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Tks adaptor proteins at a glance
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ABSTRACT

Tyrosine kinase substrate (Tks) adaptor proteins are considered
important regulators of various physiological and/or pathological
processes, particularly cell migration and invasion, and cancer
progression. These proteins contain PX and SH3 domains, and act
as scaffolds, bringing membrane and cellular components in close
proximity in structures known as invadopodia or podosomes. Tks
proteins, analogous to the related proteins p47P"°X p40Ph°* and
NoxO1, also facilitate local generation of reactive oxygen species
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(ROS), which aid in signaling at invadopodia and/or podosomes
to promote their activity. As their name suggests, Tks adaptor
proteins are substrates for tyrosine kinases, especially Src. In this
Cell Science at a Glance article and accompanying poster, we
discuss the known structural and functional aspects of Tks adaptor
proteins. As the science of Tks proteins is evolving, this article
will point out where we stand and what still needs to be explored. We
also underscore pathological conditions involving these proteins,
providing a basis for future research to develop therapies for
treatment of these diseases.
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Introduction
The Tks adaptor proteins consist of an N-terminal phox homology
(PX) domain, multiple Src homology 3 (SH3) domains, proline-rich
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regions (PRR) and Src phosphorylation sites (Lock et al., 1998;
Courtneidge et al., 2005; Buschman et al., 2009) (see poster). The PX
domain belongs to the phosphoinositide-binding module superfamily
(Ponting, 1996) and is involved in binding of Tks proteins to anionic
phospholipids (Abram et al., 2003; Buschman et al., 2009). It is this
distinct function of the PX domain that determines localization of
proteins to different membranous compartments as a consequence of
interactions with specific phosphatidylinositol lipids (Ellson et al.,
2002; Sato et al., 2001). SH3 domains, tyrosine phosphorylation sites
and PRR motifs each facilitate binding to other proteins (Pawson and
Gish, 1992). These four interactions together spatially coordinate signal
transduction events. Tks5 (also known as SH3PXD2A) and the related
Tks4 (SH3PXD2B), both have N-terminal PX domains but differ in the
number of SH3 domains (five and four, respectively), their Src
phosphorylation sites, PRR motifs and linker sequences (see poster). In
humans, Tks4 and Tks5 proteins have an overall structural similarity of
36% (Buschman et al., 2009). Both Tks4 and TksS5 proteins are found in
various species of vertebrates, ranging from fish to human. Vertebrates
also have three related genes with similar architecture which function as
organizers of reactive oxygen species (ROS) production, known as
p47Ph% (also known as NCF1 or SH3PXDIA), p40Pho* (NCF4 or
SH3PXD4) and NoxOl1. The simplest animals known to have Tks- or
p47-related genes are the urochordate Ciona intestinalis and the
echinoderm Strongylocentrotus purpuratus, which each has a single
gene encoding a protein with a PX domain that is followed by three or
four SH3 domains, respectively (Kawahara and Lambeth, 2007). In
addition, the unicellular choanoflagellate Monosiga brevicollis, a close
relative of multicellular animals, has a single gene encoding a PX
domain that is followed by two SH3 domains (Kawahara and Lambeth,
2007), and thus appears to represent a precursor to the entire Tks/p47
gene family.

