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Abstract
Reactive oxygen species (ROS) are increasingly recognized as important signaling regulators. The
family of the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases
(Noxs) is responsible for the production of most signaling ROS in cells. An emerging paradigm is
that individual Nox family members are organized and activated at distinct subcellular locations for
specific functions. Tyrosine kinase substrate (Tks) family adaptor proteins have now been identified
as Nox organizer proteins that enhance the production of ROS at invadopodia and podosomes, which
are subcellular adhesion structures associated with extracellular matrix degradation. ROS production
is also shown to be required for invadopodia and podosome formation. These findings broaden the
known signaling roles of ROS and identify a potential mechanism for the correlation of ROS
production with cancer invasion.

Reactive oxygen species (ROS), such as superoxide (O2
−) and peroxide (H2O2) were originally

identified as toxic byproducts of metabolism (1). However, the discovery of the reduced form
of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox) and
myeloperoxidase in phagocytes demonstrated that cells have evolved a system to manufacture
ROS for specific purposes, such as killing bacteria (1). Nox proteins were subsequently
identified in other cell types and tissues, suggesting that they have roles in more general cellular
processes. Indeed, ROS have been shown to regulate various cellular functions in virtually
every tissue in the body, including signal transduction, gene expression, cell growth, and
apoptosis. ROS production is increased in cancer and linked to both transformation and
metastasis (2–6), suggesting a subversion of normal signaling mechanisms. Two papers shed
light on the role of ROS in invasion by demonstrating that Nox-produced ROS promote the
formation of invadopodia, which are footlike cellular processes with associated matrix
metalloproteinases (MMPs) (7,8). Moreover, the authors show that the essential invadopodia
scaffold proteins tyrosine kinase substrate 4 (Tks4) and Tks5 are in fact organizer proteins for
Nox enzymes, suggesting that their function in invadopodia may be to localize ROS.

Invadopodia
Invadopodia are subcellular protrusions found in invasive cancer cells that possess extracellular
matrix (ECM)–degrading activity (9,10). Formation of invadopodia is associated with cancer
invasiveness in various model systems, including metastasis in nude mice (11–13). Similar
invasive structures with a more ringlike morphology are formed in Src kinase–transformed
cells and are sometimes referred to as podosomes. Podosomes also form in normal cells that
remodel ECM or migrate, such as osteoclasts and macrophages, respectively (14). Although
there is an ongoing debate as to whether invadopodia and podosomes have distinct functions
with regard to ECM adhesion (10,14), they do share common molecular components and a
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similar ability to degrade ECM. Likewise, Tks proteins and ROS were shown to regulate the
formation and function of both cancer cell invadopodia and podosomes in Src-transformed
cells.

Several cellular activities converge at invadopodia and podosomes to promote ECM digestion,
including cytoskeletal assembly, tyrosine kinase signaling, adhesion, and the vesicular
trafficking of proteases (9). Many invadopodia proteins are either Src substrates or tyrosine
kinase adaptor proteins, which is consistent with Src having a critical role in organizing these
component processes (9). The Src substrates Tks4 and Tks5 are included in this list; however,
unlike most invadopodia proteins that localize to and function in other subcellular structures,
Tks4 and Tks5 appear to localize to invadopodia and podosomes (15,16). Furthermore, they
are essential for function, because knockdown of either protein abrogates the formation and
function of invadopodia or podosomes, and coexpression of Tks5 with activated Src promotes
the formation of invadopodia in epithelial cells (15,16). The signals controlling the formation
and turnover of invadopodia are largely unknown. Diaz, Shani, and colleagues show that ROS
produced by NADPH oxidases of the Nox family are required for the formation of both
podosomes and invadopodia (7).

Tks Proteins as Nox Organizers
Initial sequence analysis of Tks5 revealed homology with p47phox, a cytosolic regulator of
the phagocyte NADPH oxidase Nox2 (17). Activation of phagocytes leads to the
phosphorylation of p47phox and its translocation to the membrane-bound Nox2-p22phox
complex (1). Because associated Nox activator proteins are also carried to the membrane,
p47phox is considered to be an “organizer” protein that allows the activation of Nox2. In other
cell types, the homologous protein NoxO1 functions in an analogous manner, activating Nox1
and Nox3 (1,18). Gianni et al. show that Tks4 and Tks5 are Nox organizer proteins that can
also support Nox1 and Nox3 activity (8). The selective localization of Tks proteins to
invadopodia (15,16) suggests that localization of ROS to invadopodia (7) is a critical function
for Tks4 and Tks5 that is not shared with other Nox organizers. Consistent with that idea,
overexpression of the organizer NoxO1 inhibits invadopodia formation in colon cancer cells
(8).

