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Abstract

Invadopodia are actin-rich membrane protrusions of cancer cells which facilitate pericellular
proteolysis and invasive behavior. We show here that reactive oxygen species (ROS) generated by
the NADPH oxidase (Nox) system are necessary for invadopodia formation and function. The
invadopodia protein Tks5 is structurally related to p47Ph°% a Nox component in phagocytic cells.
Knockdown of Tks5 reduces total ROS levels in cancer cells. Furthermore, Tks5 and p22PhoX can
associate with each other, suggesting that Tks5 is part of the Nox complex. Tyrosine phosphorylation
of Tks5 and Tks4, but not other Src substrates, is reduced by Nox inhibition. We propose that Tks5
facilitates the production of ROS necessary for invadopodia formation, and that in turn ROS
modulates Tks5 tyrosine phosphorylation in a positive feedback loop.

INTRODUCTION

Podosomes and invadopodia are related cellular structures present in cells with physiologically
or pathologically invasive behaviors respectively (1-5). In 2-dimensional tissue culture
systems, both structures are visualized as fine actin-rich protrusions of the ventral plasma
membrane. A defining feature of both podosomes and invadopodia is the presence of
pericellular proteolytic activity: matrix metalloproteases, ADAMs family proteases, cathepsins
and the urokinase plasminogen activator system have all been found associated with these
structures (6—10). The function of both podosomes and invadopodia is considered to be
coordinated attachment to, and degradation of, the extracellular matrix (ECM), thus facilitating
migration and invasion. Macrophages, endothelial cells, vascular smooth muscle cells and
osteoclasts all form podosomes in response to activating stimuli. In contrast, many human
cancer cells appear to contain invadopodia constitutively. Examples include breast cancers,
melanoma, squamous cell carcinomas of the head and neck, and glioblastomas (6,11,12,9,13,
14). The ability of human cancer cells to form invadopodia has been correlated with their
invasiveness, both in vitro and in vivo (15-18).

Reactive oxygen species (ROS), particularly superoxide and peroxide, can be produced in a
number of ways (19). Some are produced in the mitochondria as a byproduct of the oxidative
phosphorylation-dependent production of ATP (20), or in the endoplasmic reticulum as a
consequence of protein misfolding (21). In cancer cells, mitochondrial dysfunction and
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metabolic stress can lead to increased ROS production, with subsequent DNA damage and
altered apoptotic responses (22—24). But ROS production can also be of physiological benefit.
For example, high levels of ROS produced by activated phagocytic cells play an important role
in host defense (25). And low levels of ROS are important for cell motility and proliferation
of non-phagocytic cells (26-30). More recently, several reports have described ROS production
in cancer cells, driven by tumorigenic signals such as activated Src or Ras, or overexpressed
EGF or HGF receptors, and correlated it with survival, invasion and metastatic growth in vivo
(31-34). Possible mechanisms by which ROS promote tumorigenesis include increased
synthesis of matrix metalloproteases, amplification of signal transduction cascades by
inhibition of protein tyrosine phosphatases (PTPases), and activation of protein kinase C
(35-38).

One of the major cellular systems for the catalytic generation of ROS is the NADPH oxidase
system (39-41). In phagocytes, this system comprises a membrane complex of gp91P°X (also
known as Nox2) and p22P1°X as well as cytosolic regulatory proteins, including p47PhoX (also
known as Nox02), p67P"°% (NoxA2) and the small GTPase Rac2. Cell activation, for example
by bacteria, results in the phosphorylation of p47Ph°X, which relieves an autoinhibitory
conformation, and allows the translocation of a complex including p47PhoX p67PhoX and Rac2
to the membrane to associate with Nox2. Rac, in concert with p67P1°X, then catalyzes electron
transfer from NADPH to FAD, with concomitant superoxide production. The expression of
Nox2 is most prominent in phagocytic cells and the vasculature, and cannot explain ROS
production in all cell types. More recently, homologous enzymes, Nox1, Nox3, Nox4 and the
more distantly related Nox5, Duox1 and Duox2 were described, and their expression patterns
elucidated (42—44). The p47P"°X homologue NoxO1, and the p67P"°% homologue NoxA1 were
also described (45), although these proteins are not expressed in all cell types capable of
generating ROS via NADPH oxidases. Nox1 has been implicated in ROS production in colonic
epithelium, and is also expressed in colon cancer cell lines (46-50). Nox4 is more broadly
expressed, and several cancers express this enzyme, particularly melanomas, glioblastomas
and pancreatic adenocarcinomas (42,51-53).

Some years ago, we described the cloning and initial characterization of a new Src substrate
we now call Tks5 (for tyrosine kinase substrate with 5 SH3 domains). Tks5 is a large adaptor
or scaffolding protein, with no obvious catalytic activity (54). Instead it contains an amino
terminal PX (phox homology) domain and five SH3 domains, as well as several polyproline
motifs and two Src phosphorylation sites. Tks5 is cytoplasmic in normal cells, but localizes to
invadopodia in Src-transformed mouse fibroblasts (Src-3T3) and human cancer cells (55).
Reduction of Tks5 expression by shRNA results in the loss of invadopodia formation and
invasive behavior in vitro (56), and reduced tumorigenicity in vivo (18). In addition, expression
of Tks5, together with Src, in epithelial cells is sufficient to generate invadopodia (56). More
recently, we characterized a close orthologue of Tks5, which we have called Tks4 because it
consists of one PX and four SH3 domains. Tks4 is also required for functional invadopodia
formation (57). We therefore consider that the Tks adaptor proteins play essential roles as
invadopodia scaffold proteins.

