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Abstract

Reactive oxygen species (ROS) are generated in response to growth factors, cytokines, G protein—coupled re-
ceptor agonists, or shear stress, and function as signaling molecules in nonphagocytes. However, it is poorly
understood how freely diffusible ROS can activate specific signaling, so-called “redox signaling.” NADPH
oxidases are a major source of ROS and now recognized to have specific subcellular localizations, and this
targeting to specific compartments is required for localized ROS production. One important mechanism may
involve the interaction of oxidase subunits with various targeting proteins localized in lamellipodial leading
edge and focal adhesions/complexes. ROS are believed to inactivate protein tyrosine phosphatases, thereby
establishing a positive-feedback system that promotes activation of specific redox signaling pathways involved
in various functions. Additionally, ROS production may be localized through interactions of NADPH oxidase
with signaling platforms associated with caveolae/lipid rafts, endosomes, and nucleus. These indicate that the
specificity of ROS-mediated signal transduction may be modulated by the localization of Nox isoforms and their
regulatory subunits within specific subcellular compartments. This review summarizes the recent progress on
compartmentalization of redox signaling via activation of NADPH oxidase, which is implicated in cell biology

and pathophysiologies. Antioxid. Redox Signal. 11, 1289-1299.

Introduction

EACTIVE OXYGEN SPECIES (ROS), including superoxide

(0O,7) and hydrogen peroxide (H,O5), play a central role
in host defense by killing microbes in phagocytic cells. Ac-
cumulating evidence suggests that nonphagocytic cells also
produce ROS. Although excess amounts of ROS are toxic,
physiologic concentrations of ROS function as signaling
molecules to mediate various responses, including cell pro-
liferation, migration, differentiation, and gene expression (24,
32). ROS are produced in response to growth factors, cyto-
kines, G protein—coupled receptor agonists, or shear stress.
Given that ROS are diffusible and short-lived, localizing the
ROS signal at the precise subcellular compartment after
receptor activation is essential for specific redox signaling
events. Several enzymes, including the mitochondrial elec-
tron transport system, xanthine oxidase, cytochrome p450,
NADPH oxidase, uncoupled NO synthase (NOS), and

myeloperoxidase, have been reported to produce ROS; how-
ever, the major source of ROS appears to be the NADPH ox-
idase. In phagocytic cells, NADPH oxidases consist of
membrane-associated cytochrome b558, comprising the cata-
lytic gp91”"** and regulatory p22”"** subunits, and cytosolic
components including p47” hox p67” hox. p4o0” hox "and the small
GTPase Racl (7). In nonphagocytic cells, several homologues
of gp91”"** (also termed as Nox2) including Nox1, Nox3,
Nox4, and Nox5, as well as the Dual oxidases (Duox; Duox1
and Duox2), have been identified (30, 49).

Although the evidence is strong that ROS generated by
NADPH oxidases participate in signal transduction, so-called
“redox signaling,” the mechanisms by which receptors acti-
vate NADPH oxidase and regulate ROS production are
poorly understood. NADPH oxidases are now recognized to
have specific subcellular localizations, and this targeting is
required for localized ROS production and activation of spe-
cific redox signaling pathways that mediate various cell
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functions. One important mechanism may involve the inter-
action of oxidase subunits with targeting proteins. This re-
view summarizes the recent progress and the information on
compartmentalization of redox signaling via activation of
NADPH oxidase in various subcellular compartments that
are implicated in biology and pathophysiologies.

Redox Signaling in Caveolae/Lipid Rafts

Lipid rafts are cholesterol- and sphingolipid-rich, low-
density plasma membrane domains. Specialized microdo-
mains termed caveolae constitute a distinct subset of lipid
rafts with cell-surface flask-shaped invaginations that contain
caveolin as a major structural protein (36). Caveolae/lipid
rafts concentrate multiple signaling molecules including G
protein—coupled receptors (GPCRs), receptor tyrosine kinase
(RTK), protein kinase C, Src family kinases, and G proteins to
form signaling platforms. Compartmentalization of signaling
molecules is required to provide the appropriate molecular
proximity necessary for rapid, efficient, and specific activation
of downstream signaling events (72, 78, 85). The assembly of
functionally active NADPH oxidase and subsequent ROS
production also is dependent on caveolae/lipid rafts. Thus,
these specialized plasma membrane microdomains play an
important role in activation of specific redox signaling events
(12,102, 115, 118).