Nox-produced ROS has a well-established role in signaling through the inhibition of
phosphatases, activation of kinases, or regulation of ion channels (1). Molecular mechanisms
include electron transport–dependent cell depolarization and ROS-dependent posttranslational
modifications, such as cysteine oxidation and S-glutathiolation. In particular, inactivation of
phosphatases occurs because of oxidation of redox-sensitive cysteine residues in the catalytic
site (1). Thus, ROS can enhance tyrosine kinase signaling at various subcellular sites by the
local removal of antagonistic phosphatase activity.

Because ROS are rapidly inactivated in cells, local generation of ROS is thought to be critical
for the regulation of site-specific signaling activities (19), and one might expect colocalization
of ROS production at major sites for tyrosine kinase activity. One such site occurs downstream
of integrin activation at focal adhesions (FAs). The Nox organizer protein p47phox is targeted
to FAs through interactions with the FA adaptor proteins Hic5 and TRAF4 (tumor necrosis
factor receptor–associated factor 4) (20). TRAF4-activated ROS production leads to
inactivation of the protein tyrosine phosphatase PEST (PTP-PEST) and promotes cellular
migration.

Similar to focal adhesions, invadopodia are centers of tyrosine kinase activity. In particular,
Src kinase activity is both necessary and sufficient for the formation and ECM-degrading
activity of invadopodia structures (9). Invadopodia and the related podosome structures also
share some molecular components with focal adhesions, including proteins such as Mena,
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vinculin, p130Cas, PTP-PEST, and Src (7,21–25). As a potential mechanism for the effect of
ROS on invadopodia and podosomes, Diaz, Shani, and colleagues demonstrate that knockdown
of PTP-PEST dramatically increases the number of podosomes in Src-transformed cells (7).
Thus, there are hints that ROS may regulate invadopodia, podosomes, and focal adhesions
through a common molecular mediator.

The signals upstream of ROS generation are varied. A paper by the Bokoch and Courtneidge
groups demonstrated that Src promotes ROS formation in colon cancer cells (4). Because Tks4
and Tks5 are Src substrates, Src induction of ROS production may occur secondary to the
phosphorylation of Tks4 and Tks5 and subsequent organization and activation of Nox enzymes
at invadopodia (Fig. 1). Consistent with that possibility, knockdown of Tks5 ablated the
increased ROS production caused by Src transformation of 3T3 fibroblasts and also reduced
the total amount of ROS produced by human oral squamous cell carcinoma cells (7).

Gianni et al. and Diaz et al. make a critical first step in understanding ROS-mediated cancer
invasion by demonstrating that ROS are essential for invadopodia formation and by
establishing Tks proteins as Nox organizers at invadopodia. However, many questions remain.
In particular, the mechanisms by which ROS regulate invadopodia formation remain to be
determined (Fig. 1). Although it seems likely that inactivation of PTP-PEST is one function
of invadopodia-localized ROS, there could be other targets, including other tyrosine
phosphatases, lipid phosphatases, tyrosine and serine kinases, and cytoskeletal proteins (1,6,
18,19). Indeed, inhibition of ROS production leads to diminished tyrosine phosphorylation of
Tks4 and Tks5, suggesting the decreased activity of an upstream tyrosine kinase. ROS may
also regulate MMP expression to promote ECM degradation at invadopodia (1,6). And
analogously to the phagocyte oxidase system (1), activation of Nox could lead to the fusion of
protease-containing vesicles at Tks-directed invadopodia sites. Future studies of this
fascinating system are likely to shed new light on Src kinase signaling mechanisms,
spatiotemporal regulation of ROS production, and mechanisms of cancer invasion.
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Fig. 1.
Potential ROS signaling pathways in invadopodia. Phosphorylation of Tks4 or Tks5 by Src
may allow recruitment to plasma membrane-localized Nox enzymes at nascent invadopodia
sites. Translocation of Nox regulatory proteins (X) associated with Tks proteins (Tks) leads to
the binding of p22phox-Nox complexes, activation of Nox activity, and production of reactive
oxygen species, such as O2

− and H2O2. Oxidation of redox-sensitive amino acids in various
invadopodia proteins, such as PTP-PEST, leads to enhanced formation and function of
invadopodia. Feedback may occur from PTP-PEST to Src. Fusion of Nox-containing vesicles
is also shown, in analogy to the fusion of phagosomes that occurs downstream of Nox2
activation in phagocytes. Although it is speculation at this time, an exciting possibility is that
Nox activation could affect fusion of MMP-containing vesicles with the plasma membrane.
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