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The NADPH oxidase family, consisting of Nox1-5 and Duox1-2, catalyzes the regulated formation of reactive oxygen
species (ROS). Highly expressed in the colon, Nox1 needs the organizer subunit NoxO1 and the activator subunit NoxA1
for its activity. The tyrosine kinase c-Src is necessary for the formation of invadopodia, phosphotyrosine-rich structures
which degrade the extracellular matrix (ECM). Many Src substrates are invadopodia components, including the novel
Nox1 organizer Tks4 and Tks5 proteins. Nox1-dependent ROS generation is necessary for the maintenance of functional
invadopodia in human colon cancer cells. However, the signals and the molecular machinery involved in the redox-
dependent regulation of invadopodia formation remain unclear. Here, we show that the interaction of NoxA1 and Tks
proteins is dependent on Src activity. Interestingly, the abolishment of Src-mediated phosphorylation of Tyr110 on NoxA1
and of Tyr508 on Tks4 blocks their binding and decreases Nox1-dependent ROS generation. The contemporary presence
of Tks4 and NoxA1 unphosphorylable mutants blocks SrcYF-induced invadopodia formation and ECM degradation,
while the overexpression of Tks4 and NoxA1 phosphomimetic mutants rescues this phenotype. Taken together, these
results elucidate the role of c-Src activity on the formation of invadopodia and may provide insight into the mechanisms
of tumor formation in colon cancers.

INTRODUCTION

Members of the Nox family are transmembrane proteins that
catalyze the NADPH-dependent one-electron reduction of
oxygen to form superoxide (Lambeth, 2004). To date, seven
members of this family have been described: Nox1-5 and
Duox (dual oxidase) 1 and 2. Historically, Nox enzymes
have been viewed as transmembrane proteins expressed in
leukocytes that play a vital role in host defense against
microorganisms (Bokoch and Knaus, 2003; Geiszt and Leto,
2004). Although this is clearly an important function, it is
now evident that different Nox enzymes play diverse roles
in nonleukocyte cells and tissues.

Nox enzymes differ in both tissue distributions and mech-
anisms by which their activity is regulated (Krause, 2004;
Lambeth et al., 2007). Nox2 is expressed by phagocytic leu-
kocytes, and its activity is triggered by inflammatory medi-
ators which induce the assembly of four cytosolic regulatory
proteins (p40phox, p47phox, p67phox, and Rac2-GTPase) with

the Nox2 core enzyme to stimulate superoxide formation.
Nox1 and Nox3 are highly expressed in the colon epithelium
and in the inner ear, respectively, and their activity is also
regulated by Rac1-GTPase and by related cytosolic adaptors,
known as the activator subunit NoxA1 (homologous to
p67phox) and the organizer subunits NoxO1 (homologous of
p47phox) (Banfi et al., 2003; Geiszt et al., 2003; Takeya et al.,
2003). Recently, we have shown that tyrosine kinase c-Src
substrate Tks4 and Tks5 proteins are novel members of the
organizer superfamily (Gianni et al., 2009), which directly
bind the N-terminal Proline-Rich Region (PRR) of NoxA1
(Gianni et al.). Finally, Nox4 is widely distributed in the
kidney, bone and vascular cells and its activity is indepen-
dent of Rac-GTPase.

All Nox enzymes have been implicated in physiological
and pathophysiological processes (Bedard and Krause, 2007;
Lambeth et al., 2008). Particularly, Nox1-dependent ROS
generation has been shown to play a pivotal role in cell
signaling, cell growth, angiogenesis, motility and blood
pressure regulation (Sancho and Fabregat, 2010; Arbiser et
al., 2002; Gavazzi et al., 2006; Komatsu et al., 2008; Sadok et
al., 2008). Interestingly, ROS generated via Nox1 have been
reported to contribute to a growing number of diseases,
including cancer, atherosclerosis, hypertension, neurological
disorders, and inflammation (Cave et al., 2006; Cifuentes and
Pagano, 2006; Rokutan et al., 2006; Block, 2008; Nauseef,
2008; Ushio-Fukai and Nakamura, 2008).

Despite much investigation, very little is known about the
signaling events regulating the formation of ROS by Nox
proteins under normal, much less pathological, conditions.
Increasing evidence suggests that phosphorylation of vari-
ous Nox proteins or their regulatory cofactors or both may
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play important roles in regulating the activity of these en-
zymes (Bokoch et al., 2009). For instance, it has been shown
that during neutrophil activation, the phosphorylation by
protein kinase C (PKC) on serine (Ser) and threonine (Thr)
residues of p47phox is critical to Nox2 priming and activation
(El-Benna et al., 2008). This phosphorylation event induces
the translocation of p47phox/p67phox complex to the plasma
membrane, where it primes the oxidase for activation. On
the other hand, our group has shown that protein kinase A
(PKA) inhibits Nox1 activity in colon epithelial cells by
phosphorylating NoxA1 at two distinct sites, Ser172 and
Ser461 (Kim et al., 2007). On this phosphorylation event,
NoxA1 is sequestered in the cytosol, thus resulting in inhi-
bition of Nox1-dependent ROS generation. Finally, we have
also described a signaling axis linking the activation of the
kinase c-Src to increased Nox1-dependent ROS generation
through the tyrosine phosphorylation-mediated activation
of Rac1 exchange factor Vav2 (Gianni et al., 2008).

Strong evidence has highlighted the importance of Nox1-
dependent ROS generation in mechanisms of cancer inva-
sion (Arnold et al., 2001; Mitsushita et al., 2004; Kamata,
2009). Consistent with this, our group has shown that in
human colon cancer cells Nox1-derived ROS are necessary
for the formation of extracellular matrix (ECM)-degrading
actin-rich cellular structures known as invadopodia (Gianni
et al., 2009). Invadopodia appear as actin protrusions of the
ventral plasma membrane and contain proteases capable of
degrading the ECM (Linder, 2007; Gimona et al., 2008). Their
formation in human cancer cells correlates with their inva-
siveness both in vitro and in vivo (Weaver, 2006). The ty-
rosine kinase c-Src is highly expressed and active in human
colon epithelial tumors (Bolen et al., 1987; Irby and Yeatman,
2000). Consistent with this, c-Src activation is required for
the formation of functional invadopodia (Lowe et al., 1993).
There is substantial evidence for the importance of c-Src in
invadopodia formation. Many Src substrates are obligate
invadopodia components, including cortactin, Tks4, and
Tks5 (Abram et al., 2003; Baldassarre et al., 2003; Buschman
et al., 2009). Interestingly, Tks proteins (tyrosine kinase sub-
strate with five or four SH3 domains) have been shown to be
required for the formation of invadopodia and to promote
cancer cell invasion (Seals et al., 2005; Blouw et al., 2008;
Buschman et al., 2009). However, despite much effort, the
signals and the molecular machinery involved in the redox-
dependent regulation of Src-induced invadopodia formation
remain unclear.

