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ABSTRACT OF THE DISSERTATION

The Role of Adaptor Protein Tks4 in Invadopodia Formation
and Cancer Cell Invasion

by
Matthew Douglas Buschman
Doctor of Philosophy in Molecular Pathology
University of California, San Diego, 2011
Professor Sara Courtneidge, Chair
Professor Daniel Donoghue, Co-Chair
Invasive cancer cells gain the ability to degrade and migrate through the
extracellular matrix (ECM). The invasiveness of these cells can be correlated with the
presence of dynamic membrane structures called invadopodia or podosomes.
Invadopodia are actin-rich membrane protrusions that display focal proteolytic activity
towards the ECM. We identified a new protein that is closely related to the critical
invadopodia protein, Tks5/FISH, which we named Tks4. We hypothesized that Tks4
is also a key component in the formation of invadopodia.
The Tks4 protein contains an amino-terminal Phox homology domain, four
SH3 domains, multiple proline-rich motifs, and several Src phosphorylation sites. We

xiii

found that Tks4 is localized to invadopodia in a variety of cell types, including Srctransformed fibroblasts and melanoma cells. Using Src-transformed fibroblasts as a
model system, we found that Tks4 is required for both the formation and function of
invadopodia. Depletion of Tks4 resulted in the formation of a “pre-invadopodia”
structure, where many of the required structural and accessory proteins are
appropriately localized. However, these pre-invadopodia structures failed to degrade
the ECM, in large part because the matrix-degrading proteinase MT1-MMP was not
properly localized and/or activated.
We next showed that Tks4 is a critical component in melanoma cell invasion
and metastasis. Knockdown of Tks4 in human melanoma cells resulted in decreased
degradation of extracellular matrices and decreased proliferation in 3-dimensional
(3D) collagen-I matrix, as well as a significant reduction of metastases using an in vivo
experimental lung metastasis assay. This decreased invasive capacity of Tks4knockdown melanoma cells correlates with the decreased surface expression of MT1MMP. We found that Tks4 regulates the cell surface localization of MT1-MMP via an
RxxxxK motif in its cytoplasmic tail. Based on these results, we propose a model in
which Tks4 regulates MT1-MMP localization, and therefore the function of
invadopodia.
A deeper understanding of the mechanisms regulating invadopodia formation
and controlling the activity of MT1-MMP may provide novel targets for the
development of anti-cancer therapeutics.

xiv

Chapter I

Introduction:
Invadopodia are important cell structures for cancer cell
invasion and metastasis

1

2
Introduction and Summary
Invadopodia and podosomes are dynamic actin-rich cell membrane protrusions
that emanate from the ventral surface of invasive and migratory cells in. These cell
structures display focal proteolytic activity towards the extracellular matrix (ECM), as
well as serving as attachment sites to the matrix (Gimona et al., 2008; Stylli et al.,
2008; Linder, 2009). As a result, invadopodia and podosomes function as a key
component in cell migration and invasion. Although invadopodia and podosomes are
remarkably similar in both structure and function, the current standard is to refer to
these structures as podosomes in normal/untransformed cells, and as invadopodia in
invasive cancer cells and src-transformed fibroblasts. Invadopodia were first identified
and described in Src-transformed fibroblasts (Chen et al., 1985; Tarone et al., 1985;
Chen and Wang, 1999). However, they have since been described in a variety of
invasive cancer cells including melanomas (Mueller et al., 1999; Baldassarre et al.,
2003; Nakahara et al., 2003; Tague et al., 2004; Seals et al., 2005), breast carcinomas
(Hashimoto et al., 2004; Lorenz et al., 2004; Seals et al., 2005; Artym et al., 2006),
head and neck carcinomas (Clark et al., 2007; Diaz et al., 2009), and gliomas (AngersLoustau et al., 2004; Chuang et al., 2004). Podosomes have been reported in many
normal cell types whose physiological role requires the ability to degrade and remodel
basement membrane and/or the ECM, such as macrophages (Linder et al., 1999),
dendritic cells (Burns et al., 2001) and osteoclasts (Destaing et al., 2003). Upon
stimulation by growth factors or phorbol esters, podosomes can form in vascular
smooth muscle and endothelial cells (Burgstaller and Gimona, 2005; Osiak et al.,
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2005; Tatin et al., 2006). These dynamic cellular structures contribute to cell
migration and invasion and have been the target of a great deal of recent research.

Invadopodia and Podosomes: similar but different?
Although podosomes and invadopodia share common protein components and
signaling pathways, they do differ in several minor regards. These differences can be
visualized in Figure 1.1. Typically podosomes differ from invadopodia in size,
abundance and duration. In comparison to invadopodia in cancer cells, podosomes are
significantly smaller. An average podosome has a diameter of 0.5-1.0 µm and a
maximum depth of 0.4 µm, whereas invadopodia can measure up to 8 µm in diameter
and have a maximum depth of 5 µm (Linder, 2007, 2009). Podosomes also tend to be
much more numerous in the cell. For example, macrophages often form more then 100
podosomes per cells, while cancer cells normally form less then ten invadopodia per
cell (Linder, 2007, 2009). Podosomes also have a much shorter half-life and typically
turnover in 2-12 minutes (Linder, 2007). In contrast, invadopodia have a half-life of
one hour (Linder, 2007). Invadopodia also display considerably more proteolytic
activity towards the matrix. This increased proteolytic activity of invadopodia, when
compared to podosomes, can be accounted for by the increased size and duration of
invadopodia. The specific mechanism(s) controlling the differences between
invadopodia and podosomes, if any, remains muddled and will of considerable interest
to the field.
One recent paper by Oser et al., attempted to address these potential
differences. The authors propose that the localization patterns of Nck1 and Grb2 can
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Figure 1.1: Invadopodia and Podosomes. Invadopodia and
Podosome structures were visualized in IC21 macrophage, Srctransformed fibroblasts, A375 melanoma and Hs578t breast carcinoma
cells.
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differentiate between invadopodia and podosomes. Nck1 and Grb2 are related adapter
proteins involved in signaling cascades that, among other things, regulate the
activation of N-WASP and polymerization of F-actin in invadopodia/podosomes. The
authors found that Nck1 only localizes to invadopodia in metastatic cancer cells, but
not to podosomes. They also found that Grb2 only localizes to podosomes, but not to
invadopodia. They suggest that activation of upstream actin-polymerization pathways
differ between invadopodia and podosomes, and these different pathways signal
through either Nck1 or Grb2 (Oser et al.). However, unpublished research from our
laboratory found that both Nck1 and Grb2 localize with invadopodia structures in Srctransformed fibroblasts. Our results suggest that this proposed model differentiating
between invadopodia and podosomes is flawed and may be oversimplified.
Several recent reports suggest that the apparent differences between
invadopodia and podosomes may simply be due to the environment in which they are
cultured. For example, when human macrophages are cultured in 2-D, they form
classic podosomes similar to those in Figure 1.1. However, when these same cells are
embedded in a 3-D matrix the structures look wholly different. These 3-D podosomelike structures co-localize with the same protein markers. However there are on
average five of these structures per cell, when compared to more then 50 per cell in 2D. The 3-D structures are also larger in both surface area and diameter (Van Goethem
et al. 2010). In addition, dendritic cells were also recently reported to form very long
and invasive podosome protrusions when they are plated on a thick layer ECM
(Gawden-Bone et al. 2010). These 3-D podosome-like structures share many attributes
that are similar to invadopodia. Comparable 3-D dimensional invadopodia/podosome-
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like structures are visualized when invasion cancer cell are embedded in 3-D matrix,
further suggesting that these structures are highly related, if not the same.