In cultured vascular smooth muscle cells (VSMCs), Nox1 is
found in caveolin-1-containing membranes under unstimu-
lated conditions (38). Stimulation of VSMCs with angiotensin
II (Ang II), a GPCR agonist, promotes AT, receptor (AT;R)
binding to caveolin-1 as well as trafficking of AT;R from high-
density noncaveolar membrane fractions into caveolin-1-
containing caveolae/lipid rafts (118). This in turn promotes
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Racl translocation into caveolae/lipid rafts to increase local-
ized ROS production (117), which is required for transacti-
vation of epidermal growth factor receptor (EGFR), whose
mechanism is dependent on ROS-mediated activation of
cSre (94). Tyrosine-phosphorylated EGFR and caveolin-1
through cSrc subsequently appear at focal adhesions where
Nox4 and paxillin localize, thereby forming redox signaling
platforms. Inhibition of either NADPH oxidase or caveo-
lin1 siRNA substantially blocks Ang II-induced increase in
[*H]leucine incorporation (97, 114, 118). These results suggest
that caveolae/lipid rafts link AT;R signal with NADPH oxi-
dase to provide localized ROS production, thereby activating
specific redox signaling pathways involved in vascular
hypertrophy, which may contribute to hypertension (12)
(Fig. 1A).

Caveolae/lipid rafts interact with actin-cytoskeleton and
microtubules via caveolin-1 (86). Ang II stimulation promotes
p477"°* binding to cortactin, a c-Src-regulated actin-binding
protein, which is required for p47""** translocation to the
membrane to form active NADPH oxidase complex (91).
Studies using GFP-tagged caveolin-1 reveal that reorganiza-
tion of the actin cytoskeleton causes caveolae redistribution
(86, 89). Depolymerization of microtubules reduces the mo-
bility of GFP/caveolin-1 and increases the presence of invag-
inated caveolae at the cell surface. Disruption of microtubules
blocks Ang II-induced Racl and AT;R movement into ca-
veolae/lipid rafts, which consequently attenuates ROS pro-
duction (117). Additionally, small caveolin-containing vesicles
“cavicles” are transported, possibly as microtubule cargo,
between the plasma membrane and pericentrosomal com-
partment, “caveosomes” in an actin-cytoskeleton-dependent
manner (66). It remains unknown whether Nox complexes are
transported within this intracellular compartment.
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FIG. 1.

Redox signaling in caveolae and lipid rafts. (A) In VSMCs, Ang II stimulation promotes AT;-receptor trafficking

into caveolin-1-enriched membrane fractions where Nox1 is found. This causes localized ROS production and ROS-
cSrc-dependent transactivation of the EGFR and its egress from caveolae. Tyrosine-phosphorylated EGFR and caveolin-1
subsequently appear at focal adhesions where Nox4 and paxillin localize, thereby forming redox signaling platforms. These
events are essential for activation of specific redox signaling pathways involved in VSMC hypertrophy. (B) In ECs, stimu-
lation with TNF-o, Fas ligand, and shear stress induces recruitments of Nox2, p47ph’”‘, and Racl into lipid rafts, thereby
promoting raft-localized NADPH oxidase activation and ROS production and eNOS-derived NO within raft domains. This
formation of redox signaling platforms in lipid rafts contributes to decrease in NO bioavailability and production of per-
oxynitrite, which uncouples NOS to produce more O,”, which contributes to endothelial dysfunction.
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In endothelial cells (ECs), NADPH oxidase subunits are
preassembled in caveolae/lipid rafts in the resting state. Sti-
mulation with TNF-o induces additional recruitment of the
p477"°* to raft-localized NADPH oxidase and promotes ROS
production and eNOS-derived nitric oxide (NO) production
within raft domains (113). Thus, caveolae/lipid rafts are sites
of spatial regulation of NADPH oxidase and eNOS to pro-
mote subsequent generation of peroxynitrite (ONOO"), which
induces protein tyrosine nitration (113). Furthermore, death
receptors such as Fas and TNF receptor 1 (TNFR1) have been
shown to be localized in lipid rafts. They stimulate lipid raft
clustering and formation of redox signaling platforms in lipid
rafts to increase NADPH oxidase activity, which contrib-
utes to impaired endothelium-dependent vasorelaxation (115)
(Fig. 1B).