Tks isoforms

Three isoforms of Tks5 have been reported, namely, Tks5o (also
referred to as Tks5long), Tks5B and Tks5short (Lock et al., 1998; Li
etal., 2013; Cejudo-Martin et al., 2014) each arising from a distinct
promoter. Tks5a is the only isoform containing the PX domain,
whereas Tks5B and TksSshort both initiate prior to the first SH3
domain (see Box 1 for information on distinguishing between
isoforms). In addition, there are two known splice variants of Tks5,
flanking the first SH3 domain (Lock et al., 1998). Quantitative PCR
analysis reveals that forms with none, one or both splices exist (our
unpublished results), increasing the potential complexity. In
contrast, neither alternative promoters nor splice isoforms have
been described for Tks4. Both Tks4 and Tks5 mRNAs are widely
expressed; however, the amount of each protein expressed in
different tissues is still relatively unknown. Like Tks5a, Tks5B can
be detected in almost all tissues, but, depending on the tissue, its
mRNA level can be substantially lower than that for Tks5o (Cejudo-
Martin et al., 2014). The expression pattern of Tks5short in various
tissues still needs to be determined. Tks5p and TksS5short proteins
are highly expressed in embryonic fibroblasts, whereas cancer cells
widely express the Tks5o. form (Cejudo-Martin et al., 2014; Seals
et al., 2005; Tizuka et al., 2016). The biological functions of the
Tks5pB and Tks5short isoforms remain to be elucidated.

Tks proteins in invadopodia and podosomes

Podosomes and invadopodia (together sometimes called
invadosomes) are similar structures found in normal cells and
cancer cells, respectively. They are defined as actin-rich protrusions
that are observed at the ventral surface of invasive cells in 2D culture
and mediate focal degradation of the extracellular matrix (ECM)

Box 1. Distinguishing Tks5 isoforms and Tks4 by

immunoblotting

Different isoforms of Tks5 can be identified on an immunoblot based on
their size. Tks5a runs at higher molecular mass compared with Tks5p
and Tksb5short because of the presence of the PX domain in Tks5a,
which Tks5p and Tks5short lack.

h

MEFs

- Tks5a

—Tks5B

130kDa
\TkS5Sh0rt

—— Tks4

Tks5p and Tks5short are transcribed from in-frame ATGs upstream of
exon 6 and exon 8, respectively. It is believed that owing to its higher
molecular mass, Tks5B migrates slower than Tks5short, although this
has not been directly confirmed. Thus, all three isoforms of Tks5 can be
visualized on the same blot (provided the antibody recognizes a
common region). There are specific antibodies available commercially
that recognize either Tks5 or Tks4.

(Tarone et al., 1985; Chen, 1990; Murphy and Courtneidge, 2011).
Tks proteins are found localized to invadopodia in many invasive
cancer cells (Seals et al., 2005; lizuka et al., 2016). Moreover, Tks5o
and Src are considered to be defining elements of invadopodia. These
structures were first defined in Src-transformed fibroblasts (Tarone
et al., 1985), and the exogenous expression of Tks5c. along with
active Src induces formation of invadopodia in non-invasive cancer
cell lines, which usually lack them (Seals et al., 2005). Furthermore,
both integrin and receptor tyrosine kinase signaling, which both result
in Src activation (Mitra and Schlaepfer, 2006; Bromann et al., 2004),
can stimulate invadopodia formation. However, whether Tks4 and
Tks5 are phosphorylated exclusively by Src family kinases in cancer
cells has not been addressed.

In keeping with its role as an essential invadopodia scaffold
protein, Tks5 is required for invadopodia formation and degradation
of ECM- and protease-dependent invasion through Matrigel in Src-
transformed NIH3T3 cells (a mouse model cancer cell line with full
invasive and metastatic properties), as well as in numerous human
cancer cells (lizuka et al., 2016; Seals et al., 2005). Tks4
knockdown has similar effects in Src3T3 cells and melanoma cell
lines (Buschman et al., 2009; lizuka et al., 2016). What about
in vivo? Recently, using high-resolution intravital imaging in model
systems, invadopodia have been visualized in tumor cells as they
escape the primary tumor to enter the bloodstream (intravasation)
(Gligorijevic et al., 2014) and exiting the bloodstream to enter
secondary sites (extravasation) (Leong et al., 2014). Importantly,
knockdown of Tks adaptors profoundly inhibited both processes.