Components and Structure of Invadopodia
Invadopodia/podosomes have a distinct structure that separates them from
other actin-based cellular protrusion, such as focal adhesions. They consist of a unique
core structure made up of F-actin and various actin-regulatory proteins. This actin-rich
core is surrounded by a ring structure composed of adhesion, signaling and adaptor
proteins (Linder and Kopp, 2005; Linder, 2007). This diverse set of proteins localized
to invadopodia/podosomes can loosely be categorized based on their functional role in
adhesion, signaling, regulation of actin, and proteolysis of the ECM.
The integrin family of transmembrane receptor proteins makes up the major
adhesion component of invadopodia. Integrins are heterodimeric receptors that
mediate the attachment of the cell to the surrounding ECM. These integrin-ECM
complexes are then linked to the actin cytoskeleton network by actin-binding proteins
such as α-actinin, talin, and vinculin (Calderwood et al., 2000; Vicente-Manzanares et
al., 2009). Research has identified a variety of integrin complexes (ανβ1, α2β1, α3β1,
α5β1, α6β1, ανβ3, α6β4) that are enriched at invadopodia structures (Mueller and
Chen, 1991; Nakahara et al., 1996; Nakahara et al., 1998; Mueller et al., 1999;
Deryugina et al., 2001). However, integrins may play additional roles in invadopodia
other than functioning purely as attachment complexes. These adhesion-mediating
receptors have the unique ability to also stimulate signaling cascades upon binding to
matrix components. In particular, the Src family kinases (SFKs) and focal adhesion
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kinase (FAK) are activated by integrins (Mitra and Schlaepfer, 2006). These integrinmediated signaling events play a significant role in the formation of invadopodia
(Hauck et al., 2002; Alexander et al., 2008). The exact role of integrins and integrinmediated signaling cascades in invadopodia formation remains unclear. It is unknown
whether integrins are recruited to invadopodia once they are already formed, or if
integrins play an integral role the initiation of invadopodia formation.
Cell adhesion at invadopodia can also occur through CD44. This
transmembrane receptor has multiple ligands, including hyaluronic acid, fibronectin,
and type-I and -IV collagens. Both osteoclast podosomes (Chabadel et al., 2007; Saltel
et al., 2008) and invadopodia (Vikesaa et al., 2006; Sung et al., 2009) are enriched in
CD44. Interestingly, this receptor is required for invadopodia formation in HeLa cells
(Vikesaa et al., 2006), suggesting that adhesion receptors are important for the
formation of invadopodia. However, the specific role of CD44 in formation of
invadopodia or podosomes has yet to be determined.
Invadopodia are regulated by multiple cell signaling pathways. Invadopodia
were first described in fibroblasts that were transformed with v-Src from the rous
sarcoma virus (Chen et al., 1985; Tarone et al., 1985). The Src kinase pathway still
appears to be the master-regulator pathway in the formation and function of
invadopodia. Inhibition of Src family kinases (SFKs) activity with chemical inhibitors,
such as PP2 or SU6656, results in the inhibition of invadopodia function and the rapid
disassembly of invadopodia structures (Oikawa et al., 2008). The kinase activity of
Src is required to form invadopodia, as expression of the kinase dead (K295R) Src
construct acts in a dominant-negative fashion and inhibits the invadopodia formation
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(Artym et al., 2006). While activated Src kinase is an important component of
invadopodia formation and function, it was recently reported that wild-type c-Src also
plays a critical role in invadopodia function. Expression of constitutively active
(Y527F) Src or v-Src kinase in cells null for the SFK members Src, Yes, and Fyn
(SYF cells) resulted in incomplete invadopodia that were not able to degrade the
ECM. These incomplete invadopodia were completely rescued by the re-expression of
wild type c-Src in the Src-transformed SYF cells (Kelley et al. 2010). These results
suggest that Src activity must cycle on and off for mature invadopodia formation, and
implicate a role for c-terminal Src kinase (CSK). Invadopodia, both in Src-transformed
fibroblasts and cancer cells, are rich in tyrosine-phosphorylated proteins. Src kinase
phosphorylates a large population of proteins that are critical for invadopodia
formation and function. These proteins include cortactin (Artym et al., 2006; Bowden
et al., 2006), Grb2 (Oikawa et al., 2008), paxillin (Badowski et al., 2008), vinculin
(Mueller et al., 1992), AMAP1/ASAP1 (Bharti et al., 2007), and Tks5 (Abram et al.,
2003; Seals et al., 2005). The critical roles of Src kinase activity and its downstream
signaling cascades in invadopodia formation are well established. However, the nature
of its upstream activation has yet to be fully investigated. In other cellular systems, Src
kinase has been linked downstream of both integrin receptors and growth factor
receptor tyrosine kinases (RTKs). Src kinase could be signaling downstream of
integrins and/or RTKs during invadopodia formation.
A recent study showed that the Abl family kinases, Arg and Abl, are also key
regulators of invadopodia. Abl kinases are non-receptor tyrosine kinases that were first
identified in chronic myeloid leukemia (CML), where a chromosomal translocation
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results in the creation of an oncogenic fusion protein between BCR and Abl. They
have since been shown to signal downstream of Src in RTK signaling pathways and
are implicated in the regulation of cell migration, adhesion, and actin dynamics
(Pendergast, 2002). In Src-transformed fibroblast, Abl and Arg were shown to regulate
Src-induced invadopodia formation, as well as the recruitment of membrane type 1
metalloproteinase (MT1-MMP) to invadopodia (Smith-Pearson et al. 2010). Since the
Abl kinases were also shown to phosphorylate many invadopodia components that are
also Src-substrates, such as cortactin, N-WASP and WAVE (Pendergast, 2002), these
results suggest that the Abl and Src kinases are functioning in concert with one
another.
Several GTPases can also regulate invadopodia formation. The Rho-family
GTPases, Rac1, RhoA, and Cdc42, are important regulators of cell migration and the
actin cytoskeleton (Raftopoulou and Hall, 2004). Consequently, it is not a surprise that
these three GTPases are involved in the formation and regulation of invadopodia.
Depletion of Rac1 from glioma or melanoma cells inhibited the formation of
invadopodia and resulted in decreased cell invasion (Nakahara et al., 2003; Chuang et
al., 2004). Cdc42 is required for the formation of invadopodia in invasive breast
cancer cells (Pichot et al.; Yamaguchi et al., 2005). Active RhoA is localized to
invadopodia in Src-transformed fibroblasts. Inhibition of active RhoA, using either a
specific inhibitor of RhoA or dominant-negative RhoA, resulted in decreased
invadopodia formation and proteolytic degradation of the ECM (Berdeaux et al.,
2004). These Rho-family GTPases are all thought to regulate actin assembly and
turnover (Raftopoulou and Hall, 2004). Although, Rac1, RhoA, and Cdc42 have all
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been shown to be critical for invadopodia formation in various cell types, their exact
mechanism of function in invadopodia remains unclear. It is possible that they might
have partially overlapping or cell type-specific roles. Since, invadopodia are very
dynamic actin structures, it also remains possible that all three Rho family GTPases
are required to fine-tune the actin assembly and turnover.
Dynamin is a GTPase that is critical for endocytosis and actin cytoskeleton
dynamics. Dynamin-2 is localized to and required for the formation and function of
podosomes in osteoclasts (Ochoa et al., 2000; Bruzzaniti et al., 2005) and invadopodia
in melanoma cells (Baldassarre et al., 2003). The role of dynamin-2 in invadopodia
formation and function may be two-fold. Dynamin-2 can stimulate invadopodia
formation by activating Rac1- (Schlunck et al., 2004) or cortactin-dependent (Schafer
et al., 2002) actin polymerization. In addition, dynamin-2 can also regulate
intracellular vesicle transport to invadopodia. Specifically, dynamin-2 was found to
regulate the cell surface expression of MT1-MMP at invadopodia (Wu et al., 2005).
Dynamins are key regulators of membrane endocytosis and most likely regulate the
cell surface expression of many invadopodia components.
Similar in function to dynamin-2, ARF6, a member of the Ras-GTPase family,
can also regulate both intracellular vesicle trafficking and actin dynamics. ARF6 is
localized to invadopodia in invasive breast cancer and melanoma cells (Hashimoto et
al., 2004; Tague et al., 2004). Inhibition of ARF6, either by siRNA knockdown or
inhibition of upstream pathways, blocked the formation of invadopodia in these cells
and decreased invasion through a matrigel matrix. It has been suggested that ARF6
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may be functioning to regulate the intracellular trafficking of ECM-degrading
proteinases to invadopodia structures (Tague et al., 2004).
Invadopodia are also rich in many adaptor or scaffold proteins. These adaptor
proteins function to connect the various diverse components of invadopodia and often
serve as a bridge between the signaling components and actin-polymerization
machinery. There are three main adaptor proteins that are absolutely critical for
invadopodia: N-WASP, cortactin, and Tks5.
Wiskott-Aldrich Syndrome protein (WASP) was originally identified as the
gene product that is mutated in the hereditary disease Wiskott-Aldrich syndrome
(Derry et al., 1994). Wiskott-Aldrich syndrome is an immunodeficiency disease
caused by a cell motility defect in hematopoietic cells. WASP expression is restricted
to hematopoietic cells; however, the related and functionally homologous neuralWiskott-Aldrich Syndrome protein (N-WASP) is ubiquitously expressed (Miki and
Takenawa, 2003). N-WASP functions to link the signaling pathways to the actin
cytoskeleton. Under basal conditions, N-WASP is held in an autoinhibitory-closed
confirmation and is activated either directly or by binding to other signaling adaptor
proteins. Src, Cdc42, Abl, or other kinases can directly phosphorylate and activate NWASP, leading to an open conformation of the protein. This activated N-WASP will
then bind to and activate the Arp2/3 complex, leading to actin polymerization and the
formation of invadopodia (Miki and Takenawa, 2003; Yamaguchi et al., 2005). The
signaling intermediate proteins cortactin, Tks5, Nck, and Grb2 can also activate NWASP (Takenawa and Suetsugu, 2007; Oikawa et al., 2008; Stylli et al., 2009). NWASP plays a critical role in the regulation of invadopodia, as knockdown of the
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protein in a variety of cancer cells results in an inhibition of invadopodia and
decreased cell invasion (Takenawa and Suetsugu, 2007).
Cortactin is another adaptor protein that is essential for invadopodia formation.