Zhang et al. (115) showed that Fas ligand stimulation pro-
motes recruitment of Nox2, p47”l"”‘, and Racl into lipid rafts,
where an increase in NADPH oxidase activity and ROS pro-
duction occurs (115). Moreover, death factors bind to their
receptors in individual lipid rafts and subsequently stimulate
acid sphingomyelinase to produce ceramide from sphingo-
myelin in ECs. Ceramide-enriched membrane platform for-
mation results in aggregation of NADPH oxidase subunits
such as Nox2 and p47”h‘”‘ and other proteins, which in turn
promotes O, production. O," reacts with eNOS-derived NO
to decrease NO bioavailability and to produce ONOO", which
uncouples NOS to produce more O, but less NO. This
mechanism contributes to endothelial dysfunction (55) (Fig.
1B). These findings indicate that caveolae/lipid rafts are sig-
naling domains in which death receptors couple to NADPH
oxidase to promote local production of ROS, thereby forming
active redox signaling platforms involved in endothelial
dysfunction.

Redox Signaling at Cell-Matrix
Adhesions (Focal Adhesions)

Integrin-mediated cell adhesion is required for anchorage-
dependent cell growth. Focal adhesions, cell-matrix adhesion
sites, serve as organizing centers for regulatory and structural
proteins to facilitate rapid and precise control of cell function
(106). Activation of integrins leads to phosphorylation of focal
complex proteins such as paxillin and focal adhesion kinase
(FAK), which facilitates the linkage of the actin cytoskeleton
and integrin receptors (75) These pathways are involved in
the formation of focal contacts cross-talk with tyrosine kinases
and small G proteins to coordinate downstream signaling for
gene transcription of cell proliferation, survival, motility, and
cytoskeletal remodeling (15, 41, 42, 84, 92). Integrin-mediated
adhesion also governs the presence of lipid rafts on the plas-
ma membrane by preventing its internalization via retaining
tyrosine phosphorylated caveolin-1 in focal adhesions (22),
which is required for targeting of active Racl and its cou-
pling of p21-activated protein kinase (PAK) to the NADPH
oxidase activation. A significant content of tyrosine phos-
phorylated caveolin-1 localizes near focal adhesion sites in
association with cytoskeleton elements (22, 51), where ca-
veolin-1 interacts with focal adhesion protein scaffolds and
recruits several signaling proteins involved in cell growth,
survival, and transformation (43, 79, 82, 87). As mentioned
earlier, AT;R migration into lipid rafts is associated with
egress of EGFRs from these microdomains. Ultimately,
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transactivated EGFRs are found and colocalize with phospho-
caveolin-1 at focal adhesions where Nox4 and paxillin
colocalize, thereby forming redox signaling complexes at focal
adhesions (38, 95) (Fig. 1A).

The signaling properties of ROS are largely due to the re-
versible oxidation of redox-sensitive target proteins, and es-
pecially of protein tyrosine phosphatases (PTPs) (17, 25, 52,
62). The PTP activity is dependent on the reactive cysteine
residues (Cys-SH) with a low pKa at their active site (59, 116)
that are readily susceptible to reversible oxidation by H,O,
(110). Integrin-induced ROS are required to oxidize/inhibit
the low-molecular-weight PTP, thereby preventing the en-
zyme from dephosphorylating and inactivating FAK. Ac-
cordingly, FAK phosphorylation and downstream events,
including MAPK and Src phosphorylation, focal adhesion
formation, and cell spreading, are all significantly attenuated
by inhibition of redox signaling. On cell adhesion, oxidative
inhibition of PTPs promotes the phosphorylation/activation
and the downstream signaling of FAK and, as a final event,
cell adhesion and spreading onto fibronectin (18) (Fig. 2).