A comparison of both the sequence and the overall topology of p47Pho% and Tks5 reveals that
they have intriguing similarities (54,58,45). Each has an amino terminal PX domain followed
by SH3 domains (2 in the case of p47P"°% and 5 in the case of Tks5). In addition, the first two
SH3 domains of Tks5 have been predicted to form a tandem SH3 domain like those of
p47PhoX (59) In the latter case, it is this tandem SH3 domain which mediates the association
with a proline rich region (PRR) in p22P1°X (60). Both genes probably arose from the same
primordial ancestor, and it is noteworthy that the simple chordate Ciona intestinalis has several
Nox genes, but a single Tks-like gene consisting of a PX domain and 3 SH3 domains (45). The
similarities between Tks5 and p47P"°%, and the accumulating evidence of a role for ROS in
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cancer invasion, led us to investigate whether ROS were required for invadopodia formation,
and whether Tks5 was directly involved in ROS production. Our results are reported here.

RESULTS

ROS are required for, and localized to, invadopodia

We first asked if ROS are required for invadopodia formation and/or function. For these initial
experiments, we chose to use a mouse fibrosarcoma model system, NIH-3T3 cells transformed
with activated Src (referred to as Src-3T3), since these cells contain numerous invadopodia
(also often referred to as podosomes in this cell background) arranged in characteristic rings
or rosettes, and exhibit highly invasive behavior (56). These cells represent a highly relevant
model system for the study of cell invasion, since several studies have now shown that both
podosome formation in normal cells and invadopodia formation in human cancer cells are
dependent on Src (1). When Src-3T3 cells were incubated with N-acetyl cysteine (NAC) a
general anti-oxidant, we noticed a marked and dose-dependent loss of invadopodia (Figure
1A). Similar results were also obtained with the NADPH oxidase inhibitor
diphenyleneiodonium chloride (DPI), but not with the lysyl oxidase inhibitor 3-
aminopropionitrile (3-APN, Figure 1A). We also wanted to whether there was a requirement
for NADPH oxidases for podosome formation. To this end, we cultured 1C21 cells, a mouse
peritoneal macrophage cell line known to elaborate podosomes (61), in the presence of DMSO
or DPI. We found that DPI treatment markedly inhibited the formation of podosomes (Figure
1B), consistent with arole for ROS in the control of both podosome and invadopodia formation.

We noted that some punctate actin staining remained in the DPI-treated Src-3T3 cells. To
determine the nature of these structures, we performed additional staining. First, a titration of
phalloidin revealed a marked reduction in the actin concentration in these structures (Figure
1C). We also noted that they still contained Tks5 and cortactin, but not MT1-MMP
(Supplementary Figure 1). Interestingly, in the DMSO treated cells, focal adhesion kinase
(FAK) is localized to the rims of the rosettes, but is re-localized to focal contact-like structures
and is not present in the actin puncta in DPI-treated cells (Figure 1D).

Since a prominent function of invadopodia is to coordinate the degradation of the extracellular
matrix, we next plated Src-3T3 cells onto gelatin-coated coverslips, treated with DPI, and
measured matrix degradation 6 hours later. The inhibitor significantly reduced degradation
(Figure 2A), in a dose-dependent manner. Since these data suggested that ROS were required
for invasive behavior, we also tested the effect of the inhibitors on the ability of Src-3T3 cells
to move through matrigel-coated transwell chambers. Both NAC and DPI were effective, dose-
dependent inhibitors in this assay (Figure 2B). Taken together, these data suggest that ROS
are required for the invasive behavior of Src-3T3 cells. Since some ROS have short half-lives
and therefore act in a spatially restricted manner, we also sought to determine the subcellular
localization of the ROS in Src-3T3 cells. To this end, we incubated cells with the ROS sensor
CM-DCF-DA, and visualized cells using both differential interference microscopy (DIC) and
fluorescence microscopy. We noticed that while much of the ROS had a nuclear and/or
perinuclear localization, some was clearly concentrated in the rosettes of invadopodia (Figure
2C), suggesting that it might be generated and/or function directly in these sites to facilitate
invasive behavior.

NADPH oxidases are involved in invadopodia formation

While DPI can inhibit several flavoproteins, one of its major effects is to inhibit the Nox family
of NADPH oxidases. We therefore next tested whether Nox family enzymes are involved in
invadopodia formation and function in Src-3T3 cells. Since all Nox family enzymes (with the
possible exception of Nox5, which is not found in the mouse genome) require p22Pho for
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catalytic activity (62,63), we chose to first use siRNA to knockdown p22PMoX_ Figure 3A shows
that cells transfected with a pool of p22Pho% siRNAs had significantly reduced numbers of
invadopodia. Off target effects were ruled out by testing individual siRNAs: there was a
complete correlation between degree of knockdown and extent of inhibition of invadopodia
formation (Supplementary Figure 2). We also determined that gelatin degradation was
inhibited by p22PhoX knockdown (Figure 3B). Since there is a paucity of affinity reagents
capable of detecting endogenous levels of Nox family enzymes, particularly by
immunoblotting, we next used RT-PCR analysis to determine which Nox enzymes are
expressed in Src-3T3 cells. This analysis revealed mRNAs for Nox1, Nox3 and Nox4, but not
Nox2 (Supplementary Table). Because there are reports in the literature (64,65) that the
targeting of Nox4 to different subcellular compartments can modulate ROS-mediated
signaling, we decided to focus on this isoform. By confocal microscopy, we noticed association
of some Nox4 with invadopodia, as judged by its co-localization with F-actin (Figure 3C). And
in keeping with a possible role for Nox4 in invasion, knockdown with a lentivirally-encoded
SshRNA sequence (Figure 3D) reduced both invadopodia formation and gelatin degradation.
Similar effects on invadopodia formation were observed with a Nox4 siRNA (Supplementary
Figure 3), ruling out off target effects. Note that since neither p22P"°* nor Nox4 antibodies are
capable of recognizing cognate endogenous protein by immunoblotting, the degree of
knockdown was quantitated by RT-PCR or gPCR in each case (Supplementary Figures 2 and
3).