The role of cortactin in invadopodia is two-fold. Cortactin functions in the stimulation
of actin polymerization, as well as in the recruitment of MMPs to invadopodia. Similar
to N-WASP, cortactin operates as a link between the signaling networks and the actin
cytoskeleton. Upon activation by upstream kinases, cortactin can interact with the
Arp2/3 complex and activate actin polymerization (Uruno et al., 2001; Weaver et al.,
2001). As previously stated, cortactin can also cause actin-polymerization by
activating N-WASP upstream of Arp2/3 (Takenawa and Suetsugu, 2007). Cortactin
activation is most likely a very early event in invadopodia formation because it is
upstream of both Arp2/3 and N-WASP in the invadopodia formation cascade. In
accordance, live-cell imaging showed that cortactin localization is an early occurrence
in invadopodia formation, preceding both actin polymerization and MMP recruitment
(Artym et al., 2006). Cortactin may also play a role in the recruitment of matrixdegrading proteinases to invadopodia. Overexpression of cortactin dramatically
increased ECM degradation and the surface expression and secretion of matrix
metalloproteinases (MMPs), while triggering only a minor increase in invadopodia
number (Clark et al., 2007), suggesting that cortactin performs a distinct function in
recruiting matrix-degrading proteinases to invadopodia, separate from its actin
polymerization function.
Tyrosine kinase substrate 5 (Tks5) is a large adaptor protein that is critical for
invadopodia formation and function (Abram et al., 2003; Seals et al., 2005). Tks5 has
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an amino-terminal Phox-homology (PX) domain and five src-homology-3 (SH3)
domains. The PX domain localizes the protein to invadopodia via an interaction with
the invadopodia-rich membrane lipid phosphatidylinositol-3,4-bisphosphate (PI-3,4P2)
(Abram et al., 2003). Src kinase phosphorylates and activates Tks5 at invadopodia,
presumably by releasing it from an autoinhibitory-closed confirmation. Once
phosphorylated, Tks4 can interact with Grb2, Nck, and N-WASP, leading to the
stimulation of Arp2/3-mediated actin polymerization and the formation of invadopodia
(Oikawa et al., 2008; Stylli et al., 2009). Additionally, the fifth SH3 domain of Tks5
binds several members of the ADAMs (A Disintegrin And Metalloproteinase)
transmembrane metalloproteinase family (Abram et al., 2003). This suggests that Tks5
may also have a distinct function in both actin polymerization and proteinase
recruitment to invadopodia.
Proteinases are often thought of as the business end of invadopodia. Invasive
cells will use proteinases to degrade and remodel the ECM. Several serine and
metalloproteinases are associated with invadopodia.
Dipeptidyl peptidase IV (DPP4) and seprase (also called fibroblast activation
protein or FAPα) are related serine proteinases that are found in invadopodia and
podosomes (Monsky et al., 1994; Ghersi et al., 2006). The invasive properties of
activated endothelial cells was inhibited when neutralizing antibodies against DPP4
and seprase were used to inhibit the proteinase activity (Ghersi et al., 2006). In
addition, inhibition of DDP4 in a rat model of breast cancer significantly reduced the
number of lung metastasis (Chen and Kelly, 2003). These results all suggest a
significant role for DDP and seprase in invadopodia function and cancer cell invasion.
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However, the literature on these two serine proteinases and invadopodia function
remain under-represented and will need to be further investigated.
A second family of proteinases found at invadopodia is the ADAMs (A
Disintegrin And Metalloproteinases). These are multifunctional transmembrane
proteases. The ADAMs are characterized by an extracellular metalloproteinases
domain and a disintegrin domain. The disintegrin domain functions as an interaction
point with the integrin receptors. In addition many ADAMs family members contain
an intracellular domain, which can sever as a scaffolding site for intracellular signaling
complexes (Seals and Courtneidge, 2003). The several members of the ADAMs are
located at invadopodia, however their exact function in invadopodia remains unclear.
They may simply function in the cleavage of ECM, either directly or by activating
other ECM-degrading proteinases. Alternatively, ADAMs may function as a sheddase,
releasing growth factors that may stimulate invadopodia formation and/or function.
Via the disintegrin domain, ADAMs may also function to cluster integrins and
regulate their function. The intracellular domain of several ADAMs can interact with
critical invadopodia proteins, such as Tks5 and Src (Abram et al., 2003). This
intracellular domain may function as a scaffold for invadopodia signaling complexes.
It is likely that the ADAMs proteins may play more then one role in invadopodia
regulation.
The most studied, and perhaps the most important, family of proteinases in
invadopodia are the matrix metalloproteinases (MMPs). MMPs are zinc-dependent
endopeptidases that were initially indentified for their ability to cleave various
components of the extracellular matrix. However, more recent research has shown that
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MMPs have diverse and multiple functions, and are capable of cleaving a wide variety
of substrates in addition to components of the ECM. Other cleavage substrates of
MMPs now also include cytokines, growth factors, and extracellular receptors.
Overall, there are 24 members of the MMP family. A majority of these MMPs are
secreted from cells into the extracellular space. There are also six membrane-type
MMPs (MT-MMPs), which are membrane-bound by a transmembrane domain or a
glycosylphosphatidylinositol (GPI) anchor. In particular, three MMPs, MMP-2, MMP9, and MMP-14 (or MT1-MMP), are localized to invadopodia.
MMP-2 (or Gelatinase A) and MMP-9 (Gelatinase B) are highly related
secreted proteinases that can cleave various collagen components of the ECM. They
may also play a role in the cleavage and release of growth factors, such as TGF-β, and
cell surface receptors (Page-McCaw et al., 2007). MMP-2 is localized to invadopodia,
in both Src-transformed fibroblast cells (Monsky et al., 1993) and melanoma cells
(Deryugina et al., 2002), and MMP-9 is localized to invadopodia in leukemia cells
(Redondo-Munoz et al., 2006). Additionally, MMP-2 and -9 are important
components of podosomes in non-transformed cells. MMP-2 is localized to PMAinduced podosomes in endothelial cells (Tatin et al., 2006) and MMP-9 is in osteoclast
podosome rings (Sato et al., 1997).
These MMPs are secreted from cells in an inactive zymogen form, where the
autoinhibitory pro-domain loops over and binds the catalytic domain, inhibiting its
catalytic function. They become active proteinases when the pro-domain is removed
(Page-McCaw et al., 2007). MMP-2 is cleaved and activated by a multi-step process
that involves the membrane type-MMP, MT1-MMP (MMP-14). The tissue-inhibitor
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of metalloproteinases-2 (TIMP-2) protein will bind to both MMP-2 and the
membrane-bound dimmer of MT1-MMP, forming a large complex. The MT1-MMP
will then cleave a portion of the pro-domain, allowing the further cleavage and
activation of the proteinase by the already active MMP-2 molecule (Strongin et al.,
1995). The cellular mechanism for MMP-9 activation is unknown; however, it is
possible that a similar activation cascade may be required for its activation.
Because MMP-2 and -9 are secreted into the extracellular space, they must be
tethered to the membrane to localize to invadopodia. MMP-2 may be localized to
invadopodia via this interaction with TIMP-2 and MT1-MMP. Both MMP-2 and -9
contain several fibronectin type II repeat domains and a hemopexin domain. The
primary function of these domains is thought to be for cleavage substrate specificity
(Gehrmann et al., 2004). However these domains could also potentially function in
localizing the secreted protein to the cell surface, as they also have been shown to
interact with various glycoproteins (Wallon and Overall, 1997).
The transmembrane matrix metalloproteinase MT1-MMP (MMP-14) is a
major proteinase component of invadopodia. MT1-MMP is localized to invadopodia
in a wide variety of cancer cells, including Src-transformed fibroblasts, melanoma,
and breast carcinoma (Deryugina et al., 2001; Artym et al., 2006; Buschman et al.,
2009). In addition, MT1-MMP is localized to podosomes in osteoclasts and stimulated
endothelial cells (Sato et al., 1997; Osiak et al., 2005; Tatin et al., 2006). Of all the
MMPs, MT1-MMP appears to play the most significant role in cancer cell invasion
(Sabeh et al., 2004). This could be in part to its diverse set of cleavage substrates.
MT1-MMP can cleave the follow ECM components: type-I, -II, and –III collagens,
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gelatin, fibronectin, fibrin, laminins 1 and 5, and vitronectin. It can also act as a
sheddase, cleaving cell surface proteins such as CD44, RANKL, syndecan, and αν
integrin (Poincloux et al., 2009). MT1-MMP is also directly responsible for the
cleavage and activation of other MMPs, including MMP-2 (Strongin et al., 1995).
Another important feature that sets the membrane-bound MT-MMPs, including
MT1-MMP, apart from the secreted MMPs is the transmembrane domain. Regulation
of these MT-MMPs is much more complex then the secreted MMPs. These MMPs are
cleaved and activated intracellularly by the furin-like serine proteinases (Page-McCaw
et al., 2007). Therefore, when MT1-MMP reaches the cell surface its activity must be
regulated by several other mechanisms. The subcellular localization of MT1-MMP is
one important regulatory component of its function. The localization of MT1-MMP is
controlled by a complex network of both endocytosis and exocytosis intracellular
transport mechanisms. It is endocytosed by clathrin-mediated and caveolar-mediated
pathways (Jiang et al., 2001; Remacle et al., 2003). Once MT1-MMP is internalized, it
can either be targeted for degradation in the lysosome, or recycled back to the cell
surface, where it can localize to invadopodia. The cytoplasmic tail domain of MT1MMP is absolutely required for regulating its localization and activity. Mutant
constructs lacking the cytoplasmic tail domain are mislocalized. They are not
efficiently recycled and are unable to induce cell migration and invasion (Lehti et al.,
2000; Uekita et al., 2001; Li et al., 2008). The exact mechanisms modulating MT1MMP recruitment and stabilization at invadopodia have yet to be fully understood and
will surely be point of emphasis in future studies.
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Considerable progress has been made in the field of invadopodia research in
resent years. Many new structural and signaling components involved in both the
formation and function of invadopodia have been identified. Although these structures
continue to be identified in a diverse set of cell types, suggesting their importance in a
variety of biological processes, a majority of invadopodia research has focused on
their role in cancer progression.