In this study, we investigate the role of Src phosphoryla-
tion in the redox-dependent formation of functional inva-
dopodia in human colon cancer cells. First, we show that the
interaction of NoxA1 and Tks proteins is dependent on Src
activity. Moreover, the abolishment of Src-mediated phos-
phorylation of Tyr110 on NoxA1 and of Tyr508 on Tks4
blocks their binding and decreases Nox1-dependent ROS
generation. Interestingly, the presence in human colon can-
cer cells of Tks4 and NoxA1 unphosphorylable mutants
blocks SrcYF-induced invadopodia formation and ECM deg-
radation, while the overexpression of Tks4 and NoxA1 phos-
phomimetic mutants rescues this phenotype.

MATERIALS AND METHODS

DNA Plasmids, Reagents, and Antibodies
Cell culture medium, fetal bovine serum, supplements, and Hank’s Balanced
Salt Solution (HBSS, Cat# 24020-117) were from Invitrogen (Carlsbad, CA).
Nox1, SrcYF, SrcKM, NoxO1, and Rac1-Q61L expression plasmids were pre-
viously described (Gianni et al., 2008). Myc- and Flag-tagged NoxA1 and Tks4
and Tks5 expression plasmids were described previously (Gianni et al., 2009).

GST-tagged NoxA1 and Tks4 were described previously (Gianni et al., 2009).
The NoxA1 Y110, Tks4 Y25, Y373, and Y508 mutant constructs were generated
inserting the following mutations: Y110A and Y110E for NoxA1, and Y25F,
Y373F, Y508F, and Y508E for Tks4 by using QuikChange site-directed mu-
tagenesis kit (Agilent Technologies, Santa Clara, CA) as described (Kao et al.,
2008). Plasmids for transfection were purified using the Qiagen Qiafilter
system. DLD1 and HT29 colonic adenocarcinoma cells (Cat# CCL-221 and
HTB-38) were purchased from ATCC, Manasass, VA. DPI (D2926), horserad-
ish peroxidase (HRP) (77330), PP2 Src inhibitor (529576), its nonfunctional
analog PP3 (529574) and luminol (09253) were purchased from Sigma, St.
Louis, MO. The following antibodies were purchased as indicated: anti-
phosphotyrosine (p-Tyr) antibody 4G10 (05–321) from Millipore, Billerica,
MA, monoclonal cortactin antibody 4F10 from Millipore. Anti-mouse Alexa-
Fluor-568 and Alexa-Fluor-568 phalloidin were purchased from Invitrogen,
Carlsbad, CA. 9E10 anti-myc antibody was prepared in-house; polyclonal
anti-NoxA1 antibody was generated in house as part of the Centers for
Disease Control Program PO1 CI000095; rabbit polyclonal Tks4 and Tks5
antibodies were obtained from Dr. Sara Courtneidge (Sanford Burnham Med-
ical Research Institute) and were previously described in (Lock et al., 1998;
Buschman et al., 2009). Protein G-Sepharose and Glutathione beads were from
GE Health Care, Piscataway, NJ.

Cell Culture, Transfection, and Treatments
Human embryonic kidney HEK293 and human DLD1 colonic adenocarci-
noma cells were maintained in DMEM (Invitrogen) containing 10% heat-
inactivated fetal bovine serum (Invitrogen), 2 mM glutamine, and antibiotics
(100 U/ml penicillin and 100 �g/ml streptomycin) at 37°C in 5% CO2. For
transfection, cells were plated in either six-well plates (for ROS measurements
and microscopy analysis) or in 10 cm-diameter plates (for coimmunopre-
cipitation experiments) at appropriate density, grown overnight, and then
transfected by using Lipofectamine 2000 (Invitrogen) following the man-
ufacturer’s instructions. Sixteen hours after transfection, cells were pro-
cessed accordingly.

For inhibitor studies, cells were treated with 10 �M DMSO-dissolved Src
inhibitor PP2 or its nonfunctional analog PP3 or DMSO alone for 16 h. Calf
intestinal phosphatase (CIP) was purchased from New England BioLabs,
Ipswich, MA and used according to the manufacturer’s instructions.

Western Blot and Immunoprecipitation
For the preparation of total cell extracts, monolayer cultures were washed in
cold PBS and lysed in appropriate amount of RIPA buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1%, Nonidet P-40, 0.25% sodium deoxycholate, and 1
mM EDTA) supplemented with 1 mM leupeptin, 1 mM aprotinin, 1 mM
sodium orthovanadate, and 1 mM phenylmethylsulfonyl fluoride (PMSF).
The extracts were clarified by centrifugation at 16,000 � g at 4°C, and the
protein concentration was estimated using the Bio-Rad assay according to the
manufacturer’s instructions. For immunoprecipitations, 1–2 �l of specific
antibodies were incubated with 1 mg of protein lysates for 2 h at 4°C,
followed by 30 min incubation with 20 �l of Protein G–Sepharose (GE
Healthcare, Piscataway, NJ). The samples were incubated for an additional 30
min after adding 20 �l of protein G plus-Sepharose. Immunoprecipitates were
washed three times in lysis buffer and proteins released by boiling in Laemmli
SDS sample buffer, and samples were resolved by 10% SDS-PAGE. Gels were
transferred onto nitrocellulose membranes using the electrophoretic transfer
cell (Bio-Rad, Hercules, CA) at 100 V for 1 h. After blocking with nonfat dry
milk (5%), proteins were probed overnight using antibodies at appropriate
dilution. Anti-Myc and anti p-Tyr dilution was (1:1000), anti-GST was used at
a dilution of (1:10,000). Rabbit polyclonal antibodies against NoxA1, Tks4,
and Tks5 were used at a dilution of (1:5000). The excess antibody was
removed by sequential washing of the membranes in Tween-PBS, and then a
1:5000 dilution of the appropriate horseradish peroxidase-conjugated second-
ary antibody (Pierce Chemical) was added to the filters followed by incuba-
tion for 1 h at room temperature. After sequential washing of the membranes
in T-PBS to remove excess secondary antibody, the signals were detected by
chemiluminescence using the ECL system (Pierce Chemical). Blots were
stripped and reprobed as necessary.