Our next task was to determine the relevance of our findings in Src-3T3 cells to human cancer
cells. Invadopodia have been found in many types of cancer cell, but are particularly well
studied in melanoma, head-and-neck and breast cancer cells. Figure 4A shows that DPI
inhibited invadopodia formation in a representative cell line from these cancer types, SCC61
(squamous cell carcinoma of the head-and-neck), and C8161.9 (melanoma). Furthermore,
gelatin degradation was also inhibited by DPI treatment (Figure 4, panels A and B). Similar
effects of DPI on invadopodia formation were obtained with the breast cancer line Bt549 and
the melanoma RPMI-7951 (Figure 4C), although the small size of the structures and the
presence of large numbers of actin fibers made further analysis of these cells of limited value.

To determine the possible role of NADPH oxidases in invadopodia formation in human cancer
cells, we conducted a more detailed analysis of SCC61 cells and C8161.9 cells. We showed
that siRNA-mediated p22P"°X knockdown in SCC61 both reduced invadopodia number and
decreased gelatin degradation (Figure 5A, and Supplementary Figure 4). RT-PCR analysis of
cancer cell lines suggests that SCC61 expresses Nox1, Nox2 and Nox4 (Supplementary Table).
In contrast, and in keeping with the literature on melanoma cells, C8161.9 expresses
predominantly Nox4 (51). We therefore used this cell line to probe both p22 and Nox4 function,
and found that siRNA-mediated knockdown of either reduced invadopodia formation (Figure
5, panels B and C), concomitant with reduction of mRNA (Supplementary Figure 4). While
outside the scope of the present study, in the future it will be interesting to dissect the roles of
the individual Nox family members in invadopodia formation in the head-and-neck and breast
cancer cells.

Tks5 is required for ROS formation

When we first cloned and characterized Tks5 as a novel Src substrate (54), we noted its overall
similarity to p47Pho%_ Both have amino terminal PX domains followed by SH3 domains.
Furthermore, both the PX and the tandem SH3 domains have high degrees of similarity. We
therefore hypothesized that Tks5, like p47P"°X s directly involved in ROS production, and
tested our hypothesis using two different assay systems. In the first, we infected cells with
scrambled or Tks5-specific ShRNA encoding lentiviruses, incubated them with CM-DCF-DA
to measure intracellular oxidants, and quantitated the data using a FACS machine (Figure 6A).
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In the second, we measured oxidant production in control and Tks5 siRNA transfected Src-3T3
cells using a luminol-based chemiluminescence assay, which measures both intracellular and
extracellular reactive oxygen (Figure 6B). In both cases, we observed a significant decrease in
total cellular ROS upon Tks5 knockdown. Similar results were also obtained using the luminol
assay on SCC61 cells (Figure 6C). Interestingly, in all cases the reduction in ROS levels
achieved by reduction in Tks5 expression was the same as that achieved by Nox inhibition,
either with DPI or with p22Pho% knockdown (see Supplementary Figure 4E for p22°Phox
knockdown, and Figure 5, panels A-C for Tks5 protein levels). In the accompanying
manuscript, Gianni et al demonstrate that Tks5 can act as an organizer protein for Nox1 and
Nox3, but not Nox4. This result is in keeping with the literature, which suggests that Nox4
does not require organizer proteins (66). However, we found that the increase in ROS
production in B16-F10 melanoma cells transfected with Nox4 and p22 requires Tks5 (Figure
6D and Supplementary Figure 5D). Taken together, these data suggest that the majority of
Nox-dependent ROS production in Src-3T3 cells, and also in cancer cells, is dependent upon
Tksb.

During ROS production in phagocytes, serine phosphorylation of carboxy terminal sequences
of p47Pho% releases an intramolecular inhibitory interaction involving the tandem SH3 domains
(67). This allows recruitment to membranes via association of the PX domain with
phosphatidylinositol phospholipids, and the association of the tandem SH3 domains with
p22PoX Given the similarities between p47Pho% and the amino-terminal half of Tks5, we next
tested whether Tks5 could also associate with p22P1°X. To do this, we co-transfected 293T cells
with p22P"oX along with tagged full length Tks5, as well as with a construct containing the first
390 amino acids of Tks5 (390) encompassing the PX domain and the first two SH3 domains
(Figure 7A). We detected an association of p22P"%% with both forms of Tks5 (Figure 7B). These
data suggest that the first two SH3 domains of Tks5 might be responsible for mediating the
association. To explore this, we repeated the co-transfections, this time comparing wild-type
Tks5 to constructs bearing point mutations in each SH3 domain independently, designated M1,
M2, M3, M4 and M5 (Figure 7C). We detected a reduction in binding to the M1 mutant, and,
to a lesser extent, to the M2 mutant. Next, to map the association site in p22P"°X, we tested the
P156Q mutant of p22P1X which is in the proline-rich region which mediates the association
with p47PhoX and NoxO1 SH3 domains. This is a naturally occurring mutation described in a
person with chronic granulomatous disease, and has previously been reported to act as a
dominant negative inhibitor of Nox-dependent ROS production (68). We observed a decreased
association of this mutant with Tks5, when compared to the wild-type (Figure 7D). Finally,
we measured the effects of combining the P156Q mutation of p22P"°X with mutation of both
of the first two SH3 domains of Tks5 (Figure 7E). Each mutation alone reduced association,
but the combined effect of mutations of both p22Ph%X and Tks5 had an even greater effect.
Taken together, these data suggest that Tks5 participates in Nox-mediated ROS production at
least in part through association with p22Pox,