Cancer Progression and Invadopodia
Transformation of normal cells of the body into tumorigenic cancer cells is a
multi-step process, involving the alteration of numerous cellular processes. In their
seminal review “The Hallmarks of Cancer”, Doug Hanahan and Robert Weinberg
propose the model that all cancers, regardless of type, acquire the same six essential
functional capabilities (Hanahan and Weinberg, 2000). Cancer cells must develop, 1)
self-sufficiency in growth signals, 2) an insensitivity to anti-growth signals, 3) an
avoidance of apoptosis signaling, 4) limitless replicative ability, 5) sustained tumor
angiogenesis and 6) tissue invasion and metastasis. Although each separate cancer
must acquire these six “hallmarks of cancer”, each of these hallmarks can be acquired
in a vast number of ways. This leads to a great complexity underlying tumor formation
and progression, and a subsequent complexity in the research searching to understand
tumor formation. Invadopodia may have essential functions in many of the six
hallmarks of cancer.
Invadopodia are critical regulators of tissue invasion and metastasis, and it is
this specific hallmark of cancer that invadopodia are most associated with and studied.
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Metastasis formation is a complex process involving multiple steps. Invasive tumor
cells must first degrade the surrounding basement membrane and invade through the
dense ECM network in order to reach the circulatory or lymphatic system. The tumor
cells intravasate into the vessel, which they can use to travel to distant tissues. Once at
sites of distant metastases, the cells must then extravasate out of the vessel, and into
the tissue, where may proliferate and form secondary tumors. However, extravasation
from blood vessels is not a thought to be limiting step, because untransformed and
non-invasive cells can freely extravasate (Koop et al., 1994; Morris et al., 1994;
Podsypanina et al., 2008). This complex process requires the invasive tumor cells to
degrade and invade through large amounts of ECM barriers. Many invasive cells will
use invadopodia to accomplish this task.
In keeping with this hypothesis, several studies show that key invadopodia
components regulate cancer cell tissue invasion and metastasis. One good example is
cortactin. Cortactin is a key regulatory component of invadopodia that is also overexpressed in a variety of invasive human cancers (Weaver, 2008). Several studies have
shown that cortactin regulates tumor growth and metastasis formation. Knockdown of
cortactin in esophageal squamous cell carcinoma cells results in both decreased
subcutaneous tumor growth and experimental lung metastasis (Luo et al., 2006).
Overexpression of cortactin in breast carcinoma cells results in an increased number of
metastases to the bone (Li et al., 2001), while having no effect on the primary tumor
size. Interestingly, mutation of the three Src tyrosine phosphorylation sites in cortactin
led to decreased metastasis (Li et al., 2001). These three Src phosphorylation sites in
cortactin were later shown to be critical for the formation of invadopodia (Webb et al.,
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2007), suggesting that metastasis formation may be dependent on invadopodia
formation.
A second example is MT1-MMP, one of the major ECM degrading proteinases
that localize to invadopodia. Although MT1-MMP has not specifically been shown to
be required for invadopodia formation, its proteolytic activity is required for
invadopodia function, as measured by ECM degradation and invasion assays
(Poincloux et al., 2009). The role of MT1-MMP in tissue invasion and metastasis is
well studied. Enhanced expression of the enzyme results in an increase in metastatic
tumor growth in an experimental metastasis assay (Tsunezuka et al., 1996).
Furthermore, depletion of MT1-MMP, either by RNAi or genetic means, or inhibition
of its catalytic activity by blocking antibodies, results in an inhibition of metastasis
formation (Hotary et al., 2003; Szabova et al., 2008; Devy et al., 2009). While it
remains possible that MT1-MMP might also function in an invadopodia-independent
manner, the great enrichment of the enzyme at actively degrading invadopodia
structures strongly suggests that MT1-MMP is functioning at invadopodia.
Invadopodia functions are typically associated with tissue invasion and
metastasis and indeed a majority of the data on invadopodia suggests a significant role
for invadopodia in these functions. They might also potentially function in other areas
of cancer progression. Another hallmark of cancer is sustained tumor angiogenesis.
Angiogenesis, the growth of new blood vessels, is crucial to supply oxygen and other
required nutrients to the tumor cells (Hanahan and Weinberg, 2000). Tks5 is a critical
regulatory protein that is required for the formation of invadopodia in a variety of
cancer cells (Seals et al., 2005). Depletion of Tks5 resulted in decreased subcutaneous
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tumor growth and these Tks5-deficient tumors show a significant decrease in tumor
vascularization (Blouw et al., 2008). While more research is needed to further
investigate this process, these results suggest that invadopodia may also mediate tumor
angiogenesis. It can be hypothesized that invadopodia are also functioning as “hotspots” of sheddase activity and these dense clusters of MMPs are releasing VEGF and
other pro-angiogenic factors. Consistent with this hypothesis, MMP-9, a known
component of invadopodia, can activate angiogenesis by releasing soluble VEGF from
tumors (Bergers et al., 2000).