Kinase Assay
In vitro kinase assay was performed as described previously (DerMardiros-
sian et al., 2006) using as substrates NoxA1 wt and NoxA1 Y110A proteins
immunoprecipitated from HEK293 transfected accordingly. Immunoprecipi-
tated proteins were washed three times in lysis buffer and two additional
times in kinase buffer (50 mM HEPES pH � 7.5, 10 mM MgCl2, 2 mM MnCl2,
0.2 mM DTT). Recombinant active Src (0.5 �g) from Millipore (Cat # 14-326)
was incubated with the immunoprecipitated proteins resuspended in kinase
buffer for 30 min at 30°C in presence of 100 �M ATP per reaction. Proteins
were released by boiling in Laemmli SDS sample buffer, and samples were
resolved by 10% SDS-PAGE and processed accordingly.

Expression of Recombinant Proteins and GST-Pull Downs
The recombinant NoxA1 and Tks4 were expressed and purified as GST-fusion
proteins by isopropyl-thiogalactoside (IPTG) induction of Escherichia coli cul-
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tures harboring the corresponding pGEX-4T1 vector. Affinity purification of
the GST-fusion proteins was performed on Glutathione-Sepharose resin using
standard isolation protocols. For the pulldown experiments, equal amounts of
fusion proteins (10 �g) were bound to glutathione-Sepharose beads (10 �l)
and challenged with 10 �g of HEK293 cell lysate transfected as indicated in
figure legends. Unbound proteins were removed by washing the beads three
times with RIPA buffer, whereas retained proteins were resolved by SDS-
PAGE and analyzed by Western blot.

Measurement of ROS
This assay was performed as previously described (Gianni et al., 2008). Briefly,
16 h after transfection, 5 � 105 HEK293 cells per assay were dispensed in
white 96-well plate (Berthold) and mixed with 250 �M luminol and 1U
horseradish peroxidase HRP in 200 �l total final volume in each well. Chemi-
luminescence was recorded using 96-well plate luminometer (Berthold) 5 min
after the addition of HRP/luminol mixture for 30 min at room temperature
without any stimulation.

Confocal and Epifluorescence Microscopy
Twenty-four hours after transfection, DLD1 cells plated on glass or FITC-
labeled gelatin-coated coverslips were fixed in 4% paraformaldehyde (PFA) at
room temperature for 10 min. Successively, cells were permeabilized in 0.5%
Triton for 10 min and blocked in 2% BSA in PBS for 45 min at room
temperature. Cells were then immunolabeled as indicated in the figure leg-
ends with appropriate primary and Alexa-Fluor 568–conjugated secondary
antibodies. F-actin was detected by using Alexa-Fluor 568-conjugated phal-
loidin. Cells were mounted on slides with Mowiol mounting medium (In-
vitrogen) according to the manufacturer’s instructions. Epifluorescence and
confocal images of fixed cells were acquired using the same setup described
in (Gianni et al., 2009).

ECM Degradation Assays
Fluorescently labeled gelatin-coated coverslips were prepared as previously
described (Blouw et al., 2008). Twenty-four hours after transfection, cells were
trypsinized and plated on FITC-labeled gelatin-coated coverslips. Forty-eight
hours later, cells were fixed in 4% PFA, stained with Alexa-Fluor-568 phal-
loidin, and visualized by epifluorescence microscopy (�60).

Statistical Analysis
In this study overall, representative experiments from at least three indepen-
dent experiments are shown. Results for each experiment are given as the
mean of triplicates � SD. Statistically significant differences between sample
groups were determined using two-tailed t tests (Microsoft Excel, Redmond
WA). p value �0.01 was considered significant, unless differently indicated
(see legend to Figure 7B).

RESULTS

The Interaction between NoxA1 and Tks Proteins Is
Dependent on Src Activity
We had previously shown that Tks proteins are novel mem-
bers of p47phox organizer superfamily as they can support
Nox1-dependent ROS generation by binding the N-terminal
PRR of the activator protein NoxA1. Our group has also
demonstrated that the presence of activated Src in different
cell lines induces Nox1-dependent ROS generation (Gianni
et al., 2008). To further investigate the mechanisms by which
c-Src induces Nox1-dependent ROS generation, we tested
whether the interaction between Tks proteins and NoxA1
was dependent on Src activity. To this aim, coimmunopre-
cipitation experiments were performed in which HEK293
cells were cotransfected with Flag-tagged NoxA1 and Myc-
tagged Tks5 expression vectors in presence of constitutive
active or dominant negative Src (SrcYF or SrcKM, respec-
tively). We observed an increased interaction between
NoxA1 and Tks5 in presence of SrcYF, as shown in Figure
1A (left panel) and in the quantification of three independent
experiments in Figure 1A (right panel). Although SrcKM
overexpression showed some residual activity, its effect on
inducing the interaction between these two proteins was
substantially less than that of SrcYF. To confirm our find-
ings, we repeated similar coimmunoprecipitation experi-
ments using this time Flag-tagged Tks5 and Myc-tagged
NoxA1 expression vectors to transfect HEK293 cells. Again,

we observed that the presence of SrcYF increased the affinity
between NoxA1 and Tks5, while the overexpression of
SrcKM did not cause the same effect, as indicated in Sup-
plemental Figure S1.

Human DLD1 colon cancer cells represent an ideal system
to study the dependency on Src activity of the endogenous
interaction between Tks4 protein and NoxA1. In fact, we
previously established that these cells i) express a high level
of active Src and ii) endogenously express only Nox1,
NoxA1 and Tks4 (Gianni et al., 2009). In addition, we have
demonstrated that in DLD1 cells Tks4 and NoxA1 interact
directly, thus regulating Nox1-mediated formation of in-
vadopodia and ECM degradation. To confirm that the
endogenous interaction between Tks4 and NoxA1 is de-
pendent on Src activity, we performed coimmunoprecipi-
tation experiments in DLD1 cells treated with DMSO
control, Src inhibitor PP2, or its nonfunctional analog PP3.
As shown in Figure 1B (left panel), PP2 treatment abol-
ished the interaction between Tks4 and NoxA1, while PP3
or DMSO treatment did not cause significant changes (see
the quantification of three independent experiments in
Figure 1B, right panel). Our data indicate that the extent
of the interaction between endogenous or ectopically-
expressed NoxA1 and Tks proteins is dependent on Src
activity.

c-Src Directly Phosphorylates NoxA1 on Tyr110
It was previously established by our group that the activa-
tion of the kinase c-Src leads to increased Nox1-dependent
ROS generation through the tyrosine phosphorylation-me-
diated activation of Rac1 exchange factor Vav2 (Gianni et al.,
2008). However, it cannot be excluded that c-Src might di-
rectly target other regulatory components of Nox1 pathway
such as the activator protein NoxA1. To test this hypothesis,
HEK293 cells were transfected with Flag-tagged NoxA1 in
presence of SrcYF or SrcKM and protein extracts were
analyzed by SDS-PAGE using a specific NoxA1 antibody.
As shown in Figure 2A, we observed the presence of a
doublet corresponding to NoxA1 only when this was
coexpressed with SrcYF, suggesting that NoxA1 might be
phosphorylated by Src under these conditions. To confirm
this, cell extracts from HEK293 cells cotransfected with
NoxA1 and SrcYF were treated with or without calf in-
testinal phosphatase (CIP). Figure 1B shows that the phos-
phorylation doublet was not detected when cell extracts
were pre-treated with CIP, indicating that NoxA1 can be
phosphorylated.