The effect of invadopodia localized ROS

One effect of ROS, particularly hydrogen peroxide, is to transiently inhibit the catalytic activity
of some tyrosine, dual specificity and lipid phosphatases, via conversion of the sulfhydryl group
of the catalytic cysteine residue to sulfenic acid (69). Since many of the tyrosine phosphorylated
proteins in invadopodia are Src substrates, we hypothesized that their phosphorylation might
be ROS sensitive. To test this, we incubated Src-3T3 cells with DPI overnight, then lysed cells,
immunoprecipitated several Src substrates, and immunoblotted with anti-phosphotyrosine
antibodies (Figure 8A and Supplementary Figure 6). Remarkably, we found that most of the
proteins we tested, including cortactin, Stat3, p190RN°GAP and Nck, were largely unaffected
by DPI. In contrast, we observed a marked reduction in the phosphotyrosine content of Tks5
and Tks4. Since we have recently shown that the tyrosine phosphorylation of both Tks4 and
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Tks5 is necessary for invadopodia formation [(57), and Stylli et al, in press) this result suggests
that ROS might act locally to promote invadopodia formation by regulating protein tyrosine
phosphatase activity. In keeping with this, we detected robust association of the tyrosine
phosphatase PTP-PEST in invadopodia (Figure 8B). To determine whether PTP-PEST might
play a role in invadopodia, we transfected Src-3T3 cells with a scrambled control or with a
pool of siRNAs targeting PTP-PEST. It appeared that PTP-PEST knockdown increased the
number of rosettes per cell, compared to control cells (Figure 8C). Rosette number can vary
from cell to cell, but in our experience usually does not exceed 5 per cell. To evaluate rosette
number in the knockdown cells specifically, we co-transfected cells with a fluorescent reporter
oligo, and evaluated the phenotype of reporter positive cells. Of the 10 PTP-PEST siRNA
transfected cells we evaluated, 8 had more than 20 invadopodia rosettes, compared to only 1
of 9 control cells. These data suggest that PTP-PEST may play a role in the formation of
invadopodia and/or the control of rosette formation.

DISCUSSION

We used chemical inhibition and siRNA-mediated p22°"°X knockdown to demonstrate that
NADPH oxidase-generated ROS are required for the formation and function of invadopodia,
both in mouse fibrosarcoma cells and in human cancer cells. This prompted us to determine
the expression of Nox family members in cancer cells. We focused these analyses on Nox 1,
2 3 and 4. We did not analyze the expression of Nox5, Duox1 and Duox2, because these
enzymes have been reported not to require p22P1°X for oxidant production. Src-3T3 cells
express Nox1, Nox3, and Nox4, but not Nox2. For the human cancer cells, C8161.9 melanoma
cells predominantly expressed Nox4, in keeping with previous reports on melanomas (51). In
contrast, SCC61 head-and-neck cancer cells expressed Nox1, Nox2 and Nox4. We implicated
Nox4 as playing an important role in Src-3T3 cells and C8161.9 cells. We found it expressed
in invadopodia, and detected a reduction in invadopodia formation in Nox4 knockdown cells.
In the future, we will determine which members of the Nox family are required in other cancer
types. In the accompanying paper, Gianni et al show that in colon cancer cells, Nox1 is the
most abundant NADPH oxidase, and is found localized to invadopodia in a Tks4-dependent
manner. It is possible that different cell types require different Nox proteins, or that optimal
invadopodia formation requires multiple Nox family members.

We found that Tks5 knockdown was sufficient to reduce total ROS levels markedly in Src-3T3
and SCC61 cells, suggesting that the Nox system is the predominant source of ROS in these
cells. These results further suggest that even though we detected expression of the organizer
NoxO1 in both cell types, it did not make a major contribution to ROS levels. It is possible
that complexes involving NoxOL1 in these cells are not active, or that Tks5 is at a much higher
relative abundance and therefore plays the dominant role in oxidant production. It is also
possible that invadopodia localization is critical for oxidant production, perhaps by recruitment
of co-activators. In this regard, it may be important that the PX domain of Tks5, which is
required both for functional invadopodia formation (56) and for oxidant production (Gianni et
al, accompanying paper) is recruited to nascent sites of invadopodia formation via its
association with PI 3,4-P2 (55,70). In contrast, the PX domain of NoxO1 associates
preferentially with P1 4-P, Pl 5-P, and PI 3,5-P2 and is found on several membranes (71).
Regardless, our data implicate Tks5 directly in the Nox-mediated production of oxidants, which
is in keeping with the findings of Gianni et al, who demonstrate that both Tks4 and Tks5 can
act as Nox organizers in reconstitution assays (accompanying paper). We have found that the
first two (tandem) SH3 domains of Tks5 can associate with p22. In other studies (Pass et al,
manuscript in preparation), we have shown that Tks5 molecules mutated in either the first or
second SH3 domain act as dominant negatives and prevent invadopodia formation in Src-3T3
cells. Taken together, these findings are consistent with a role for the Tks adaptor proteins
targeting ROS production to invadopodia.
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Nox4 appears to play an important role in Src-3T3 and C8161.9 cells, and the simplest model
to account for its activity would be that a Nox4/p22 complex in association with Tks5 generates
ROS in invadopodia. Yet it is thought that Nox4 does not require organizer proteins for oxidant
production (66). Indeed, in the companion paper from Gianni et al, it is shown that 293 cell
co-transfection of Nox4 with Tks4 or Tks5 does not increase Nox4-mediated ROS production.
However, we have shown that transfection of Nox4 into melanoma cells increases total ROS
levels in a Tks5-dependent manner. It is possible that Nox4 is more sensitive to a requirement
for organizer proteins in certain cell backgrounds, or that Nox4 has a high affinity for the
endogenous levels of Tks4 or Tks5 present in the 293 cells. Alternatively, the critical step might
be Tks5-dependent localization to invadopodia, perhaps to bring Nox4 into proximity with as
yet unidentified activator proteins. These possibilities will be explored in future studies.