CONCLUDING REMARKS
These unique actin-rich cell membrane protrusions are important structures for
cell migration and invasion. In particular, recent research has shown that they are
important for cancer cell invasion and metastasis. However, there are many open
questions that remain to be answered about the formation and regulation of
invadopodia in cancer progression. The mechanism(s) and signals that regulate the
formation of invadopodia and the regulation of ECM degradation need to be further
delineated. A majority of research has focused on the role of invadopodia in tissue
invasion. Future research will be important to determine what contributions, if any,
invadopodia make to other areas of cancer progression. Invadopodia are dense
arrangements of signaling and adhesion components, as well as proteinases that can
release and activate cytokines, growth factors, and various receptors. Therefore, one
could hypothesize that invadopodia may also play a significant role in growth factor
signaling pathways and in obtaining self-sufficiency in growth signals.
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Chapter II

The Novel Adaptor Protein Tks4 (SH3PXD2B) Is Required
for Functional Invadopodia Formation
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ABSTRACT
Metastatic cancer cells have the ability to both degrade and migrate through the
extracellular matrix (ECM). Invasiveness can be correlated with the presence of
dynamic actin-rich membrane structures called invadopodia or podosomes. We
showed previously that the adaptor protein tyrosine kinase substrate with five Src
homology 3 domains (Tks5)/Fish is required for podosome/invadopodia formation,
degradation of ECM, and cancer cell invasion in vivo and in vitro. Here, we describe
Tks4, a novel protein that is closely related to Tks5. This protein contains an aminoterminal Phox homology domain, four SH3 domains, and several proline-rich motifs.
In Src-transformed fibroblasts, Tks4 is tyrosine phosphorylated and predominantly
localized to rosettes of invadopodia. We used both short hairpin RNA knockdown and
mouse embryo fibroblasts lacking Tks4 to investigate its role in invadopodia
formation. We found that lack of Tks4 resulted in incomplete invadopodia formation
and inhibited ECM degradation. Both phenotypes were rescued by reintroduction of
Tks4, whereas only invadopodia formation, but not ECM degradation, was rescued by
overexpression of Tks5. The tyrosine phosphorylation sites of Tks4 were required for
efficient rescue. Furthermore, in the absence of Tks4, membrane type-1 matrix
metalloproteinase (MT1-MMP) was not recruited to the incomplete invadopodia.
These findings suggest that Tks4 and Tks5 have overlapping, but not identical,
functions, and implicate Tks4 in MT1-MMP recruitment and ECM degradation.
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INTRODUCTION
In recent years, there has been increasing interest in defining the mechanisms
by which cancer cells acquire invasive behavior. In particular, dynamic membrane
structures called podosomes or invadopodia have been shown to play an important role
in invasive cell motility and extracellular matrix (ECM) degradation (reviewed in
Linder, 2007; Gimona et al., 2008). Invadopodia are actin-rich membrane protrusions
that coordinate the cytoskeleton with extracellular proteolysis. Invadopodia have been
found in many different types of invasive human cancer cells, and they are particularly
well studied in breast cancer and melanoma as well as Src-transformed fibroblasts, in
which they were first discovered (Chen et al., 1985; Tarone et al., 1985; Chen and
Wang, 1999).

Several normal cell types whose physiological roles require motility and ECM
degradation can also form podosomes/invadopodia (Linder and Aepfelbacher, 2003).
This list includes osteoclasts, macrophages, endothelial cells, and vascular smooth
muscle cells. Current convention is to call the structures that exist in normal cells
podosomes, and to use the term invadopodia for those structures found in invasive
cancer cells and Src-transformed fibroblasts (Gimona et al., 2008). Although some
investigators have noted structural differences between podosomes and invadopodia,
few molecular differences have been described. This leaves open the possibility that
differences in culture conditions may influence podosome/invadopodia architecture
and function. Indeed, a recent article reported that extracellular matrix rigidity
influences both the number and activity of invadopodia (Alexander et al., 2008). Our
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understanding of the protein components of podosomes and invadopodia has deepened
in recent years, and we are also beginning to learn the signals that promote the
formation and turnover of these structures. Ultimately, the study of both podosomes
and invadopodia may yield new targets for cancer therapeutics.