Human HT29 colon cancer cells were also reported to
endogenously express NoxA1 and high level of active Src.
To test whether NoxA1 is targeted by Src under more
physiological conditions, HT29 cells were treated with Src
inhibitor PP2 or PP3, endogenous or ectopically-expressed
NoxA1 was immunoprecipitated and the levels of tyrosine
(Tyr)-phosphorylated NoxA1 were analyzed using p-Tyr
antibody. As shown in Figure 2C, PP2 treatment strongly
diminished the levels of Tyr-phosphorylation of both endog-
enous and ectopically-expressed NoxA1 compared with PP3
treatment.

To identify the Tyr residue(s) on NoxA1 targeted by Src,
we used bioinformatics tools available online (www.cbs.dtu.
dk) and scanned human NoxA1 protein (accession number
NM_006647) for predicted phosphorylation sites. As illus-
trated in Figure 2D, several threonine (Thr) and serine (Ser)
phosphorylation sites are predicted with high score. Of note,
among those are included the Ser172 and Ser461, which our
group has shown to be the sites for PKA phosphorylation
(Kim et al., 2007). However, only Tyr110 on NoxA1 was
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recognized as a high-score phosphorylation site for tyrosine
kinases. To verify whether Tyr110 was the site for c-Src
phosphorylation on NoxA1, we generated NoxA1 phospho-
mimetic and unphosphorylable mutants (NoxA1-Y110E and
NoxA1-Y110A, respectively), and used them to transfect
HEK293 cells along with SrcYF. As indicated in the Western
blot analysis in Figure 2E, (as expected) SrcYF phosphory-
lates wild-type NoxA1, while the disruption of Y110 residue
on NoxA1 blocked its SrcYF-induced Tyr-phosphorylation.
These results confirm that c-Src phosphorylates NoxA1 on
its Tyr110 residue.

c-Src has been reported to activate several cellular ty-
rosine kinases (Ingley, 2008), which in turn could phos-
phorylate NoxA1. To rule out this possibility, we per-
formed an in vitro kinase assay in which recombinant
active Src was incubated in presence of immunoprecipi-
tated NoxA1 wt and NoxA1 Y110A mutant. As shown in
Figure 2F, Src strongly phosphorylates NoxA1 wt whereas
Tyr-phoshorylation of NoxA1 Y110A is significantly de-
creased. These data indicate that Src directly phosphory-
lates NoxA1 on Tyr110.

The Abolishment of NoxA1 Phosphorylation on Tyr110
Blocks Its Binding to Tks4 and Decreases Nox1-Dependent
ROS Generation
To verify whether Src-mediated phosphorylation of NoxA1
on its Tyr110 had an effect on its binding to Tks4, HEK293
cells were cotransfected with Flag-tagged Tks4 and either
with NoxA1 wt, NoxA1 Y110E, and NoxA1 Y110A mutant.
As clearly indicated in the coimmunoprecipitation experi-
ments in Figure 3A, NoxA1 wt bound Tks4 as expected,
whereas the presence of NoxA1 Y110A unphosphorylable mu-
tant completely abolished its binding to Tks4. Conversely,
NoxA1 Y110E phosphomimetic mutant restored this interac-
tion. To validate this finding, we pursued an alternative bio-
chemical approach, performing a pulldown using recombinant
GST-tagged Tks4 protein to probe HEK293 cell extracts ex-
pressing either NoxA1 wt, NoxA1 Y110E and NoxA1 Y110A
mutants. Figure 3B confirms that GST-Tks4 bound NoxA1 wt
and NoxA1 Y110E but not NoxA1 Y110A.

To test the functional relevance of NoxA1 Tyr-phosphor-
ylation by Src on Nox1-dependent ROS generation, HEK293

Figure 1. The interaction between NoxA1 and Tks proteins is dependent on Src activity. (A) The interaction between NoxA1 and Tks5 is
dependent on Src activity. In the left panel, HEK293 cells were transfected as indicated with Myc-tagged Tks5 and with Flag-tagged NoxA1
in presence of constitutive active or dominant negative Src (SrcYF or SrcKM respectively). After 24 h, cells were lysed and immunoprecipi-
tation (IP) was carried out (see Material and Methods) using Flag antibody. Lys indicates lysate before IP was performed. The interaction
between NoxA1 and Tks5 was tested by immunoblot (IB) using Tks5 antibody (upper section), while comparable expression levels of
transfected Flag-tagged NoxA1 in cell lysates and immunoprecipitation efficiency was assessed by reblotting the membrane with NoxA1
specific antibody (lower section). One representative experiment from three separate experiments is shown. In the right panel, the results
from three independent experiments performed as above were quantified. The levels of immunoprecipitated Tks5 (IP-Tks5) for each
condition were normalized to the respective total Tks5 present in the Lys. The IP-Tks5 levels in presence of SrcYF were set to 1 (mean � SEM
from three independent experiments). (B) The interaction between NoxA1 and Tks4 is dependent on Src activity. In the left panel, DLD1 cells
were treated as indicated with DMSO control, Src inhibitor PP2, or its nonfunctional analog PP3. After 16 h, cells were lysed and IP was
carried out using NoxA1-specific antibody or pre-immune serum (P.I.). Specific interaction between endogenous Tks4 and NoxA1 was
detected using Tks4-specific antibody (upper section), while the presence of NoxA1 in cell lysates was verified by reblotting the membrane
with NoxA1-specific antibody (lower section). One representative experiment from three separate experiments is shown. In the right panel,
the results from three independent experiments performed as above were quantified. The levels of immunoprecipitated Tks4 (IP-Tks4) for
each condition were normalized to the respective total Tks4 present in the Lys. The IP-Tks4 levels in DMSO treatment condition were set to
1 (mean � SEM from three independent experiments).
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cells were cotransfected with Nox1, Tks4, and either NoxA1
wt, NoxA1 Y110E, or NoxA1 Y110A constructs and ROS
formation was monitored using luminol-based chemilumi-
nescence (CL) assay. As shown in Figure 3C, we observed a
consistent 30% decrease of ROS formation when NoxA1
Y110A mutant was expressed, but the presence of NoxA1
Y110E construct did not change the levels of ROS production
compared with NoxA1 wt used as a positive control. These
experiments strengthen the findings illustrated in Figure 3,
A and B and support the hypothesis that Src-mediated phos-
phorylation of NoxA1 on Tyr110 affects its binding to Tks4
and Nox1-dependent ROS generation.