Interestingly, both Tks4 and Tks5 also promote the growth of
cancer cells in three-dimensional cultures of the ECM protein
collagen-I, as well as both primary tumor growth and metastatic
outgrowth of cancer cells in vivo (Blouw et al., 2008; Blouw et al.,
2015; lizuka et al., 2016). Analysis of in vivo growth of both Src3T3
fibrosarcoma cells and MDA-MB-231 breast cancer cells with and
without Tks5 knockdown revealed less tumor growth, increased
apoptosis and diminished and/or abnormal tumor vasculature
(Blouw et al.,, 2008, 2015). Knockdown of Tks-interacting
proteins such as membrane type 1-matrix metalloproteinase 1
(MT1-MMP) (Buschman et al., 2009), or invadopodia regulators

2

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-




CELL SCIENCE AT A GLANCE

Journal of Cell Science (2018) 131, jcs203661. doi:10.1242/jcs.203661

such as cortactin (Weaver, 2008) and Cdk5 (Quintavalle et al.,
2011) can also impair growth of implanted tumors (Clark et al.,
2009; Feldmann et al., 2010; Hotary et al., 2003). This suggests that
invadopodia might not only facilitate passage across basement
membranes, but also interface with, and modulate, the tumor
microenvironment, perhaps by increasing synthesis, release or
processing of growth factors (such as vascular endothelial growth
factor, VEGF), to promote tumor growth.

What evidence is there that Tks adaptors influence outcome in
cancer? Expression of the Tks5o. protein was first correlated with
worse outcome in patients with glial-derived brain tumors (Stylli
et al., 2012). Analysis of gene expression databases also suggested
the involvement of Tks5 in several cancers (Stylli et al., 2014),
although in this case, inability to distinguish among Tks5 isoforms, as
well as the under-representation of the very long (>11 kb) Tks5
mRNA (Lock et al., 1998), likely complicated data interpretation.
More recently, the availability of RNA sequencing (RNA-seq)
databases has allowed the specific analysis of Tks5o. expression by
focusing on the first 5 exons of SH3PXD2A, which encode the PX
domain. In lung cancer, both high levels of Tks50., and a high ratio of
TksSa to Tks5B and TksSshort, predicted poor survival of patients
diagnosed in the early stages of disease (Li et al., 2013). In breast
cancer, high expression of the Tks5a isoform also correlated with
reduced survival, particularly in patients diagnosed with stage I/II
disease. In this case, neither the levels of Tks5p or Tks5short, nor the
relative expression of short to long isoforms, influenced outcome
(Blouw et al., 2015). Both Tks5 and Tks4 proteins were highly
expressed in melanoma tissues compared with nevi, and Tks5, but not
Tks4, levels increased with disease progression (lizuka et al., 2016).
Finally, increased TksS levels (isoform unknown) were observed
during progression of prostate cancer (Burger et al., 2014).

Podosomes are frequently found in hematopoietic cells, such as
macrophages and dendritic cells, and upon stimulation in various
other adult cell types, including fibroblasts, smooth muscle, epithelial
and endothelial cells (Hoshino et al., 2013; Linder et al., 2011).
However, a role for Tks adaptors in podosome formation and/or
function has been interrogated in only a few studies. Tks5-dependent
podosome formation of circumferential podosomes mediated
osteoclast cell—cell fusion (Oikawa et al., 2012). In the same study,
Tks5- and podosome-dependent fusion of osteoclasts with melanoma
cells was also observed, although the physiological or pathological
relevance of this finding awaits further exploration (Oikawa et al.,
2012). Vascular smooth muscle cells use podosomes to migrate and
invade tissues (Lener et al., 2006) in a TksS5-dependent manner
(Crimaldi et al., 2009). Finally, Tks5 was more recently identified in
podosomes in primary macrophages and was found to be a major
contributor to their invasive behavior (Burger et al., 2011).