Many of the original studies on podosomes/invadopodia were conducted in
Src-transformed fibroblasts, and this continues to be a rich model system to study their
structure and function. These cells are highly invasive both in vitro and in vivo, and
the invadopodia are abundant and arranged in characteristic rings known as rosettes.
Furthermore, several lines of evidence point to a physiological role for Src in both
podosome and invadopodia formation. For example, mice lacking Src develop
osteopetrosis because of a podosome defect of osteoclasts (Soriano et al., 1991; Boyce
et al., 1992; Lowe et al., 1993). The transforming growth factor-β–stimulated
podosome formation seen in aortic endothelial cells requires Src (Varon et al., 2006).
And Src is also required for invadopodia formation in human breast cancer cells
(Artym et al., 2006; Cortesio et al., 2008). In keeping with a role for Src in
podosome/invadopodia formation, many Src substrates are obligate invadopodia
components, including cortactin, AFAP110, paxillin, p130Cas, ASAP1, and dynamin
(Baldassarre et al., 2003; Brabek et al., 2004; Gatesman et al., 2004; Webb et al.,
2006; Bharti et al., 2007; Clark et al., 2007; Badowski et al., 2008).

Some years ago, we cloned a new Src substrate, and we showed that it
localized to invadopodias of Src-transformed fibroblasts (Lock et al., 1998; Abram et
al., 2003). We originally called this protein Fish, but we now designate it as tyrosine
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kinase substrate with five Scr homology 3 (SH3) domains (Tks5, gene symbol
SH3PXD2A), Tks5 is a large adaptor or scaffold protein with an amino-terminal Phox
homology or PX domain, and five SH3 domains. It also contains several proline-rich
motifs and at least two Src phosphorylation sites. Our subsequent experiments using
short hairpin RNA (shRNA)-mediated reduction in Tks5 expression in Srctransformed fibroblasts (Src-3T3) showed that it is required for invadopodia
formation, ECM degradation, and invasion through Matrigel (Seals et al., 2005). We
also found that Tks5 is overexpressed in several human cancer cell lines and tissues.
Knockdown of Tks5 in melanoma and breast cancer cells results in decreased proteasedependent invasion. Furthermore, expression of Tks5 in a noninvasive breast cancer
cell line results in the formation of invadopodia (Seals et al., 2005). Together, these
data suggest that Tks5 is an essential scaffold protein of podosomes/invadopodia. We
went on to test the tumorigenicity of Src-3T3 cells with and without Tks5 knockdown
(Blouw et al., 2008). We found that tumor growth of the Tks5 knockdowns is inhibited
regardless of whether tumor cells are introduced subcutaneously or intravenously (to
give rise to experimental lung metastases). The most obvious defects in the tumors
arising from the knockdown cells is a poorly developed tumor vasculature. These data
are

consistent

with

a

role

of

Tks5,

and

perhaps

by

implication,

podosomes/invadopodia, in tumor growth in vivo. We are currently investigating
whether Tks5 is required for proteolytic processing of vascular growth factors in the
tumor microenvironment.

Because Tks5 has no catalytic activity, it is likely to act by bringing together
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key regulators of podosomes/invadopodia. We have shown previously that its PX
domain,

which

binds

phosphatidylinositol-3,4-bisphosphate

(PI-3,4P2)

and

phosphatidylinositol-3-phosphate (PI 3-P), is required for the generation of
podosomes/invadopodia (Abram et al., 2003). The fifth SH3 domain of Tks5 binds the
transmembrane metalloproteases ADAMs 12, 15, and 19 (Abram et al., 2003). More
recently, it was shown that accumulation of PI-3,4P2 at focal adhesions results in the
recruitment of a Tks5–Grb2 complex (Oikawa et al., 2008). Subsequent binding of
neural Wiskott Aldrich syndrome protein (N-WASp) to Tks5 facilitates formation of
rosettes of invadopodias in Src-transformed fibroblasts.

When we originally cloned Tks5, which is encoded by the SH3PXD2A gene
on human chromosome 10, a search of available databases revealed no closely
homologous sequences. The nearest relative to Tks5 was p47phox, a component of the
NADPH oxidase system of phagocytic cells, which has one PX domain and two SH3
domains, arranged in a similar orientation to Tks5. More recently, however, in a search
of cDNA databases we found a sequence (derived from a mouse dendritic cell cDNA
library) that more closely resembled Tks5 and that we called Tks4 (Courtneidge et al.,
2005). Here, we describe our identification and initial characterization of this gene
product.
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RESULTS
Tks4, a New Member of the Tks Family of Adaptor Proteins.