A synergistic action of integrins and RTKs occurs for
redox signaling, which plays an essential role in anchorage-
dependent cell growth. Both growth factor and integrin acti-
vation generate oxidants independently, specifically, both
mitochondria and 5-lipoxygenease for integrins, and NADPH
oxidase for growth factors. Thus, their simultaneous stimu-
lation has a cooperative effect in enhancing ROS production
(16). Different compartmentalization and kinetics of ROS
production can likely account for distinct subsets of molecular
targets of ROS during cell adhesion. Thus, synergistic action
of integrins and growth-factor receptors exists for activation
of redox signaling leading to cell proliferation and survival
through the reversible oxidation of proteins such as PTPs,
including PTP1B, LMW-PTP, PTEN, and SHP2, as well as
RTKs, including insulin receptor, EGFRs, and PDGF-Rs (16)

(Fig. 2).
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FIG. 2. Redox signaling at cell-matrix adhesions (focal
adhesions). Growth factor activates NADPH oxidase,
whereas integrin activation stimulates mitochondria and
5-lipoxygenase to generate localized ROS production at cell-
matrix adhesions. ROS produced by synergistic action of
integrins and growth factors induce oxidative inactivation of
protein tyrosine phosphatases (PTPs), which negatively
regulate RTK and FAK, thereby promoting downstream re-
dox signaling events such as MAPK, leading to cell prolif-
eration, survival, and gene expression.
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Redox Signaling at Cell-Cell Contacts

Loss of stable cell-cell contacts between ECs in the parent
vessel is an important mechanism for initiating the endothe-
lial migration and proliferation involved in angiogenesis as
well as promoting endothelial permeability. The molecule
primarily responsible for cell-cell contacts of ECs is the
transmembrane homophilic adhesion molecule, vascular
endothelial (VE)-cadherin (21). The cytoplasmic domain of
VE-cadherin binds to 3-catenin, which is linked to the actin
cytoskeleton via o-catenin. Tyrosine phosphorylation of the
VE-cadherin complex is required for disruption of the cell-cell
junction (23, 68, 107), and it is mediated through cSrc, which is
dependent on ROS (58, 100). Although localization of
NADPH oxidase at the cell-cell junction has not been clearly
demonstrated, NADPH oxidase—derived ROS are involved in
VE-cadherin/f-catenin phosphorylation and disruption of
cell-cell contacts (71). Activation of Racl stimulates genera-
tion of ROS, which are capable of activating Pyk2 (28, 101) and
Src (4). Racl-induced ROS disrupt VE-cadherin-mediated
cell-cell adhesion through an increase in tyrosine phosphor-
ylation of a-catenin in ECs (100). Inhibition of VE-cadherin
function induced by VE-cadherin-blocking antibodies acti-
vates Racl, thereby increasing localized ROS production,
which in turn promotes EC barrier dysfunction through ROS-
mediated tyrosine phosphorylation of Pyk2 (98), which reg-
ulates cell—cell adhesion (47). Thus, a positive feed-forward
mechanism exists whereby localized ROS promote endothe-
lial permeability (Fig. 3).

VEGEF stimulation promotes association of cSrc with VEGF
receptor type2, which causes Src-dependent tyrosine phos-
phorylation of VE-cadherin. This in turn stimulates loss of
cell—cell contacts, thereby promoting EC migration and pro-
liferation involved in angiogenesis as well as endothelial
permeability (19, 48, 103). Of note, cSrc is a downstream target
of ROS. IQGAPI, an effector of active Racl (37, 46), which
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colocalizes with VE-cadherin at cell—cell junctions to stabilize
cell-cell contact in confluent monolayers of ECs. VEGF stim-
ulation promotes IQGAP1 association with activated VEGFR2
to link VEGFR2 to VE-cadherin to stimulate Racl/ROS-
dependent tyrosine phosphorylation of VE-cadherin, thereby
promoting disruption of cell-cell contacts to initiate EC mi-
gration (111, 112). Polymorphonuclear (PMN) leukocyte ad-
hesion to ECs via adhesion molecules ICAM-1 stimulates ROS
production, which also promotes loss of cell-cell adhesions
through activating Src and Pyk2, which phosphorylate VE-
cadherin on Tyr658 and Tyr731, respectively (4). These re-
sponses are involved in increasing transendothelial migration
of PMNs and endothelial permeability, which contributes to
inflammatory diseases such as atherosclerosis and diabe-
tes. Nwariaku et al. (71) reported that TNF-induced loss of
endothelial junctional integrity is mediated through the
PAK1-NADPH oxidase-JNK-VE-cadherin phosphorylation
pathway. Thus, NADPH oxidase—-derived ROS produced
near the adherens junction may activate redox signaling that
disrupts the cell-cell contacts, and thus promote angiogenesis,
vascular inflammation, and permeability (58, 88) (Fig. 3).