Tks proteins in cell migration and embryogenesis

Tks adaptor proteins have been linked to cell migration processes
during embryonic development. Loss of Tks5 hinders dorsal to
ventral migration and formation of podosome-like protrusions in
migrating neural crest cells in zebrafish in vivo, ultimately causing
developmental defects (Murphy et al., 2011). Analysis of mouse
neural crest stem cells and their derivatives in vitro revealed the
presence of podosomes. Tks5 knockdown resulted in reduced
podosome formation and migration under 2D conditions, as well as
fewer protrusive structures in 3D (Murphy et al., 2011), providing
the first evidence for podosomes in a developmental cell type.
Gene-trap targeting of the Sh3pxd2a (Tks5) gene in mice resulted in
loss of Tks5o and resulted in neonatal lethality, with obvious
defects in palate formation, further supporting a role for Tks5 in

neural crest-derived cell types (Cejudo-Martin et al., 2014). It has
also been shown that during neural development, axon guidance
involved the elaboration of Tks5-expressing podosomes in growth
cones (Santiago-Medina et al., 2015). In humans, mutations in
SH3PXD2B (Tks4) are found frequently in individuals with Frank—
ter Haar syndrome (FTHS), a developmental disorder characterized
by skeletal, cardiovascular and eye abnormalities (Igbal et al., 2010;
Cejudo-Martin and Courtneidge, 2011; Zrhidri et al., 2017; Bendon
et al., 2012), as well as in one case of Borrone dermato-cardio-
skeletal syndrome (Wilson et al., 2014). Mouse knockout or
mutation of Sh3pxd2b phenocopied all of the essential features of
FTHS (Igbal et al., 2010; Mao et al., 2011). Several different
mutations in Tks4 have been reported, with many predicted to
truncate the protein, although one intriguing missense mutation
(R43W) has been reported in a structurally conserved arginine in the
lipid-binding PX domain. While the phenotypes of the Tks50. and
Tks4 knockout mice are somewhat distinct, the fact that double
knockout embryos died soon after implantation suggests that
Tks4 and Tks5 also share some overlapping functions during
embryogenesis (Cejudo-Martin et al., 2014).

The interactome of Tks adaptor proteins

Tks adaptors lack catalytic activity, and are therefore likely to
manifest their functions through their interactions with proteins and
lipids. Several interacting proteins have been identified, including
metalloproteases of the ADAM family, actin regulators, such as Nck
and N-WASP, and components of the NADPH oxidase complex. In
many of these cases, it remains to be established whether the
associations are direct, and exist within the cell. We will next
describe the binding properties of the domains of the Tks adaptors
and how they might act in concert to promote function.

The PX domain of TksS5 adaptor proteins has affinity for inositol
phospholipids, in particular phosphatidylinositol 3-phosphate
(PtdIns3P) and PtdIns(3,4)P, (Abram et al., 2003). Early expression
studies with the GFP-tagged PX domain of Tks5 showed its presence
in endosomal structures (which are rich in PtdIns3P), whereas full-
length Tks5 showed a generalized cytoplasmic localization (Abram
etal., 2003). At the time, it was proposed that the full-length molecule
adopted a ‘closed’ conformation, in which the lipid-binding cleft of the
PX domain was occluded in some way (Abram et al., 2003). In a
different study, live cell imaging analysis revealed that PtdIns(3,4)P,
accumulated near focal adhesions and recruited Tks5 in a Src-
dependent manner, which, in turn, suggested that phosphorylation by
Src caused Tks5 to adopt the ‘open’ conformation and allowed the PX
domain access to phosphoinositides and perhaps other proteins
(Oikawa et al., 2012). However, we now understand that the most
abundant Tks5 isoforms in normal fibroblasts are Tks5 and Tks5short
(which lack the PX domain), and that Src transformation results in
increased expression of Tks5o and the destabilization of Tks58 and/or
TksSshort (Cejudo-Martin et al., 2014). Therefore, the cytoplasmic
localization of Tks5 in normal fibroblasts is perhaps more likely to be
the result of absence of the PX domain, rather than a conformation that
prevents the PX domain from binding lipids. Ultrastructural studies
will be required to fully elucidate the domain interactions of Tks5.
Fewer studies have evaluated the PX domain of Tks4, although it has
been reported to bind to PtdIns3P and PtdIns(3,4)P, (Buschman et al.,
2009), as well as other phosphoinositides, including PtdIns(3,4,5)P5
(Lanyi et al., 2011; Fekete et al., 2013). An affinity of the PX domain
of Tks4 for PtdIns(3,4,5)P; might allow its accumulation at
lamellipodia and membrane ruffles (Lanyi et al., 2011).