It appears that the Nox-generated ROS might function directly in invadopodia. In particular,
we determined that ROS inhibition resulted in the selective inhibition of tyrosine
phosphorylation of Tks4 and Tks5, but not other Src substrates in invadopodia. We have
recently shown that the tyrosine phosphorylation of these two proteins is required for functional
invadopodia formation [(57), and Stylli et al, in press] suggesting that ROS acts in a positive
feedback loop to promote invadopodia formation. In this model, Tks5 (and Tks4) are required
for the focal generation of ROS, which promotes the tyrosine phosphorylation of these two
proteins which in turn allows invadopodia formation. A seeming paradox is that we detected
the PTPase PTP-PEST localized to the rosettes of invadopodia in Src-3T3 cells, and a previous
report described the localization of PTP-PEST to podosomes of osteoclasts (72). Furthermore,
we present evidence that knockdown of PTP-PEST appears to increase the number of rosettes
of invadopodia in Src-3T3 cells. The control of PTP-PEST by NADPH oxidases is entirely in
keeping with previous studies demonstrating its role in adhesion and migration, and its
regulation by Nox in endothelial cells (73-75). But why should a structure that relies upon
tyrosine phosphorylation contain a tyrosine phosphatase? Podosomes and invadopodia are
dynamic structures, with a half-life of actin turnover in some cases of minutes. We speculate
that invadopodia/podosome localization of PTPs would allow a cycle of transient activation
and inactivation of their catalytic activity by ROS, and therefore a cycling of their substrate
proteins between phosphorylated and non-phosphorylated forms. This in turn might contribute
to the turnover of the entire structure. It will be important to determine whether tyrosine
phosphatases other than PTP-PEST are also present in invadopodia, and how their activity
might be spatially and temporally regulated. In addition, it is possible that lipid phosphatases
can also be reversibly regulated by ROS, and at least one phosphoinositide 5-phosphatase,
synaptojanin, has been localized to invadopodia (13). Other mechanisms by which ROS might
function in invadopodia formation is by direct or indirect activation of PKC, of Src family
kinases, of the MAPK signaling pathway, and/or of MMPs, all of which are also known to
promote podosome/invadopodia formation and function (76,36,5,37,38).

While there are several reports in the literature on the effects of ROS on cancer cell growth,
survival and invasion (36-38), fewer studies have focused directly on the possible roles of
members of the NADPH oxidase family. However, one recent report demonstrates the
upregulation of Nox4 in glioblastoma, and shows that reduction in expression enhances
chemotherapy-induced apoptosis (77). Other studies describe similar findings in melanoma
and pancreatic adenocarcinoma cells (51,53). Likewise, Nox1 over-expression has been
correlated with Ras mutation in colorectal cancers, and is also an early event in the development
of prostate cancer (48,49,78). The studies reported here link two key features of cancer cells
that contribute to invasive behavior, the generation of reactive oxygen species by NADPH
oxidases and the formation and function of invadopodia. The invadopodia scaffold protein
Tks5, which is required for tumor cell invasion in vitro and in vivo (56,18) is a key player in
this link. It participates directly in the focal generation of ROS, acts as a scaffold for the
polymerization of the actin cytoskeleton, and coordinates the activity of pericellular proteases.
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We show here that the formation of podosomes in macrophages is also dependent on ROS. In
the future, it will be important to determine whether the concerted action of Tks adaptor proteins
and NADPH oxidases also plays an important role in podosome formation and function, for
example in osteoclasts, macrophages and vascular cells.

MATERIALS AND METHODS

Cell lines

Mouse Src-3T3 cells, C8161.9 human cancer melanoma cells and Bt549 human breast cancer
cells were grown as previously described (56). SCC61 human head-and-neck carcinoma cells
(a gift from A. Weaver) were grown in DMEM-high glucose (MediaTech) containing 20%
FBS (Hyclone) and 0.4ug/ml of Hydrocortisone (Sigma) in 10% CO,. IC-21 mouse
macrophages were grown in RPMI (MediaTech) containing 10% FBS in 5% CO,. B16-F10
mouse melanoma and HEK293T cells were grown in DMEM-high glucose containing 10%
FBS and penicillin/streptomycin in 10% COs.

DNA constructs

Materials

Overlapping PCR was used to generate constructs in which a single Flag epitope tag sequence
was inserted downstream of the Tks5 or Tks5 deletion constructs. The vector used for the Flag
Tks5 was pCMV-Tag 4B. For Myc tagged Tks5 and Tks5 point mutations we used the pRK5
plasmid. Point mutations in the different SH3 domains of Tks5 (M1=W118A, M2=W260A,
M3=W441A, M4=W827A, M5=W1056A) were generated using QuikChange Il site-directed
mutagenesis (Stratagene). The p22P"oX wild-type and P156Q constructs were expressed from
the pcDNAZ3.1 vector and were a generous gift from Ulla Knaus.

We used the following antibodies: Anti-Nox4 (Abcam), anti-Tks5 (1737 serum), anti-
p22PhoX (Santa Cruz), anti-Myc tag (Affinity BioReagents), anti-Stat3 (Santa Cruz), anti-PTP-
PEST (a gift from T. Mustelin), anti-beta-Tubulin (Sigma), anti-Tks4, anti-cortactin, anti-
phosphotyrosine, anti-RhoGAP p190, anti-Nck, anti-FAK, anti-MT1-MMP (all from
Millipore). Anti-FlagM2 affinity gel was from Sigma. AlexaFluor488 and AlexaFluor568-
conjugated phalloidin, AlexaFluor568-streptavidin and Oregon green-labeled gelatin were
from Invitrogen. Biotin-anti-rabbit IgG was from Jackson Immuno-Research. AlexaFluor488
and AlexaFluor680 anti-Mouse and anti-Rabbit IgG were from Invitrogen. Growth factor
reduced Matrigel invasion chambers and control inserts were from BD. Diphenyleneiodonium
Chloride (DPI) was from Calbiochem and Luminol, HRP, 3-aminopropionitrile (APN) and N-
Acetyl-L-cysteine (NAC) were from Sigma. Crystal violet was from EMD.