Several PTPs, including PTP1B (8, 67, 83), density-
enhanced phosphatase-1 (DEP1)/CD148 (31), vascular endo-
thelial PTP (VE-PTP) (68), and SHP-2 (93), localize at cell—cell
adhesion sites to maintain low levels of tyrosine phosphory-
lation, and thus stabilize junctional integrity (80). Thus, lo-
calized production of ROS at cell-cell contacts may induce
oxidative inactivation of VE-cadherin or f-catenin—associated
PTPs, thereby promoting tyrosine phosphorylation of VE-
cadherin complex proteins (Fig. 3).

Redox Signaling in Lamellipodial Leading
Edge and Focal Complexes

Migrating cells create transitory integrin-containing struc-
tures with tyrosine-phosphorylated proteins termed focal
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FIG. 3. Redox signaling at cell-cell contacts.
PMN binding to ECs, inflammatory stimuli,
or growth factors simulate localized ROS pro-
duction via activation of NADPH oxidase at or
near the cell-cell contacts in confluent ECs. ROS
are involved in activation of Src, Pyk2, FAK, and
PKC, or in oxidative inactivation of PTPs,
thereby promoting tyrosine phosphorylation of
VE-cadherin and f-catenin, which in turn pro-
motes disruption of cell-cell contacts, and thus
increasing endothelial permeability, migration,
and proliferation, which are involved in angio-
genesis.
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complexes (69). Leading-edge focal complexes bear the
strongest tensile forces in migrating cells, and focal complex
turnover is necessary for the remodeling of lamellipodia to
promote membrane ruffling. RhoGTPases 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 (69).
Racl directs the tyrosine kinase Src to lamellipodia to phos-
phorylate focal complex proteins, including Pyk2, thus pro-
moting the turnover of focal complexes (50, 90). Directed cell
migration is a highly localized process involving the genera-
tion of spatially and temporally restricted signaling mole-
cules, including Racl (44) and phosphatidylinositol-3,4,
5-trisphosphate [PI(3,4,5)P;] (63), a product of phosphatidyl-
inositol 3-kinase (PI3K), at the site of the new leading edge. 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 (2, 20, 39, 96). The PI3K-Rac pathway is involved in
the production of ROS that accumulate at the membrane
ruffles (73), which is required for cytoskeletal reorganization
and directed cell migration (40, 65). Nox2 and its regulatory
subunits, p47""** and p67°"* also are targeted to the focal
complexes or membrane ruffles in lamellipodia (40, 108, 109).
TNF-o-stimulated translocation of these subunits to the cell
membrane is required for ROS production, which stimulates
cytoskeletal reorganization required for migratory response.
Thus, oxidants derived from NADPH oxidase activation and
lamellipodial dynamics are likely to be spatially and func-
tionally coupled at the leading edge to promote directional
cell migration (40, 65) (Fig. 4).

Wu et al. (109) identified targeting molecules that may
specify the site of ROS production at lamellipodial focal
complexes during cell migration. In ECs, the p47""** subunit
of NADPH oxidase binds to the orphan adaptor TRAF4,
which in turn binds to the focal contact scaffold Hic-5, thereby
targeting p47""** to the focal complexes. Thus, local activation
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of NADPH oxidase and ROS production is found. Knock-
down of TRAF4 or Hic-5 by using siRNA or disruption of the
TRAF4-Hic-5 complex, or inhibition of ROS with antioxidants
or of NADPH oxidase with mutant form of p67” hox all block
cell migration, indicating that localized ROS signal at la-
mellipodial focal complexes through formation of the p47/**-
TRAF4-Hic-5 complex is important for directional cell
migration (Fig. 4).