Tks proteins are known substrates of the tyrosine kinase Src, which
is activated by growth factors such as platelet-derived growth factor
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and epidermal growth factor, and integrins in normal and cancer cells
(Bromann et al., 2004; Lock et al., 1998; Abram et al., 2003;
Buschman et al., 2009; Parsons and Parsons, 1997), as well as by
changes in actin polymerization (Lock et al, 1998). Src
phosphorylates Tks5 at residues Y558 and/or Y620 in humans
(Y557/Y619 in mice), which is essential for TksSo-mediated
invadopodia formation and cancer cell invasion (Oikawa et al.,
2012; Stylli et al., 2009; Burger et al., 2014), as well as neural crest cell
migration and podosome formation (Murphy et al., 2011). However,
in Src-3T3 cells, Src-mediated phosphorylation of the Tks5p isoform
marks it for proteasomal degradation (Cejudo-Martin et al., 2014) (see
poster). Three residues, tyrosines 25, 373, and 508, in Tks4 protein are
sites of Src phosphorylation, and are required for functional
invadopodia formation (Buschman et al., 2009). The effects of
mutation of individual SH3 domains, PRR sequences or the many
putative serine/threonine phosphorylation sites have not yet been
comprehensively evaluated for either Tks4 or TksS.

Three main functions have been ascribed to the Tks adaptor
proteins in invadopodia; firstly, they act as scaffold proteins for the
actin polymerization machinery, secondly, they promote the
localization and/or activation of proteases at invadopodia and
thirdly, they facilitate the localized generation of ROS (see poster).

Early studies using Src-3T3 cells suggested that invadopodia
formation was initiated with the recruitment of Tks5 to sites near
focal adhesions by binding of the PX domain of Tks5 to PtdIns(3,4)P,
and an SH3 domain of adaptor protein Grb2 to one of the PRR
sequences in Tks5 (Oikawa et al., 2008). It was further suggested
that all the SH3 domains of Tks5 separately associated with N-
WASP to promote actin polymerization. Other studies have revealed
an interaction between the tyrosine phosphorylation sites of Tks5
and Nck1/2, which could also act as a focal point for actin
polymerization by activating the actin nucleation complex Arp2/3
(Stylli et al., 2009). An alternative model has been provided by
studies in a rat mammary carcinoma cell line (Sharma et al., 2013).
In this system, cortactin, N-WASP, cofilin and actin first formed
invadopodia precursor structures. Tks5 recruitment then occurred
through interaction of its PX domain with PtdIns(3,4)P,, which
acted to stabilize invadopodia formation (Sharma et al., 2013).
Neither the kinetics of Tks4 arrival at invadopodia, nor its possible
interactions with actin regulators/nucleators have been investigated.
However, in one study that used Src-3T3 cells, the reduced actin
content of invadopodia caused by Tks4 knockdown was
compensated over time by an increase in TksS expression
(although matrix degradation was not rescued) (Buschman et al.,
2009). SH3 domain capture experiments have suggested
associations between Tks5 SH3 domains and dynamin (Oikawa
et al., 2008; Rufer et al., 2009), a GTPase essential for podosome
and invadopodia formation (McNiven et al., 2004), although in this
case co-association could not be confirmed in cells. An engineered
form of Tks5 that contains a mitochondrial targeting sequence
caused the mitochondrial relocalization of the podosome and/or
invadopodia regulators AFAP-110, pl90RhoGAP (ARHGAP35)
and cortactin, and inhibition of podosome formation in vascular
smooth muscle cells (Crimaldi et al., 2009). However, mutational
and association studies have not confirmed these interactions, or
whether they were direct or indirect. In myoblasts, the cell adhesion
receptor dystroglycan has been shown to interact with Tks5
(perhaps via the third SH3 domain) to regulate podosome
formation in these cells (Thompson et al., 2008). More recently,
an interaction between the fifth SH3 domain of Tks5 and the actin-
binding protein XB130 was reported. Interference with this
interaction affected cell survival and proliferation of bronchial