The Integrity of Tyr508 on Tks4 Is Necessary for Its
Binding to NoxA1 and for Nox1-Dependent ROS
Generation
It has been reported that Tks4 is Tyr-phosphorylated by Src
in Src-3T3 mouse fibroblasts and other cell systems (Bus-

chman et al., 2009). The authors demonstrated that Src-
mediated phosphorylation of Tks4 was reduced when Tyr
25, 373, and 508 were individually mutated to phenylalanine
(Phe), and essentially absent when the mutations were com-
bined. To test whether Src-mediated phosphorylation of
Tks4 affects its binding to NoxA1, we generated the same
Tks4 unphosphorylable single mutants (Tks4-Y25F, Tks4-
Y373F, and Tks4-Y508F) and tested them in coimmunopre-
cipitation experiments along with Flag-tagged NoxA1. As
shown in Figure 4A, only Tks4 Y508F bound NoxA1 with
less efficiency than the other Tks4 unphoshorylable mutants
as well as Tks4 wild-type used as a positive control. To
confirm our finding, we generated the Tks4 Y508E phospho-
mimetic mutant construct and used it to test its ability to
bind NoxA1 in the coimmunoprecipitation analysis illus-
trated in Figure 4B (upper panel) and in the GST-pulldown
experiments shown in Supplemental Figure S2. In both
cases, we observed that the presence of Tks4 Y508F unphos-

Figure 2. Src phosphorylates NoxA1 on
Tyr110. (A and B) NoxA1 is targeted by Src-
mediated phosphorylation. One representative
experiment from three separate experiments is
shown. (A) HEK293 cells were transfected with
Flag-tagged NoxA1 along with SrcYF or SrcKM
as indicated. After 24 h, cells were lysed and
cell extract were resolved by SDS-PAGE using
NoxA1-specific antibody. (B) HEK293 cells
were transfected as indicated and cell extracts
were treated or not with calf intestinal phos-
phatases (CIP) as described in Material and
Methods. Proteins were resolved by SDS-PAGE
and the presence of a phosphorylation doublet
corresponding to NoxA1 was detected using
NoxA1-specific antibody. (C) Endogenous and
ectopically-expressed NoxA1 is Tyr-phosphor-
ylated by Src in HT29 cells. HT29 cells were
transfected with empty vector or with NoxA1
expression vector and treated as indicated with
PP2 or PP3. After 24 h, cells were lysed and IP
was performed using NoxA1-specific antibody.
The levels of endogenous or ectopically-ex-
pressed NoxA1, which was Tyr-phosphory-
lated, were analyzed using anti-p-Tyr antibody
(lower panel), while the presence of NoxA1 in
cell lysates was verified by reblotting the mem-
brane with NoxA1-specific antibody (upper
section). One representative experiment from
three separate experiments is shown. (D) A
schematic representation of the predicted
phosphorylation sites on human NoxA1 pro-
tein (accession number NM_006647) using
bioinformatics tools available online (www.cbs.
dtu.dk). The phosphorylation potential repre-
sents the likeness of a residue to be phosphor-
ylated. Its value is included between 0 (low
phosphorylation potential) and 1 (high phos-
phorylation potential). Phosphorylation poten-
tial (y axis) is plotted for each amino acid res-
idue of NoxA1 (x axis). The blue and the green
lines indicate serine (Ser) and threonine (Thr)
residues which could be targeted by Ser/Thr kinases. The red lines indicate tyrosine (Tyr) residue which can be phosphoryalted by
Tyr-kinase. The black arrow indicates the Tyr110 of NoxA1 as the residue with the highest phosphorylation potential for Tyr-kinase (�0.87).
(E) Src phosphorylates NoxA1 on Tyr110. HEK293 cells were transfected as indicated with SrcYF and with Myc-tagged wild type NoxA1,
unphosphorylable NoxA1 Y110A and phosphomimetic NoxA1 Y110E. After 24 h, cells were lysed and IP was performed using NoxA1-
specific antibody. The levels of Tyr-phosphorylated NoxA1 were analyzed using anti-p-Tyr antibody (lower panel), while comparable
expression levels of transfected Myc-tagged NoxA1 mutants was verified by reblotting the membrane with Myc antibody (upper section).
One representative experiment from three separate experiments is shown. (F) Src phosphorylates NoxA1 directly. NoxA1 wt and NoxA1
Y110A were transfected in HEK293 cells and immunoprecipitated using NoxA1 specific antibody. An in vitro kinase assay was performed
using recombinant active Src as in Materials and Methods. The levels of Tyr-phosphorylated NoxA1 were analyzed using anti-p-Tyr antibody
(upper panel), while immunoprecipitation efficiency was verified by reblotting the membrane with Myc antibody (lower section).
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phorylable mutant blocked the interaction with NoxA1 as
expected, whereas the Tks4 Y508E phosphomimetic mutant
partially restored this binding. Again, wild-type Tks4 ex-
pression vector was used as a positive control. Figure 4B
(lower panel) shows the quantification of three independent
coimmunoprecipitation experiments.

Finally, we examined whether Src-mediated phosphory-
lation of Tks4 on Tyr508 had an effect on Nox1-dependent
ROS generation. To this aim, HEK293 cells were transfected
with Nox1, NoxA1, and either with Tks4 wt, Tks4 Y508E,
and Tks4 Y508F constructs, and ROS formation was moni-
tored using a luminol-based CL assay. As shown in Figure
4C, we noticed a 45% decrease of ROS formation when Tks4
Y508F mutant was expressed, while the presence of Tks4
Y508E construct restored the levels of ROS production ob-
served with Tks4 wt used as a positive control. Interestingly,
the coexpression of Tks4 Y508F along with Tks4 Y508E
mutant did not decrease the superoxide generation com-
pared with the condition in which only the phosphomimetic
mutant was expressed.

The Presence of NoxA1 and Tks4 Phosphomimetic
Mutants Reinforces Their Interaction and ROS Generation
Our data indicate that the Src-mediated phosphorylation of
NoxA1 on Y110 and of Tks4 on Tyr508 is important for ROS
generation and their reciprocal binding. Next, we wanted to
test whether the presence of NoxA1 and Tks4 phosphomi-
metic mutant had an effect on Nox1-dependent ROS gener-
ation. To this aim, superoxide production was monitored in
HEK293 cells cotransfected with Nox1, with NoxA1 Y110E
or NoxA1 wt and with Tks4 wt, Tks4 Y508F, or Tks4 Y508E.
As shown in Figure 5A, the presence of Tks4 and NoxA1
phosphomimetic mutants caused a modest but consistent
25% increase in ROS generation compared with the condi-
tions in which both wild-type proteins or Tks4 Y508E and
NoxA1 wt were expressed. Of note, the overexpression of
Tks4 Y508F decreased ROS generation compared with the
condition in which both phosphomimetic constructs are
expressed.