After

our

initial finding of a cDNA with sequence similarity to Tks5 from a mouse dendritic cell
library (Courtneidge et al., 2005), we used public gene database searches to identify
further cDNAs in both mouse and human libraries. Genomic databases were also used
to map the gene to human chromosome 5, and mouse chromosome 11. The gene has
now been given the symbol SH3PXD2B. It encodes a theoretical protein with one PX
domain and four SH3 domains (Figure 2.1), which we propose to call Tks4, for
tyrosine kinase substrate with four SH3 domains. Both Tks4 and Tks5 genes can be
found in several species from fish (Danio rerio) to human. In simpler deuterostomes,
however, there seems to be a single Tks gene. In the tunicate Ciona intestinalis this
gene encodes a protein with one PX domain and three SH3 domains, whereas in the
sea urchin Strongylocentrotus purpuratus the predicted product has one PX domain
followed by four SH3 domains. Neither gene was found in organisms such as flies and
worms. We subsequently cloned Tks4 from both a mouse NIH-3T3 cell and a human
brain cDNA library, by using a PCR-based approach. The sequences of both clones
closely matched the sequences in the databases.
When comparing the human genes, the overall identity between Tks4 and Tks5
is 43%. The PX domains share 77% identity, the first SH3 domains are 81% identical,
the second are 68% identical, and the third are 70% identical. The fourth SH3 domain
of Tks4 is most similar to the fifth SH3 domain of Tks5 (57% identity). The sequences
between the SH3 domains, collectively called the linker sequences, are poorly
conserved with only 12% overall identity. Thus, Tks4 most resembles Tks5 in its PX
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Figure 2.1: Topology and expression of Tks4. (A) The structures of
Tks4 and Tks5 are shown. Dark gray boxes denote PX domains, and
light gray boxes are SH3 domains. Proline-rich motifs are shown as
PxxP, and phosphotyrosines as pY. (B) Tks4 mRNA levels were
measured in a variety of mouse tissue samples by Q-PCR. Results are
expressed relative to a value of 1 for 3T3 cells. (C) Tks4 and Tks5
mRNA levels were measured in 3T3 and Src-3T3 cells, by using 3T3
cells as the reference.
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domain and SH3 domains. The fourth SH3 domain and surrounding linker sequences
of Tks5 are not conserved in Tks4: in their place, Tks4 has a longer linker with several
polyproline-rich motifs.
We used quantitative-PCR analysis on mouse tissues and cell lines to confirm
that this hypothetical gene was transcribed. We found the highest transcript levels in
embryonic samples, but there was also detectable expression in adult organs, including
heart, spleen, brain, skeletal muscle, kidney, and liver. Both Tks4 and Tks5 were
expressed in NIH-3T3 (3T3) cells, with Src transformation increasing the amount of
each transcript three- to fivefold (Figure 2.1).
We next generated GST fusion proteins of linker sequences to use for the
generation of antibodies. For the mouse gene, the linker between the second and third
SH3 domains was used (Tks4-A). For the human sequence, we used the long linker
between the third and fourth SH3 domains (Tks4-B). Antibodies were generated in
rabbits and affinity purified by Millipore Bioscience Research Reagents. The
antibodies were first tested on epitope-tagged Tks4 constructs and shown to both
immunoprecipitate and immunoblot the transiently transfected protein (Figure 2.2).
Note that Tks4, which has 911 amino acids and a predicted molecular mass of 101,553
Da, ran on SDS-polyacrylamide gels with an apparent molecular mass of 120 kDa. We
also determined whether the antibodies could recognize endogenous protein. As shown
in (Figure 2.1), the antibodies also recognized a protein of 120 kDa from 3T3 cells.
Presumably because of the sequence conservation between mouse and human Tks4
(90% in the linker between the second and third SH3 domains, 75% for that between
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Figure 2.2: Molecular nature of Tks4 and antibody
characterization. (A) Tks4-FLAG or empty-FLAG constructs were
expressed in B16-F10 cells by transient transfection. Tks4-FLAG
protein was immunoprecipitated with M2 anti-FLAG antibody and
analyzed by SDS-PAGE and immunoblot analysis with Tks4-specific
antisera. (B) Endogenous Tks4 protein was immunoprecipitated with
either Tks4-A or Tks4-B antiserum from 3T3 cells and detected with a
mixture of Tks4-A and Tks4-B antisera.
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third and fourth domains), both A and B antibodies recognized the mouse and human
protein, both by immunoblotting and immunoprecipitation.
Phosphorylation and Lipid Binding Properties of Tks4. We previously
showed that Tks5 is a Src substrate, whose PX domain binds in vitro to the lipids PI 3P and PI 3,4P2 (Abram et al., 2003). To determine whether Tks4 had similar
properties, we first determined its phosphorylation status in vivo (Figure 2.3). We
detected tyrosine phosphorylation of Tks4 in the Src-3T3 cells compared with parental
3T3s. Furthermore, coexpression of Src and Tks4 by transient transfection resulted in
robust phosphorylation of Tks4, suggesting that it might be a direct substrate of Src.
To map the tyrosine phosphorylation sites, we used site-directed mutagenesis to
mutate several candidate tyrosine residues, coexpressed the constructs with Src,
immunoprecipitated, and probed for phosphotyrosine. Phosphorylation was reduced
when tyrosines 25, 373, and 508 were individually mutated to phenylalanine, and
essentially absent when the mutations were combined. Interestingly, tyrosine 25 is in
the PX domain and is also described as a phosphorylation site by Phosphosite
(www.phosphosite.org). Tyrosine 373 at the amino terminus of the third SH3, and
tyrosine 508, in the long linker between the third and fourth SH3 domains, is in a
canonical Src SH2 domain binding sequence (YEEI). Despite this, we have been
unable to detect an association between Src and Tks4 in cells (unpublished
observations). To determine the lipid binding specificity of the Tks4 PX domain, it
was fused to GST, expressed in bacteria, purified, and used to probe nitrocellulose
filters spotted with phosphatidylinositol lipids (Figure 2.3). We observed a very
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Figure 2.3: Tks4 is tyrosine phosphorylated and its PX domain
binds phosphatidylinositols. (A) Endogenous Tks4 protein was
immunoprecipitated with Tks4-A antisera from B16-F10, 3T3, and Src3T3 cells, and immunoblotted with a phosphotyrosine antibody. (B)
Tyrosine-to-phenylalanine mutations were introduced into Tks4-FLAG
constructs by site-directed mutagenesis. (C) Protein–lipid overlay assays
were performed on a PIP array with GST-Tks4 PX domain fusion
proteins. The phosphatidylinositols indicated are spotted left to right at
doubling dilutions from 100 to 1.56 pmol/spot.
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similar binding affinity to Tks5, with PI 3-P and PI 3,4P2 being the preferred lipids,
and some association with phosphatidic acid (Data not shown).
The Subcellular Localization of Tks4.

We

used

immunofluorescence

microscopy to determine the subcellular localization of Tks4 (Figure 2.4). In 3T3 cells,
most cells had a uniform cytoplasmic distribution of Tks4. The occasional cell had
more punctate staining. Markers for mitochondria, late endosomes and Golgi failed to
fully colocalize with these puncta. Future studies will assess whether the distribution
of Tks4 changes with the cell cycle and also further evaluate the nature and
significance of this punctate staining. Transformation of 3T3 cells by the activated Src
oncogene leads to a dramatic reorganization of the actin cytoskeleton and the
formation of rosettes of invadopodia. By comparing the localization of F-actin, a
known marker for invadopodia, and Tks4, we found that the majority of Tks4 was
localized to the invadopodia of Src-3T3 cells. In this regard then, Tks4 is very similar
to Tks5, which is localized to, and required for the formation of, invadopodia
formation and function (Seals et al., 2005).
A Role for Tks4 in Invadopodia Formation and Function.

To address

the role of Tks4 in invadopodia formation, we first created Src-3T3 cells stably
expressing a shRNA specific for Tks4, and we compared them to cells expressing the
empty shRNA vector. We achieved 90% knockdown of Tks4; this resulted in an
equivalent loss of invadopodia formation (Figure 2.5). Furthermore, degradation of
fluorescent films of gelatin, a hallmark of invadopodia function, was also inhibited in
the knockdown cells. Although these data are strongly supportive of a role for Tks4 in
invadopodia formation and function, we were only able to identify a single shRNA
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Figure 2.4: Tks4 localizes to Invadopodia. A) 3T3 were plated on
glass coverslips for 20 h, fixed, and stained with Tks4 antiserum (green)
and phalloidin (red). Bars, 50 µM. (B) Src-3T3 cells were plated on
glass coverslips for 20 h, fixed, and stained with Tks4 antiserum (green)
and phalloidin (red). Arrows point to examples of rosettes of podosomes
in Src-3T3 cells. Bars, 50 µM.