epithelial cells (Moodley et al., 2015), as well as cell migration
(Moodley et al, 2016). Whether this interaction impacts
invadosome formation remains to be tested. Finally, an interaction
between Tks5 and the actin-binding protein Girdin has recently
been reported (Ke et al., 2017). To summarize, Tks5 brings together
proteins, either by direct or indirect association, which regulate the
actin machinery at membranes to form podosomes and invadopodia
(see poster).

There are also several ways in which Tks adaptors facilitate the
proteolytic activity associated with invadopodia. For example, the
fifth SH3 domain of Tks5 (which has very high homology to the
fourth SH3 domain of Tks4) interacts with members of the ADAM
family of disintegrin and metalloproteinases (Abram et al., 2003),
which was confirmed by co-immunoprecipitation in cell lysates.
However, the functional relevance of this interaction in cancer cells
is currently unknown (see Box 2 for more information about the
interaction in neuronal cells). Knockdown of either Tks4 or Tks5 had
no effect on the total secretion of the matrix metalloproteases MMP2
and MMP9 (Seals et al., 2005, Buschman et al., 2009). Nevertheless,
Tks adaptors could directly integrate proteases with the actin
assembly machinery. In this context, any overlap between the
functions of Tks4 and Tks5 may be dependent on the cell type. For
example, in Src-3T3 cells, Tks5 is absolutely required for both
formation and function of invadopodia, whereas Tks4 plays a more
prominent role in ECM degradation through a direct or indirect
interaction with MT1-MMP (Buschman et al., 2009). In melanoma
cells, knockdown of either Tks4 or TksS inhibited invadopodia
formation and decreased surface expression of MT1-MMP, even
though here too Tks4 co-localized with MT1-MMP to a greater
extent than Tks5 (Tizuka et al., 2016). Perhaps the relative expression
of Tks5 and Tks4 in different cell types has an effect on
compensatory behavior, although given their structural differences,
it is also likely that there are intrinsic differences in their
interactomes. Recently, an association between Tks5 and the small
GTPase Rab40b was reported, which acted to tether transport
vesicles containing MMP2 and MMP9 to invadopodia sites (Jacob
et al.,, 2016) (see poster). Surprisingly, the PX domain of Tks5
mediated this interaction.