The mechanism for targeting NADPH oxidase to the la-
mellipodial leading edge and membrane ruffles is through the
interaction of p47’”h°x with moesin and WAVE1, which are
enriched within this specific structural compartment (104,
108). WAVEL catalyzes the actin nucleation responsible for
lamellar structure in a Racl-dependent manner, and thus
p477* - WAVET complexes contain Racl and Racl effectors
PAK1, which phosphorylates p47/"* (Fig. 4). Antioxidants
and inhibition of p47""**-WAVET interaction block ROS pro-
duction and ruffle formation (108). Another important tar-
geting protein is IQGAP1, which is an actin-binding scaffold
protein and Racl effector that links Racl to the cytoskeleton
and is required for Rac-mediated polarized cell migration (11,
61). Linkage between the microtubule plus-ends and cortical
regions is essential for the establishment of cell polarity and
directional migration. IQGAP1 captures and stabilizes mi-
crotubules by interacting with the microtubule tip-binding
protein CLIP-170 near the cell cortical regions (70). In addi-
tion, activated Racl promotes capture of CLIP-170—-capped
microtubules in lamellipodia (61). At the leading edge of cells,
Racl also links the adenomatous polyposis coli (APC) protein
to actin filaments through IQGAP1, thereby regulating po-
larization and directional migration by forming a complex
with APC and CLIP-170. The Nox2 also binds to and coloca-
lizes with IQGAP1 at the leading edge in actively migrating
ECs (40). IQGAP1 functions as a scaffold protein to target
Nox2 and Racl to the specific membrane compartments to
localize ROS production, thereby achieving specificity of re-
dox signaling, which may contribute to EC migration (Fig. 4).

FIG. 4. Redox signaling in lamellipodial
leading edge and focal complexes. Localized
ROS signal at lamellipodial focal complexes is
mediated through formation of p47""**-TRAF4-
Hic5 complexes and oxidative inactivation of
PTP-PEST by ROS, which is required for acti-
vation of Racl and its effector PAK1, which
phosphorylate p47phox through formation of
TRAF4-Rac1-PAK1 complexes. These p47/"*-
containing complexes create a positive-feedback
loop to facilitate localized Nox-dependent ROS
production, which contributes to directional cell
migration. Localized ROS at membrane ruffles
and lamellipodial leading edges are mediated
through p47”"*-WAVE1-Rac1-PAK1 complexes,
which phosphorylate p47”"* as well as Racl-
IQGAP1-Nox2 targeting to the leading edge
through the scaffolding function of IQGAP1,
respectively. These NADPH oxidase-targeting
mechanisms are required for ROS-dependent
directional cell migration.
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Foreman et al. (26) reported that localized ROS production
by NADPH oxidase in the growing tips of cells is required for
polarized root hair growth. As in animal cells, ROS produc-
tion appears to be regulated by Rho GTPases. Carol et al. (13)
provided the evidence that inactivation of Rho GTPase gua-
nine 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. Thus, it will be intriguing to investigate whether
similar negative regulatory mechanisms that restrict ROS
production are observed in polarized cell growth of mam-
malian cells. Additionally, Racl localization is regulated by
targeting of Rho GTPase guanine nucleotide exchange factors
(GEFs) with Racl activity. Nox1 associates with the RacGEF
PPIX (74), which activates Racl, stimulating EGF-dependent
oxidant production. Rapla also binds to Nox2 complex, thus
targeting them to membrane protrusions where it locally ac-
tivates the Rac GEFs Vav2 and Tiam1, and Racl itself, which
in turn contributes to localized ROS production at the la-
mellipodial leading edge (6).