To confirm the relevance of our findings on the reciprocal
interaction between NoxA1 and Tks4, HEK293 cells were
transfected with Myc-tagged NoxA1 Y110E phosphomi-
metic mutant along with either Tks4 wt, Tks4 Y508E, or Tks4
Y508F constructs and coimmunoprecipitation experiments
were carried out as shown in Figure 5B (upper panel). We
observed that NoxA1 Y110E interacted more strongly with
Tks4 Y508E than with Tks4 wt, whereas the presence of Tks4
Y508F diminished the extent of this interaction. The lower
panel shows the quantification of three independent exper-
iments.

Next, we asked whether the presence of Tks4 and NoxA1
unphosphorylable mutants could block their SrcYF-induced
interaction and Nox1-dependent ROS generation. To this
aim, HEK293 cells were cotransfected with Nox1, SrcYF,
Tks4, and either NoxA1 wt or NoxA1 Y110A and coimmu-
noprecipitation analysis (shown in Supplemental Figure S3,
upper panel) or ROS generation measurements (shown in
Supplemental Figure S3, lower panel) were performed. We
noticed that, in presence of SrcYF, Tks4 and NoxA1 strongly

Figure 3. The abolishment of NoxA1 phosphorylation on Tyr110
blocks its binding to Tks4 and decreases Nox1-dependent ROS
generation. (A and B) The integrity of Tyr110 of NoxA1 is necessary
for its binding to Tks4. One representative experiment from three
separate experiments is shown. (A) Coimmunoprecipitation analy-
sis was performed in HEK293 cells transfected as indicated with
Flag-tagged Tks4 and Myc-tagged wild type NoxA1, unphosphory-
lable NoxA1 Y110A, and phosphomimetic NoxA1 Y110E. After 24 h,
cells were lysed and immunoprecipitation (IP) was carried out
using Flag antibody. The interaction between NoxA1 and Tks4 was
tested by immunoblot (IB) using NoxA1 antibody (upper section),
while comparable expression levels of transfected Flag-tagged Tks4
in cell lysates and immunoprecipitation efficiency was assessed by
reblotting the membrane with Tks4 specific antibody (lower sec-
tion). (B) HEK293 cells were transfected as indicated with empty
vector or with wild-type NoxA1, unphosphorylable NoxA1 Y110A,
and phosphomimetic NoxA1 Y110E. After 24 h, cells were lysed and
cell lysates were used as the source of different NoxA1 proteins and
incubated as indicated with equal amounts of GST alone or GST-
fusion Tks4 protein, which were prebound to glutathione-Sepharose
beads. GST pulldown was performed as described in Material and
methods. The interaction between GST-fusion Tks4 and different
NoxA1 proteins and comparable levels of NoxA1 proteins in cell
lysates was tested using the NoxA1 antibody (upper panel). The
reblot using GST-specific antibody in the lower panel indicates that
GST-fusion protein were present at similar levels in the GST pull-
down analysis. (C) The abolishment of NoxA1 phosphorylation on
Tyr110 decreases Tks4-mediated Nox1-dependent ROS generation.

ROS generation was monitored in HEK293 cells transfected as in-
dicated using luminol-based chemiluminescence (CL) assay. One
representative experiment from three separate experiments is
shown, and data are given as mean of triplicates � SD. *p � 0.008;
**p � 0.01.
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interacted thus inducing ROS generation as expected. Inter-
estingly, only the contemporary presence of NoxA1 and
Tks4 unphosphorylable mutants completely blocked SrcYF-
induced interaction between NoxA1 and Tks4 and Nox1-
dependent ROS generation. These results are in agreement
with those illustrated in Figure 5, A and B and support the
hypothesis that Src induces the interaction between Tks4
and NoxA1 by phosphorylating the Tyr110 of NoxA1 and
the Tyr508 of Tks4, thus increasing Nox1-dependent ROS
generation.

Src Induces the Formation of Functional Invadopodia in
Human DLD1 Colon Cancer Cells by Phosphorylating
NoxA1 on Tyr110 and Tks4 on Tyr508
It has been reported that active Src is necessary for the
formation of functional invadopodia in many cancer cells
(Clark et al., 2007). Our group has shown that Src-induced
ROS formation by Nox1 is important for invadopodia for-
mation and ECM degradation in DLD1 cells. We hypothe-
sized that Src could trigger ROS-dependent formation of
functional invadopodia in DLD1 cells by phosphorylating
NoxA1 on Tyr110 and Tks4 on Tyr508. To evaluate this,
DLD1 cells were cotransfected with empty vector, SrcYF or
cotransfected with SrcYF, Tks4 Y508F and NoxA1 Y110A, or
only with Tks4 Y508E and NoxA1 Y110A mutants. After
48 h, the cells were fixed and stained for invadopodia mark-
ers, including F-actin (Figure 6A, left panels) and cortactin
(Figure 6A, right panels). The number of phalloidin- and
cortactin-positive invadopodia was analyzed by confocal
microscopy. As indicated by the white arrows in Figure 6A
and by the quantification of three independent experiments
in Figure 6B, we noticed that SrcYF overexpression induced
the formation of phalloidin- and cortactin-positive inva-
dopodia as expected. Interestingly, this effect was signifi-
cantly blocked in presence of Tks4 and NoxA1 unphospho-
rylable mutant. Importantly, the overexpression of Tks4 and
NoxA1 phosphomimetic mutants was able to partially re-
store the formation of invadopodia, even in absence of
SrcYF. Of note, in these experiments cells were transfected
with a ratio indicated plasmid to GFP empty vector of 5:1
and only GFP-transfected cells were analyzed as shown in
Supplemental Figure S4.

The formation of functional invadopodia relates to the
ability of cells to degrade the ECM (Baldassarre et al., 2003;
Weaver, 2006). To further confirm that Src induces the for-
mation of functional invadopodia in DLD1 cells by phos-
phorylating NoxA1 on Tyr110 and Tks4 on Tyr508, we
tested the effect of these Tks4 and NoxA1 unphosphorylable
mutants on SrcYF-induced ECM degradation in DLD1 cells.