Box 2. Tks5 and its interaction partners in tumor growth
and other diseases

Knockdown of Tks-interacting proteins such as membrane type 1-matrix
metalloproteinase 1 (MT1-MMP) (Buschman, et al.,, 2009) or
invadopodia regulators such as cortactin (Weaver, 2008) and Cdk5
(Quintavalle, et al., 2011) can also impair growth of implanted tumors
(Hotary et al., 2003; Clark et al., 2009; Feldmann et al., 2010). This
suggests that invadopodia might not only facilitate passage across
basement membranes, but may also interface with, and modulate, the
tumor microenvironment, perhaps by increasing synthesis, release or
processing of growth factors (such as vascular endothelial growth factor,
VEGF), to promote tumor growth. As discussed in the main text, Tks5
interacts with members of the ADAMs family of matrix metalloproteases.
Binding of Tks5 to ADAMSs is not only observed in the context of
invadopodia and/or podosomes, but there are also studies showing that
association of Tks5 and ADAM12 upon exposure of neurons to amyloid-p
peptide causes neurotoxicity in Alzheimer's disease (Malinin et al.,
2005). Interference with this interaction reduces neuronal death.
Furthermore, recent reports describe the importance of ADAM12 in the
formation of invadopodia, as well as subsequent to their formation (Diaz
et al., 2013; Eckert et al., 2017). Thus, this interaction might be explored
therapeutically to treat Alzheimer’s disease and perhaps also invasive
cancer.
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As discussed earlier, the Tks adaptor proteins have structural
similarity to the organizer proteins of the NADPH oxidase complex
(Kawahara and Lambeth, 2007; Lock et al., 1998; Courtneidge, 2012),
which prompted us to evaluate the role of ROS in invadosome
formation and function. We found that inhibition of ROS, and/or
knockdown of Nox subunits, markedly reduced podosome and
invadopodia formation (Diaz et al., 2009). Mapping experiments
in vitro suggested an association of the first two SH3 domains of Tks5
with the proline-rich region of the p22P"** subunit of the NADPH
oxidase. ROS are short-lived, yet important, molecules in signal
transduction, which, for example, inhibit phosphatases, activate
kinases and modify actin (Bedard and Krause, 2007). One of the
substrates for the ROS that are generated at invadopodia is tyrosine
protein phosphatase non-receptor type 12 (PTP-PEST), which can be
oxidized and subsequently transiently inactivated by ROS (Tonks,
2005), thereby augmenting tyrosine phosphorylation of Tks5 and Tks4
(Diaz et al., 2009). Intriguingly, PTP-PEST is found at invadopodia
(Diaz et al., 2009) and podosomes (Chellaiah et al., 2001), where it
perhaps facilitates the turnover of these structures by balancing the
active and inactive states of Tks adaptors (Diaz et al., 2009). ROS may
also increase MMP expression and/or activation to increase the
degradation of extracellular matrix at invadopodial sites (Bedard and
Krause, 2007) (see poster). More studies are warranted to determine
mechanisms by which ROS mediate function at invadopodia.

Classically, the Tks-related organizer protein p47P"°% interacts with
p40Phox p67Phox and Rac1 and/or Rac2 to form a complex that activates
NADPH oxidase or its isoform Nox2 (Groemping and Rittinger,
2005). NoxO1, a homologue of p47P™* found in non-phagocyte cells,
has a similar role in the activation of Nox1 and Nox3 (Banfi et al.,
2003). Tks4 and Tks5 can also act as organizers to activate Nox1 as
well Nox3, in a manner that is analogous to NoxO1 (Gianni et al.,
2009). Indeed, when NoxO1 was overexpressed in DLD1 colon cancer
cells, it reduced formation and function of invadopodia, perhaps
because it competes with Tks4 for binding to the NADPH oxidase, but
cannot recruit key invadopodia proteins because it lacks important SH3
domains and/or Src phosphorylation sites (Gianni et al., 2009). More
recently, it was also shown that Tks4 and Tks5, in a Src-directed
manner, can directly bind to NoxA1 (homologue of p67°"*%) via its
N-terminal PRR domain (Gianni et al., 2011; Gianni et al., 2010).
These findings suggest that there are overlapping functions between
Tks adaptor proteins and the closely related members of the p47°Phox
superfamily, which have established roles in various cellular functions
through the production of ROS (see poster).

Concluding remarks

Despite some remarkable progress in the molecular characterization
of Tks adaptor proteins, there is still much to be done, particularly
with regards to Tks4. We also lack a complete understanding of the
Tks interactomes, as well as a comprehensive mutational analysis of
domains, motifs and phosphorylation sites, and structural insights
into their regulation. It is important to use the genetic tools now
available to determine the interplay between invadopodia and the
tumor microenvironment, as well as the in vivo roles for podosomes
in many cell types.
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