compartments

Several groups have identified subunits of NADPH oxidase on
internal membranes. However, a consequence of NADPH oxi-
dase activation in perinuclear regions remains unclear. In
unstimulated ECs, Li et al. (50) reported that Nox2 and its
regulatory proteins exist as a preassembled complex in an intra-

cellular, perinuclear compartment. Moreover, van Buul et al.
(27) reported that green fluorescent protein (GFP)-Nox4 trans-
fected in primary human ECs is present in an intracellular com-
partment that colocalizes with a marker for endoplasmic reticu-
lum. In transfected HEK293 cells, Martyn et al. (51) showed
functional association and colocalization of Nox4 and p22phox
at internal membranes. Ambasta et al. (52) demonstrated that
p22phox—cyan fluorescent protein (CFP) colocalizes with either
Nox1—yellow fluorescent protein (YFP) or Nox4-YFP at the
endoplasmic reticulum, thereby forming active NADPH oxidase
in intracellular compartments.

NADPH oxidase—dependent ROS production in endosomes
is important for proinflammatory immune responses. Li et al.
(53) have demonstrated that interleukin-18 (IL-1f) stimulation
promotes endocytosis of the IL-1f receptor (IL-1R1), which is
required for Nox2-dependent ROS production at early endo-
somes and subsequent redox-dependent activation of the tran-
scription factor NF-xB (Fig. 3). Using a lucigenin assay and
electron spin resonance spectroscopy to measure NADPH oxi-
dase activities in isolated vesicular fractions, as well as fluores-
cence microscopy, they showed that Nox2-dependent O, pro-
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Fig. 3. Localizing the ROS signal in endosomes. Binding of IL-
1B to IL-1R1 on the plasma membrane promotes MyD88 associ-
ation with IL-1R1, which triggers endocytosis of IL-1R1-MyD88
complex and subsequent recruitment of Rac1 and Nox2 into the
endosomal compartment. These events are essential for local
NADPH oxidase activation and ROS production by the endo-
somes. Localized increase in ROS facilitates the redox-depen-
dent association of TRAF6 with the receptor complex on ligand-
activated endosomes, which contributes to activation of NF-kB.

duction was increased in endosomes. IL-1f binding promotes
MyD88 association with IL-1R1, which triggers endocytosis of
the IL-1R1/MyD88 complex and subsequent recruitment of
Racl and Nox2 into the endosomal compartment. Although the
mechanism is unknown, Rac1 recruitment into the IL-1R1-con-
taining endosomes is required for translocation of Nox2 from
the plasma membrane to this intracellular compartment.
Through these processes, endosomes become a source for Nox2-
mediated production of H,O,, which facilitates the redox-dependent
recruitment of TRAF6 to the ligand-activated IL-1R1/
MyD88 complex in endosomes to establish the formation of re-
dox-active signaling platforms. This event is required for activa-
tion of downstream IKK (inhibitor of NF-kB kinase) kinases,
IKK itself, and ultimately NF-«xB (Fig. 3). Whether similar mech-
anisms—endocytosis and endosomal ROS generation—are ap-
plied to other receptor-mediated redox signaling remains unclear.
Kuroda et al. (54) used immunocytochemistry and immuno-
electron microscopy to show that the endogenous Nox4 prefer-
entially localizes to the nucleus in human ECs. Nox4 siRNA

abrogates nuclear staining of Nox4, as well as basal- and phorbol
ester—stimulated NADPH oxidase activity in the nuclear frac-
tion. Nuclear Nox4-dependent ROS production is involved in
oxidative stress—responsive gene expression. Of note, oxidized
NF-kB reduces its DNA binding activity, which is restored by
reducing enzymes such as thioredoxin or redox factor 1 (55);
these results suggest that the proper redox state in the nuclear
compartment is an important determinant for the function of
redox-sensitive transcription factors. Thus, it is tempting to
speculate that local production of ROS through Nox4 in the
nucleus may contribute to regulating redox-dependent gene
expression linked to cell growth, differentiation, senescence,
and apoptosis. This point should be clarified in future studies.

Conclusion and Future Directions

NADPH oxidase appears to be activated within discrete sub-
cellular compartments, including lamellipodial focal complexes
and focal adhesions, membrane ruffles, caveolae and lipid rafts,
endosomes, and the nucleus, thereby facilitating localized ROS
production. These findings provide insights into our under-
standing of the temporal and spatial organization of agonist-
stimulated ROS production and activation of specific redox
signaling pathways. It remains to be determined how the sub-
cellular localization and targeting of NADPH oxidase are
regulated during chemotaxis, proliferation, differentiation,
senescence, and apoptosis. Future experiments will reveal the
functional importance of localized ROS production, the mecha-
nisms by which targeting of NADPH oxidase is achieved, and
also how its activity is controlled to produce ROS in a regulated
manner. The future will rely on multiple experimental
approaches, including imaging, structural analysis, and molecu-
lar approaches, both in vitro and in vivo.
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