Figure 4. The integrity of Tyr508 on Tks4 is necessary for its
binding to NoxA1 and for Nox1-dependent ROS generation. (A)
Only the disruption of Tyr508 of Tks4 blocks its binding to NoxA1.
Coimmunoprecipitation analysis was performed in HEK293 cells
transfected as indicated with Myc-tagged Tks4 Tyr-phosphorylation
mutants and Flag-tagged NoxA1. After 24 h, cells were lysed and
immunoprecipitation (IP) was carried out using Myc antibody. The
interaction between NoxA1 and Tks4 mutants and comparable ex-
pression of NoxA1 in cell lysates was tested by immunoblot (IB)
using NoxA1 antibody (lower section). Similar expression levels of
transfected Myc-tagged Tks4 mutants in cell lysates and immuno-
precipitation efficiency was assessed by reblotting the membrane
with Tks4 specific antibody (upper section). One representative
experiment from three separate experiments is shown. (B) The
abolishment of phosphorylation of Tyr508 of Tks4 blocks the inter-
action between NoxA1 and Tks4. In the upper panels, HEK293 cells
were transfected as indicated with Flag-tagged NoxA1 and Myc-
tagged wild type Tks4, unphosphorylable Tks4 Y508F and phos-
phomimetic Tks4 Y508E. After 24 h, cells were lysed and immuno-
precipitation (IP) was carried out using Myc antibody. The
interaction between NoxA1 and Tks4 mutants and comparable ex-
pression of NoxA1 in cell lysates was tested by immunoblot (IB)

using NoxA1 antibody (upper section). Similar expression levels of
transfected Flag-tagged Tks4 in cell lysates and immunoprecipita-
tion efficiency was assessed by reblotting the membrane with Tks4
specific antibody (lower section). One representative experiment
from three separate experiments is shown. In the lower panel, the
results from three independent experiments performed as above
were quantified. The levels of immunoprecipitated NoxA1 (IP-
NoxA1) for each condition were normalized to the respective total
NoxA1 present in the Lys. The IP-NoxA1 levels in presence of wild
type Tks4 were set to 1 (mean � SEM from three independent
experiments). (C) The abolishment of Tks4 phosphorylation on
Tyr508 decreases Nox1-dependent ROS generation. ROS generation
was monitored in HEK293 cells transfected as indicated using CL
assay. One representative experiment from three separate experi-
ments is shown, and data are given as mean of triplicates � SD. *p �
0.005; **p � 0.01.
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DLD1 cells were transfected as indicated in Figure 7A,
plated on FITC-labeled gelatin-coated coverslips, and
stained with phalloidin. The analysis of the ability of cells (in
red) to degrade the matrix (in green) revealed that, as ex-
pected, SrcYF overexpression induced the ECM degradation
in DLD1 cells. Interestingly, we also observed that the pres-
ence of Tks4 and NoxA1 unphosphorylable mutants blocked
this effect. Again, the overexpression of Tks4 and NoxA1
phosphomimetic mutants was able to partially restore the
ability of these cells to degrade the ECM. The quantification
of three independent experiments is shown in Figure 7B.
These results support the idea that Src induces the formation
of functional invadopodia in human DLD1 colon cancer cells
by phosphorylating NoxA1 on Tyr110 and Tks4 on Tyr508.

DISCUSSION

NADPH oxidases represent a family of enzymes that cata-
lyze the regulated formation of ROS. Nox isoforms are ex-
pressed in virtually every tissue and ROS generated by Nox
enzymes have been implicated in such biological processes
as cell growth, apoptosis and cancer, angiogenesis and blood
pressure regulation, innate immunity and inflammation, cell
signaling, motility, and transcription (Bedard and Krause,
2007). The homologue Nox1 is highly expressed in the colon
epithelium and Nox1-dependent ROS generation in the co-
lon has been implicated in cell growth, migration and inva-
sion. Consistent with these observations, many studies have
reported increased Nox1 expression in colon cancers and
Nox1-derived ROS have been implicated in mechanisms
inducing cell division and angiogenesis (Lambeth, 2007).
Nox1 requires for its activity the activator subunit NoxA1
and the organizer subunit NoxO1, both highly expressed in
the colon epithelium. Recently, we have shown that the
widely expressed Tks proteins can also serve as organizers
to support Nox1 activity. Rac1-GTPase is also required for
full Nox1 activation (Cheng et al., 2006). At this point, very
little is known about how the activities of the Nox proteins
are regulated under normal, much less pathological, condi-
tions.

Increasing evidence suggests that phosphorylation of var-
ious Nox proteins or their regulatory cofactors or both may
play important roles in regulating the activity of these en-
zymes. In general, the Nox family proteins and their respec-
tive regulatory proteins all contain sites for potential regu-
latory phosphorylation(s) by various kinases, as predicted
by a number of sequence-analysis algorithms. Consistent,
with this, it has been shown that a variety of kinases and
phosphorylation-mediated mechanisms regulate the activity
of several Nox enzymes (Finkel, 2001; Jagnandan et al., 2007;
Bokoch et al., 2009). These mechanisms include i) direct
phosphorylation of Nox or Nox regulatory components; ii)
the phosphorylation-induced binding of regulatory 14-3-3
proteins; and iii) stimulation of Rac GTPase activation. In
this study, we describe additional effects by which c-Src
induces Nox1-dependent ROS generation in colon cancer
cells. To investigate this, we chose human DLD1 colon can-
cer cells as model system as they express a high level of
active Src and endogenously express only Nox1 (among
members of the NADPH oxidase family), NoxA1, and Tks4
(among members of the p47phox organizer superfamily).
Here, we demonstrate that Src activity augments the affinity
of the interaction between the ectopically-expressed or en-
dogenous activator protein NoxA1 and the organizer Tks4.
The residue Tyr508 located between the third and the fourth
SH3 domain of Tks4 has already been shown to be target of
Src phosphorylation in different cell systems (Buschman et
al., 2009). However, the biological relevance of such phos-
phorylation event on Tks4 function has never been fully
understood. On the contrary, no Src-mediated phosphory-
lation sites have been described for NoxA1 yet. In this study,
we have identified Tyr110 of NoxA1 as a key amino acid
targeted by Src. The phosphorylation of both Tyr110 of
NoxA1 and Tyr508 of Tks4 by Src increases the interaction
between NoxA1 and Tks4. Nevertheless, Nox1-dependent
ROS generation is only slightly increased by the presence of
NoxA1 Y110E and Tks4 Y508E indicating that there might be
additional Src target protein(s) which are needed for full
Nox1 activation. Consistent with this, our group has previ-
ously shown that the activation of the kinase c-Src leads to
increased Nox1-dependent ROS generation through the ty-