RNAIi experiments

Lentiviral ShRNA constructs targeting mNox4 and mTks5 were from Sigma
(TRCNO0000076587 and TRCN0000105734 clones respectively). Lentiviral ShRNA constructs
targeting hp22PhoX were from Open Biosystems (clone TRCN0000064578). Lentiviruses were
generated by the Burnham Institute for Medical Research Lentiviral Core Facility. The
following siRNA constructs were purchased from Thermo Scientific: mp22P1oX (M-042497
pool and individual sequences), hp22Pho% (M-011020 pool and individual sequences), mNox4
(individual sequence J-058509-05), hNox4 (M-010194 pool), mTks5 (L-045361 pool), hTks5
(M-006657 pool), mPTP-PEST (M-042199 pool), and non-targeting SiRNA#3
(D-001210-03-05) as a control. Reporter red fluorescent oligo (Block-iT) was purchased from
Invitrogen. siRNA constructs were transfected using Lipofectamine 2000 (Invitrogen).
Efficiency of RNA interference was monitored by RT-PCR or qPCR for p22P"°X and Nox4,
and by immunoblotting for Tks5 and PTP-PEST.
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Immunofluorescence

Cells were fixed in 4% paraformaldehyde, blocked with 15% goat serum and incubated with
anti-Nox4 (1:5000), anti-PTP-PEST (1:5000), anti-FAK (1:1000), anti-MT1-MMP(1:500),
anti-Tks5 (1:1000), anti-Tks4 (1:1000) or anti-Cortactin (1:1000). Cells were washed and
incubated with anti-mouse or anti-rabbit AlexaFluor 488 (1:500) or in the case of Nox4 and
PTP-PEST with biotin anti-rabbit 1gG (1:500) and streptavidin-AlexaFluor568 (1:500). F-actin
was stained with AlexaFluor488 or 568-conjugated phalloidin (1:500). For the titration
experiment in Figure 1, phalloidin was used at 1:500 to 1:16000. Nuclei were stained with
Hoechst. Fluorescence microscopy images were obtained with a Zeiss Axioplan2 microscope
equipped with a Zeiss Axiocam HRm CCD camera using Axiovision software. Confocal
microscopy images were acquired with a Radiance 2100/AGR-3Q BioRad Multiphoton Laser
Point Scanning Confocal Microscope equipped with Argon and Krypton lasers. Images were
processed with Adobe Photoshop software.

Invadopodia formation and function assays

Src-3T3 or IC21 cells growing on glass coverslips were treated for 6-8h with the indicated
amounts of NAC or 3-APN or for 1h with the indicated amounts of DPI. Src-3T3 cells were
transfected on glass coverslips, and processed for immunofluorescence at the indicated times.
Human cancer cells were transfected at 50% confluency, re-plated 24h or 48h after transfection
onto unlabeled gelatin-coated coverslips and processed for immunofluorescence at the
indicated times. Quantification of invadopodia was performed on phalloidin stained samples
on at least 15 randomly chosen fields representing around 150 total cells per experimental
point. Src-3T3 cells containing at least one complete rosette of invadopodia were scored as
positive, SCC61 cells containing at least 3 F-actin rich invadopodia were scored as positive,
and C8161.9 cells containing F-actin rich invadopodia were scored as positive. Total cell
numbers were calculated by scoring number or nuclei on the same samples. Quantification was
expressed as percent of cells with invadopodia.

Invadopodia function assays were performed essentially as described (79) with some
modifications. For DPI-treated Src-3T3, cells were plated on 0.2% labeled gelatin in 10% FBS-
containing DMEM and allowed to attach for 1.5 hours before treatment. Cells were processed
5.5 h after treatment. For DPI treatment on human cancer cell lines, cells were plated on 0.2%
labeled gelatin in 2.5% FBS-containing DMEM and allowed to attach for 2 hours before
treatment with DPI. Cells were processed after 14-16h. For RNAi experiments, labeled gelatin
was used at Img/ml and cells incubated in 1% FBS-containing DMEM. Src-3T3 cells were
processed after 16—18h and human cells after 48h. Quantification of gelatin degradation
activity was performed on at least 15 randomly chosen fields, representing a minimum of 200
total cells scored per experimental point. Quantification of the degradation area per field was
performed using ImageJ software, and the percent of degraded area per field normalized to the
number of cells on this field.

Motility and invasion assay was conducted as described before (56), except that 50-100,000
cells were used in each assay. NAC or DPI were added to the cells at the moment of plating
on the upper chamber inset.

Measurement of ROS

The luminol-based chemiluminescence assay was performed on attached cells. 10% cells per
well were plated on a 96-well tissue culture-treated white plastic plate (BD) and incubated O/
N at 37°C. Cells growing on white plastic plates were washed twice with Hanks-balanced salt
solution (HBSS) (Invitrogen) and incubated in HBSS containing 250uM Luminol and 1U
Horseradish peroxidase (HRP). Chemiluminescence was immediately measured on a Veritas
microplate luminometer (Turner Biosystems). For data normalization, a replica plate prepared
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in parallel in a standard 96-well tissue culture plate was processed for crystal violet staining.
Cells were washed with PBS and incubated with a solution containing 0.4% Crystal violet in
30% Methanol for 20min RT, washed 3 times with distilled water and allowed to dry. Dye was
extracted with 1% SDS for 30min RT and optical density measured on a plate reader. ROS
measurements were expressed as relative light units (RLU) normalized to optical density units
(OD).

The 5-(and-6)-carboxy-2’,7’-dichlorodihydrofluorescein diacetate (carboxy-H,DCFDA) ROS
fluorescent probe was used to detect endogenous ROS levels. For microscopy, 10° cells were
plated on glass-bottom 6-well plates (MatTek) and incubated O/N at 37°C. Cells were washed
with HBSS and incubated with 25uM carboxy-HoDCFDA (Invitrogen) in HBSS for 45min at
37°C in the dark. Cells were washed three times with HBSS, incubated in HBSS containing
1%FBS and imaged immediately. Imaging was performed using an Inverted TE300 Nikon
Wide Field Fluorescence Microscope equipped with Nomarski (DIC) optics, ASI 2000 and
Cooled Color CCD SPOT RT Camera (Diagnostic Instruments Inc.). Images were taken with
neutral density filter and processed with Adobe Photoshop. For analysis of ROS levels by
FACS, cells were washed 3 times with HBSS and incubated in HBSS containing carboxy-
H,DCFDA (25 uM) for 30 min at 37°C. Cultures were then harvested with trypsin/EDTA (1
min) and re-suspended in HBSS containing 10% FBS. Subsequently, cells were centrifuged
for 5 min x 350g, re-suspended in 250 pl HBSS and analyzed. The flow cytometry data set
was acquired using an unmodified FACSort (BD Biosciences, San Jose). DCF-DA
fluorescence was detected from 515-545 nm.