Many PTPs, which are subject to oxidative inactivation by
ROS, concentrate in specific subcellular compartments,
thereby establishing a positive-feedback mechanism that ac-
tivates redox signaling pathways. PTP-PEST is a cytosolic PTP
with a PEST domain, localized to focal complexes through
direct binding to paxillin and Hic-5. PTP-PEST inhibits Racl
activity and phosphorylation of Pyk2 and Src, thereby pre-
venting membrane ruffling, focal complex turnover, and po-
larized cell movement (81). Myristoylated TRAF4 and p47""**
target to nascent focal complex-like structures, which induces
local oxidative inactivation of PTP-PEST (109). Inhibition
of PTP-PEST in turn activates Racl and its effector kinase
PAK]1, thereby promoting p47”h°" phosphorylation, creating a
positive-feedback loop that facilitates NADPH oxidase acti-
vation and local ROS production (109). Furthermore, targeted
inactivation of PTP-PEST by localized ROS production
through formation of TRAF4-Racl-PAK1 complexes facili-
tates activation of redox-sensitive focal complex signaling of
Src and Pyk2 (Fig. 4). These responses, in turn, promote focal
complex turnover and membrane ruffle formation, as well as
cell migration. During chemotaxis, PTEN is specifically lo-
calized to the back of the cell membrane, whereas its substrate
PI(3,4,5)P; is concentrated at the front, leading edge (53).
These results suggest that PTEN regulates directed cell mi-
gration by targeting the opposite site of cells from the leading
edge where NADPH oxidase-derived ROS and PI(3,4,5)P; are
accumulated, thereby sensing and amplifying the PI(3,4,5)P;
gradient at the leading edge. Of note, other oxidant-sensitive
MAP kinase phosphatase MKP1 and SHP-2, which are pre-
dominantly cytosolic, are not the targets of TRAF4-linked
oxidants (109). Thus, TRAF4-p47""**-dependent ROS seem to
be specific to PTP-PEST because of its specific localization at
focal contacts/complexes (Fig. 4).

Redox Signaling in Endosomes

Localization of subunits of NADPH oxidase on internal
membranes has been demonstrated. In unstimulated ECs,
endogenous Nox2 and its regulatory proteins exist as a pre-
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assembled complex in perinuclear compartments (54). Other
studies revealed perinuclear localization of GFP-Nox4 in
primary human ECs (99), and endogenous Nox1, Nox2, and
Nox4 in endothelial EaHy926 and human microvascular ECs
(77). With confocal microscopy or fluorescence resonance
energy transfer, colocalization of p22” hox with Nox1 or Nox4
at the endoplasmic reticulum (ER) was observed in transiently
transfected VSMCs or HEK293 cells or both (5, 60). These
results suggest that active NADPH oxidase complex is formed
in intracellular compartments. Chen et al. (14) recently re-
ported that ER localization of V5-taggeed Nox4 is critical for
oxidative inactivation of protein tyrosine phosphatase 1B
(PTP1B), which is localized mainly to the cytosolic face of the
ER (27, 105). The ER-resident PTP1B specifically dephos-
phorylates endocytosed RTKs, thereby terminating RTK sig-
nal (34). Epidermal growth factor stimulates H,O, generation,
resulting in the reversible oxidation of reactive Cys215 in
PTP1B to inactivate the enzyme (52), which in turn increases
protein tyrosine phosphorylation and mitogenic response.
Thus, PTP1B may be oxidatively inactivated by Nox4-derived
ROS at the ER, thereby enhancing RTK activation at this in-
tracellular compartment.

Several reports suggest the mechanism of targeting of
NADPH oxidase and the consequence of NADPH oxidase—
dependent ROS production in endosomes. Li et al. (56) dem-
onstrated that interleukin-1f (IL-1p) stimulation promotes
endocytosis of the IL-1f receptor (IL-1R1), which is required
for Nox2-dependent ROS production at early endosomes and
subsequent redox-dependent activation of the transcription
factor NF-«B. By using lucigenin assay and electron spin-
resonance spectroscopy that measures NADPH oxidase ac-
tivities in isolated vesicular fractions, as well as fluorescence
microscopy, they showed that Nox2-dependent O, produc-
tion is increased in endosomes. IL-1f binding promotes
MyDB88 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, Racl recruitment into the
IL-1R1—containing endosomes is required for translocation of
Nox2 from the plasma membrane to this intracellular com-
partment. Through these processes, endosomes become a
source for Nox2-mediated production of H,O,, which facili-
tates the redox-dependent recruitment of TRAF6 to the
ligand-activated IL-1R1/MyD88 complex in endosomes. This
establishes the formation of redox-active signaling platforms,
thereby leading to activation of downstream IKK kinases,
IKK, and, ultimately, NF-«xB (Fig. 5A).