Figure 5. (A) The contemporary presence of NoxA1 and Tks4
phosphomimetic mutants reinforces Nox1 dependent ROS genera-
tion. ROS generation was monitored in HEK293 cells transfected as
indicated using CL assay. One representative experiment from three
separate experiments is shown, and data are given as mean of
triplicates � SD. *p � 0.01; **p � 0.004. (B) The contemporary
presence of NoxA1 and Tks4 phosphomimetic mutants reinforces
their interaction. In the upper panels, HEK293 cells were transfected
as indicated with Myc-tagged NoxA1 and wild-type Tks4, unphos-
phorylable Tks4 Y508F, and phosphomimetic Tks4 Y508E. After
24 h, cells were lysed and immunoprecipitation (IP) was performed
using Myc antibody. The interaction between NoxA1 and Tks4
mutants and comparable expression of Tks4 proteins in cell lysates
was tested by immunoblot (IB) using Tks4 antibody (upper section).
Similar expression levels of transfected Myc-tagged NoxA1 in cell
lysates and immunoprecipitation efficiency was assessed by reblot-
ting the membrane with NoxA1 specific antibody (lower section).
One representative experiment from three separate experiments is
shown. In the lower panel, the results from three independent
experiments performed as above were quantified. The levels of
immunoprecipitated Tks4 (IP-Tks4) for each condition were normal-
ized to the respective total Tks4 present in the Lys. The IP-Tks4
Y508E levels were set to 1 (mean � SEM from three independent
experiments).
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Figure 6. The presence of Tks4 and NoxA1 unphoshorylable mutants blocks SrcYF-induced invadopodia formation in DLD1 cells, whereas
the presence of their phosphomimetic mutants partially rescues this phenotype. (A) The analysis of the number of phalloidin- and
cortactin-positive invadopodia indicates that the presence of Tks4 and NoxA1 unphoshorylable mutants blocks SrcYF-induced invadopodia
formation in DLD1 cells, whereas the presence of their phosphomimetic mutants partially rescues this phenotype. DLD1 cells were plated
on glass coverslips and after 24 h cells were transfected as indicated. Forty-eight hours after transfection, cells were fixed in PFA 4% and
stained with Alexa-Fluor-568 phalloidin (left column) or cortactin antibody, followed by Alexa-Fluor 568-conjugated secondary antibody
(right column) and visualized by confocal microscopy (�100). White arrows indicate phalloidin-positive (right column) or cortactin-positive
(left column) invadopodia. Scale bars, 5 �m. One representative picture from three separate experiments is shown. (B) Quantification from
three independent biological experiments shown in A is given: the number of phalloidin positive-invadopodia (left panel) or cortactin
positive-invadopodia (right panel) was counted and averaged from 50 cells/condition for each experiment. Error bars represent SEM. *p �
0.001; **p � 0.01.

NoxA1/Tks4 Phosphorylation Induces Invadopodia

Vol. 21, December 1, 2010 4295



rosine phosphorylation-mediated activation of Rac1 ex-
change factor Vav2 (Gianni et al., 2008).

Increased c-Src activity is also a characteristic of both
premalignant and progressively advanced colon neoplasia,
and it has been correlated with the conversion of benign
polyps into malignant metastatic tumors (Summy and Gal-
lick, 2003). c-Src was previously shown to be involved in
signaling events stimulated by ROS production (Abe et al.,
1997). c-Src itself undergoes activation on cellular ROS for-
mation through multiple mechanisms (Alvarez et al., 2006).
Src activity can be regulated through the control of its
phosphorylation status by protein tyrosine phosphatases
(PTPases) (Nakashima et al., 2002). The PTPases, which
contain sulfhydryl groups on cysteine residues in the
catalytic domain that undergo oxidative modification to
impair catalytic activity, are well-known targets of ROS
(Stone and Dixon, 1994).

We have previously shown that in human DLD1 colon
cancer cells and other cancer cell lines there is a correlation
between the levels of c-Src activity and their ability to gen-
erate ROS (Gianni et al., 2008), yet the exact relationships
between Src activity, ROS formation, carcinogenesis, and
metastasis remain poorly defined. Metastatic cancer cells
have the ability to both migrate to and degrade the ECM,
and invasiveness has been correlated with the presence of

invadopodia (Linder, 2007; Gimona et al., 2008), as well as
ROS production (Okada et al., 2006). Src activity and pro-
duction of ROS via NADPH oxidase have been shown to be
required for the formation of functional invadopodia in
several cancer cells, including human DLD1 colon cancer
cells. However, the signals and molecular mechanisms by
which Src induces the redox-dependent generation of inva-
dopodia are still a matter of investigation. In this study, we
elucidate the relationship between Src phosphorylation of
Tks4 and NoxA1 and the Nox1-dependent formation of
invadopodia and ECM degradation in DLD1 cells. Interest-
ingly, we show that the overexpression of Tks4 and NoxA1
unphoshorylable mutants reduces the ability of DLD1 cells
to form ECM-degrading invadopodia in presence of active
Src. On the contrary, the presence of Tks4 and NoxA1 phos-
phomimetic mutants is able to partially restore this pheno-
type even in absence of active Src.

This article describes the signaling events required for
Src-induced ROS-dependent formation of functional inva-
dopodia in human colon cancer cells and implies that Src-
mediated regulation of the Nox1 activity is an important
mean of controlling Nox1-dependent biological functions.
Our results suggest the possibility to modulate Nox1 func-
tion indirectly by pharmacologic intervention using specific
and effective Src inhibitors well tolerated in vivo.

Figure 7. The presence of Tks4 and NoxA1 unphosho-
rylable mutants blocks SrcYF-induced ECM degrada-
tion in DLD1 cells, whereas the presence of their phos-
phomimetic mutants partially rescues this phenotype.
(A) The analysis of the ability of DLD1 cells to degrade
the ECM shows that the presence of Tks4 and NoxA1
unphoshorylable mutants blocks SrcYF-induced ECM
degradation in DLD1 cells, whereas the presence of
their phosphomimetic mutants partially rescues this
phenotype. DLD1 cells were transfected as indicated,
and 24 h later they were trypsinized and plated on
FITC-labeled gelatin-coated coverslips. After 48 h, cells
were fixed in 4% PFA, stained with Alexa-Fluor-568
phalloidin, and visualized by epifluorescence micros-
copy (�60). The white arrows indicate areas in which
cells (in red) degrade the ECM (in green). The merge is
shown in the right column. Scale bars, 10 �m. One
representative image from three separate experiments is
shown. (B) Quantification from three independent bio-
logical experiments shown in A is given: for each ex-
periment, the total degradation area was obtained as
sum of degradation areas calculated using Metamorph
software from 25 random fields and reported as per-
centage (SrcYF was set as 100%). In the graph, error bars
represent SEM. *p � 0.01; **p �0.05 (Mann–Whitney
U test).
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