Tks5-p22Phox association assay

HEK?293T cells growing in 10cm dishes were transfected with 7-12g of corresponding DNA
constructs using lipofectamine 2000 according to the manufacturer’s instructions, and
harvested after 18h. Prior to lysis, cells were treated with cytochalasin D 1 uM for 1h, washed
with PBS, trypsinized, and then lysed in ice cold B-buffer (30 mM Hepes, pH 7.6, 200 mM
NaCl, 0.5 mM EDTA, 0.4% NP40), supplemented with standard protease inhibitors, 50mM
beta-glycerophosphate and 100 uM sodium orthovanadate. Protein extracts were pre-cleared
with protein A-PLUS-Agarose beads (Sigma) for 2 hours at 4°C. The pre-cleared extracts were
incubated with beads that were blocked with 5% BSA. Lysates were subjected to
immunoprecipitation with 20 pul anti-FLAG M2 affinity gel or 20 ul A-PLUS-Agarose
incubated with 2 pl anti-Myc tag (9E10) for 2 hours at 4°C. Immunoprecipitates were
subsequently washed 4 times with B-buffer containing 250 mM NaCl and 1 time with PBS.
Proteins were eluted by heating the beads at 95°C in sample buffer, separated by SDS-PAGE
and blotted with the specified antibodies.

Immunoprecipitation

Subconfluent Src-3T3 cells were incubated O/N with 0.5uM DPI or the same volume of
DMSO. 14-16h after treatment cells were lysed in CHAPS-based standard lysis buffer
containing protease and phosphatase inhibitors for 45min at 4°C. 500-1000pg total protein
were incubated for 1-2h 4°C with the corresponding antibody and 1h with protein-A or protein-
G agarose beads. Product was analyzed by SDS-PAGE and standard immunaoblotting
conditions. Images were acquired using an infrared Odyssey Imager (LI1-COR Biosciences).
Processing and densitometry were performed using Adobe Photoshop.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ROS are required for invadopodia and podosome formation

Panel A. NAC and DPI inhibit invadopodia formation in Src-3T3 cells.

Src-3T3 cells were plated onto coverslips, treated with vehicle (DMSO), NAC (10mM), DPI
(20pM) and 3-APN (300u1M), and processed for F-actin staining. Representative images (63x)
are shown on the top. On the bottom, a dose response to NAC and DPI was performed and the
quantitation of rosettes of invadopodia in least 150 cells per experimental point is shown.
Panel B. DPI inhibits podosome formation in macrophages.

IC-21 cells were incubated with vehicle (control, top), 20uM DPI (middle) or 300uM 3-APN
(bottom) and stained with phalloidin to visualize podosomes.

Panel C. DPI reduces F-actin content.
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Src-3T3 cells treated with vehicle (control, left) or 20uM DPI (right) were incubated with 0.05
U/ml phalloidin and images captured with the same exposure time.

Panel D. FAK localization is affected by DPI treatment.

Control and 20puM DPI-treated Src-3T3 cells were stained with antibodies to FAK or with
phalloidin.
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Figure 2. ROS are required for gelatin degradation and invasion, and ROS are localized to
invadopodia

Panel A. DPI inhibits gelatin degradation.

Src-3T3 cells were plated on fluorescently labeled gelatin coated coverslips and treated with
20pM DPI 1.5h later. Cells were cultured for additional 5.5h after treatment and processed for
F-actin staining. A representative image (obtained from an area containing comparable
numbers of cells) of the gelatin degradation is shown on the left (40x), and the quantitation of
one representative experiment from three is shown on the right.

Panel B. NAC and DPI inhibit matrigel invasion.
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Src-3T3 cells were treated with the indicated inhibitors and assayed for matrigel invasion as
described in Materials and Methods.

Panel C. Some ROS localize to invadopodia

Src-3T3 cells were incubated with the ROS probe CM-DCF-DA and visualized under
differential interference (DIC) or fluorescence (DCF-DA) microscopy.
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Figure 3. The NADPH oxidase system is involved in invadopodia formation and function in Src-3T3
cells

Panel A. Knockdown of p22PhoX reduces invadopodia number.

Src-3T3 cells were treated with transfection reagent alone (mock) or with a pool of p22phox
SiRNAs (p22 knockdown) and assayed for invadopodia formation. Representative images are
shown on the left (F-actin staining at 63x), and quantitation of at least 150 cells per
experimental point on the right. The experiment was repeated three times with similar results.
Panel B. Knockdown of p22P"X reduces gelatin degradation.

Src-3T3 cells were treated with transfection reagent alone (mock) of a mixture of p22phox
siRNAs (p22 knockdown) and assayed for gelatin degradation. Representative images obtained
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at 40x from areas of similar cell density are shown on the left, and quantitation of at least 150
cells per experimental point on the right.

Panel C. Nox4 localizes to invadopodia.

Src-3T3 cells were fixed and stained with fluorescently-conjugated phalloidin (green) or with
an antibody specific for Nox4 (red), and processed for confocal microscopy. Arrowheads point
to rosettes showing co-localization of F-actin and Nox4. A merged image is shown on the right.
Panel D. Nox4 is required for invadopodia formation and gelatin degradation.

Src-3T3 cells were infected with lentiviruses expressing either a control (scrambled) or Nox4
SshRNA (Nox4 knockdown) and assayed for invadopodia formation or gelatin degradation
Representative images are shown (top, 60x for F-actin staining; bottom, 40x for labeled gelatin
on areas with similar cell density). Quantitation of at least 150 cells per experimental condition
are shown at the right. The experiment was repeated three times for invadopodia detection, and
twice for gelatin degradation with similar results.
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Figure 4. Nox-generated ROS are required for invadopodia formation and function in human

cancer cells

Panel A. DPI inhibits invadopodia formation and gelatin degradation in the human cancer cell

lines SCC61 and C8161.9.