Most recently, the same group demonstrated that both
Nox1 and Nox2 are involved in endosomal ROS production
after hypoxia/reoxygenation (H/R) injury, and that this is
required for c-Src activation and c-Src-mediated, inhibitory
IxBa tyrosine phosphorylation (57). This process requires
endosomal recruitment of both Rac1 and c-Src. These suggest
that Racl-dependent activation of Nox1 and Nox2 in endo-
somes plays a critical role in activating c-Src and its down-
stream NF-«B after H/R injury (Fig. 5B). Miller et al. (64)
reported that Nox1 colocalizes with CIC-3, a chloride/proton
exchanger, in endosomes of VSMCs, and that CIC-3 is re-
quired for TNF-a— and IL-1$-induced Nox1-dependent ROS
production within early endosomes and its downstream NF-
kB activation (Fig. 5B). CIC-3 seems to be required for charge
neutralization of the electron flow generated by Nox1 across
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FIG. 5. Redox signaling in endo- A
somes. (A) Binding of IL-1 to IL-1R1
on the plasma membrane promotes
MyD88 association with IL-1R1,
which triggers endocytosis of the
IL-1R1-MyD88 complex and subse-
quent recruitment of Racl and Nox2
into the endosomal compartment.
Localized ROS signal in endosomes
facilitates the redox-dependent asso-
ciation of TRAF6 with the receptor
complex, which contributes to acti-
vation of NF-«B. (B) Hypoxia/
reoxygenation (H/R) injury induces
endosomal recruitment of cSrc
and Racl, thereby activating Nox1-
dependent ROS production and its
downstream cSrc, which phosphory-

IL-1p B

Cytokines, H/R injury

Plasma membrane

lates Ix-Ba, and thus leading to NF-

kB activation. In VSMCs, Nox1 colocalizes with CIC-3 in endosomes, which is required for cytokine-induced ROS production

within endosomes and its downstream NF-xB activation.

the membranes of signaling endosomes. Taken together, these
studies suggest that NADPH oxidase-dependent ROS pro-
duction in endosomes is involved in proinflammatory im-
mune responses.

Redox Signaling in the Nucleus

Many transcription factors are redox sensitive, including
AP-1,NF-xB, Nrf2, p53, glucocorticoid receptor, and others (1,
3,9, 10, 29, 33). These transcription factors require an oxida-
tive signal in the cytoplasm to initiate signaling for activation
(phosphorylation of Jun or dissociation of NF-«xB or Nrf2 from
inhibitory protein complexes). After activation and translo-
cation into the nucleus, cysteine residues within the DNA-
binding domain of each transcription factor are reduced by
thioredoxinl and redox factor-1. Reduction is a prerequisite
for transcription-factor binding to DNA and subsequent gene
activation. Thus, oxidants in the cytoplasm activate redox
signaling, whereas oxidative stress in the nuclear compart-
ment blocks the process (35). Nox4 is localized in the focal
adhesions and the nucleus in VSMCs (38, 76). Kuroda et al.
(45) demonstrated that the endogenous Nox4 preferentially
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 fraction.
Nuclear Nox4-dependent ROS production is involved in ox-
idative stress-responsive gene expression. Thus, local Nox4-
dependent ROS production in the nucleus may contribute to
regulation of the redox-dependent transcription factor and
gene expression involved in cell growth, differentiation, se-
nescence, and apoptosis. Differential localization of the Noxes
at distinct intracellular localizations may be due to different
cell types or experimental conditions such as antibody spec-
ificity or a transfection system using tagged proteins.

Conclusion and Future Directions

NADPH oxidase appears to be activated within discrete
subcellular compartments, including caveolae/lipid rafts, focal
adhesions, cell-cell contacts, lamellipodial leading edges and

membrane ruffles, endosomes, and the nucleus. This facilitates
spatially confined ROS production with redox-sensitive targets
in proximity, which may allow ROS to activate specific redox
signaling events. Future experiments should be directed to-
ward determining the functional importance of localized ROS
production and the targeting mechanism of NADPH oxidase.
Furthermore, it is important to identify and visualize the novel
ROS targets in redox signaling events involved in chemotaxis,
proliferation, differentiation, senescence, and apoptosis. These
studies will rely on multiple experimental approaches, in-
cluding highly innovative imaging, redox proteomics, cell bi-
ology and biochemistry, and molecular biology, both in vitro
and in vivo. A better understanding of compartmentalization of
redox signaling will provide further insights into temporally
and spatially organized ROS-dependent signaling systems and
the relevance of antioxidant therapy with targeting to specific
intracellular microdomains for treatment of various oxidant
stress—dependent diseases.
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