Cancer cells were grown on gelatin-coated coverslips, treated with DMSO or 20uM DPI, then
assayed for invadopodia formation (F-actin) and gelatin degradation (gelatin).

Panel B. Quantitation of gelatin degradation.

Quantitation of the gelatin degradation at least 50 SCC61 (left) and C8161.9 (right) cells are

shown.

Panel C. DPI inhibits invadopodia formation in BT549 and RPMI-7951 cells.
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Cancer cells were grown on gelatin-coated coverslips, treated with DMSO or 20uM DPI, then
assayed for invadopodia formation (F-actin).
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Figure 5. NADPH oxidases are required for invadopodia formation and function

Panel A. Knockdown of p22Pho% reduces invadopodia number and FITC-gelatin degradation
in SCC61 cells.

SCC61 cells were transfected with scrambled control (scr) or a p22 siRNA (p22 KD) and
assayed for invadopodia formation (F-actin) and gelatin degradation (gelatin). Representative
images are shown on the left. Quantitation of at least 150 cells is shown on the right.

Panel B. Knockdown of p22PhoX reduces invadopodia number in C8161.9 cells.

C8161.9 cells were infected with scrambled control (scr) or ap22 shRNA (p22 KD) and assayed
for invadopodia formation (F-actin). Representative images are shown on the left. Quantitation
of at least 150 cells is shown on the right.
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Panel C. Nox4 is required for invadopodia formation in C8161.9 cells.

C8161.9 cells were transfected with scrambled (scr) or Nox4-specific SiIRNAs and assayed for
invadopodia formation. No invadopodia were detected in any Nox4 knockdown cells.
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Figure 6. Tks5 is required for ROS production

Panel A. Tks5 knockdown reduces ROS in Src-3T3 cells as measured by DCF-DA.
3T3 and Src-3T3 cells were infected with control (Scr) or Tks5-specific ShRNAs, incubated
with CM-DCF-DA and analyzed on by FACS (left). ROS level quantitation is shown on the
right. Knockdown of Tks5 levels is shown in Supplementary Figure 5.
Panel B. Tks5 knockdown reduces ROS levels in Src-3T3 cells as measured by luminol

chemiluminescence.

Src-3T3 cells were transfected with control (scr), Tks5 (Tks5 KD) or p22phox (p22 KD)
specific siRNAs, and ROS levels quantitated by a luminol-based chemoluminescence assay.
Knockdown of p22PhoX and Tks5 is shown in Supplementary Figures 4 and 5 respectively.
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Panel C. Tks5 knockdown reduces ROS levels in SCC61 cells as measured by luminol
chemiluminescence.

SCC61 cells were transfected with control (scr) or a pool of Tks5 specific SiIRNAs (Tks5 KD).
One hour before the assay, the control cells were incubated with either DMSO or 20uM DPI,
and ROS levels were then quantitated by a luminol-based chemoluminescence assay. The
degree of knockdown of Tks5 is shown in Supplementary Figure 5.

Panel D. Nox4-mediated ROS production requires Tks5.

B16-F10 melanoma cells were infected with lentiviruses expressing scrambled or Tks5-
specific ShRNAs, and transfected with cDNAs for Nox4 and p22 24 hours later. 48 hours after
transfection cells were incubated with CM-DCF-DA and ROS levels determined by FACS.
Quantitation of ROS levels is shown on the right, and analysis of Tks5, Nox4 and p22 levels
in Supplementary Figure 5.
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Figure 7. Tks5 and p22PN%X can associate

Panel A. Schematic of Tks5, p47P"°X and the Tks5 truncation mutant 390.

Panel B. Co-transfection of Tks5 and p22Phox,

293T cells were transfected with the indicated plasmids, lysed and processed for
immunoprecipitation and immunoblotting with the antibodies shown. The upper panel shows
the immunoprecipitation and immunoblotting of Tks5, the lower panel shows the level of
p22PhoX in whole cell lysates, and the middle panel is an immunoblot of Tks5
immunoprecipitates with p22 antibody, to probe for Tks5/p22 association.

Panel C. Analysis of Tks5 mutants
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Tks5 mutants containing point mutations in the ligand binding surface of each SH3 domain
(M1-M5) were tested for p22P"oX association as described in panel A. The numbers at the base
of the middle panel are the relative pixel density for the p22P"°% hands.

Panel D. Analysis of p22phox mutants.

Wild-type and P156Q versions of p22PnoX were tested for their ability to bind Tks5. The
numbers at the base of the middle panel are the relative pixel density for the p22P"°% hands.
Panel E. Analysis of combination of Tks5 and p22P"°X mutants

The numbers at the base of the middle panel are the relative pixel density for the p22Pho% hands.
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Figure 8. ROS effects on tyrosine phosphorylation

Panel A. Comparison of tyrosine phosphorylation levels of various Src substrates

Src-3T3 cells were incubated with DMSO or DPI, then lysed and immunoprecipitated with the
antibodies shown. Immunoblotting was conducted with anti-phosphotyrosine (aPTyr)
antibodies on the lysates (WCL) on the left, and the immunoprecipitates in the middle panel.
On the right, each immunoprecipitate was immunoblotted with cognate antibody to control for
loading. Quantification of the relative phosphotyrosine levels by densitometry is shown in
Supplementary Figure 6.

Panel B. Localization of PTP-PEST to invadopodia
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Src-3T3 cells were stained with phalloidin, to visualize the F-actin, and an antibody specific
for PTP-PEST, and analyzed by fluorescent microscopy.

Panel C. Knockdown of PTP-PEST increases invadopodia number

Src-3T3 cells were transfected with scrambled or PTP-PEST pooled siRNAs, along with a
fluorescent reporter oligo, and stained with phalloidin 72 hours later. In both cases, the arrow
indicates one cell positive for the reporter oligo, in a field of otherwise reporter-negative cells.

Sci Signal. Author manuscript; available in PMC 2010 January 25.