46

Figure 2.5: Tks4 is required for invadopodia formation and
function. Cell lysates from Tks4 shRNA knockdown cells and control
shRNA cells were analyzed for Tks4 expression (D) Control and Tks4
knockdown cells were plated on glass coverslips for F-actin
(invadopodia) staining. White arrows point to examples of rosettes of
invadopodia. One representative image of each cell line is shown. (F)
Control and Tks4 knockdown cells were plated on Oregon Green 488
gelatin-coated coverslips for detection of ECM degradation. (G)
Quantification of the degradation of gelatin per cell from the experiment
shown in F. Error bars are SEM.
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sequence that could effectively reduce Tks4 levels; thus, we could not rule out off
target effects. We therefore also took an alternative approach. We isolated primary
fibroblasts from mice homozygous for a gene trap in the third intron of Tks4 as well as
from wild-type and heterozygous littermates, infected them with a retrovirus encoding
activated Src, and tested pools of cells for invadopodia formation. The Src-expressing
wild-type (and heterozygous) MEFs exhibited robust invadopodia formation (Figure
2.6). In contrast, the cells homozygous for the gene trap (Tks4–/–, which completely
lack Tks4 protein expression) had a distinct morphology, and they failed to elaborate
invadopodia as determined by F-actin staining. However, despite the lack of actin
staining, ventral membrane puncta were visualized by staining for the other
invadopodia markers Tks5, cortactin, vinculin, and phosphotyrosine. These data might
suggest that, in the absence of Tks4, invadopodia formation is incomplete. In keeping
with this, the Tks4–/– Src-MEFs were unable to degrade fluorescein isothiocyanate
(FITC) gelatin, whereas their wild-type counterparts were competent to degrade. To
determine whether the changes we saw in invadopodia formation were due to the acute
loss of Tks4, rather than developmental changes in cells derived from Tks4 null mice,
we reintroduced Tks4 by infection with a lentivirus encoding Tks4-GFP fusion protein
(Figure 2.7). This treatment restored full invadopodia formation, as judged by staining
for F-actin, as well as FITC-gelatin degradation, in 89% of the infected cells.
Together, the results of the shRNA knockdown and the experiments with the Tks4–/–
Src-MEFs, strongly suggest that Tks4 is required for functional invadopodia
formation.
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Figure 2.6: Tks4-/- Src-MEFs make incomplete invadopodia. (A)
Cell lysates from Src-transformed Tks4–/– and Tks4+/+ MEFs were
analyzed for Tks4 expression. (B) Src-transformed Tks4–/– MEFs were
plated on glass coverslips for 20 h, fixed, and stained for the following
invadopodia markers: cortactin, Tks5, phosphotyrosine, vinculin, and Factin. (C) Src-transformed Tks4+/+ MEFs were plated on glass
coverslips for 20 h, fixed, and stained for cortactin and F-actin.
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Figure 2.7: Tks5 expression in Tks4 null Src-MEFs rescues
podosome formation, but not function. (A) Src-transformed Tks4–/–
MEFs were plated on Oregon Green 488 gelatin-coated coverslips for 4
h and then fixed (B) Src-transformed Tks4–/– MEFs were infected with
lentivirus encoding Tks4-GFP, plated overnight on glass coverslips, and
fixed and stained with phalloidin. White arrows point to examples of
rosettes of invadopodia. Invadopodia function (bottom) was investigated
by plating cells on Oregon Green 488 gelatin-coated coverslips for 4 h.
(C) Src-transformed Tks4–/– MEFs were infected with lentivirus
encoding Tks5-GFP and processed as described in B.
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Tks4 and Tks5 are very similar adaptor proteins, and both are expressed in Src3T3 cells and Src-MEFs. We therefore questioned whether they had redundant
functions in invadopodia formation and function. In this scenario, the phenotypes we
see in the Tks4 and Tks5 knockdown cells would be due to an overall reduced
expression of Tks adaptor proteins. To test this, we increased the expression of Tks5 in
the Tks4–/– cells by infecting them with a lentivirus expressing Tks5-GFP (Figure 2.7).
This was sufficient to restore mature invadopodia formation in these cells, suggesting
that these two proteins might indeed have somewhat overlapping functions in
recruitment of actin regulators. However, despite the presence of rosettes of
invadopodia, these cells were not able to degrade FITC-gelatin, unlike the Tks4–/– SrcMEFs rescued with Tks4-GFP. These data are consistent with a unique role for Tks4
in recruiting and/or activating proteases at invadopodia. The invadopodia protein
cortactin has recently been implicated in the secretion of matrix metalloproteases. We
tested whether Tks4 was also involved in the secretion of the gelatinases MMP2 and
MMP9, by using gelatin zymography of conditioned medium, but we could detect no
major differences between the Tks4 null cells and those rescued with Tks4 (Figure
2.8). Another metalloprotease, MT1-MMP, is a key podosome/invadopodia protease
that is known to be involved in the control of matrix degradation, perhaps directly or
perhaps through activation of MMP2 and MMP9 (Artym et al., 2006). In Src-3T3
cells, most MT1-MMP is on intracellular membranes, but using confocal microscopy
we could detect that is was also associated with invadopodia rosettes, as defined by
Tks5 staining. However, we could detect no colocalization of Tks5 and MT1-MMP in
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the Tks4 null cells (Figure 2.8), suggesting that one role of Tks4 is to recruit MT1MMP to invadopodia.
We identified Tks4 as a Src substrate; therefore, it was of interest to determine
whether the tyrosine phosphorylation sites of Tks4 played any role in invadopodia
formation and/or function. Because a lentivirus expressing the triple tyrosine mutant
(Y25/373/508F) was not available, we used transfection to introduce either the wildtype or the triple tyrosine mutant into Tks4–/– Src-MEFs. One disadvantage of this
approach is that only later passage MEFs are able to withstand transfection reagents.
And we have found that during continued passage of the null MEFs the level of Tks5
becomes up-regulated and invadopodia begin to reform, although importantly matrix
degradation is never recovered. We therefore could not quantitate the effect of the
triple mutant on invadopodia formation, although subjectively we did observe
increased rosette formation in the transfected cells. We could quantitate matrix
degradation ability, however, and we found that although 78% of the cells transfected
with wild-type Tks4 degraded matrix, only 29% of the triple mutant-transfected cells
were competent for matrix degradation (Figure 2.9)
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Figure 2.8: MMP expression in Tks4 null and Tks4 wild-type SrcMEFs. (A) Conditioned media from Src-transformed Tks4–/–, Tks4+/+,
and Tks4-GFP expressing Tks4–/– MEFs were collected and assayed for
gelatinase activity. (B) Src-transformed Tks4–/– MEFs were plated on
glass coverslips for 20 h, fixed, and stained for MT1-MMP and Tks5,
and visualized by confocal microscopy. (C) Src-transformed Tks4+/+
MEFs were plated on glass coverslips for 20 h, fixed, and stained for
MT1-MMP and Tks5, and visualized by confocal microscopy.
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Figure 2.9: The phosphorylation sites of Tks4 are required for
invadopodia function. (A) Src-transformed Tks4–/– MEFs were
transfected with wild-type Tks4, or the triple mutant (Y25/373/508F),
plated on Oregon Green 488 gelatin-coated coverslips for 4 h, and then
fixed with methanol and stained with anti-GFP. (B) Quantification of the
degradation of gelatin per cell from the experiment shown in A. Error
bars are SEM.
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DISCUSSION
In this report, we describe the identification and initial characterization of the
adaptor protein Tks4, a close relative of the previously described protein Tks5. Like
Tks5, Tks4 is broadly expressed, localizes to invadopodia of Src-transformed cells,
and is required for invadopodia formation and function. The PX domain of Tks4 has a
very similar binding specificity to Tks5 when measured in vitro, and each of the SH3
domains of Tks4 share high sequence identity with four of the SH3 domains of Tks5.
The most obvious differences between the two proteins lie in the linker sequences that
connect the SH3 domains, and in the Src phosphorylation sites. For Tks4, the linker
sequences are highly conserved between mouse and human. However, when this
analysis is extended to the zebrafish Tks4 gene, the extent of sequence similarity is
much lower. Most of the conserved stretches of sequence in the linkers between the
second and third, and third and fourth SH3 domains are proline rich, and they likely
represent binding sites for SH3 domain-containing proteins.
We used site-directed mutagenesis of candidate residues to map putative Src
phosphorylation sites on human Tks4. One of these sites, Tyr25, which was also
detected by Phosphosite, is in the PX domain, and another, Tyr373, is at the beginning
of the third SH3 domain. Both of these sites are conserved in D. rerio. The third
tyrosine phosphorylation site was mapped to Tyr508, in the linker between the third
and fourth SH3 domains, and a canonical Src phosphorylation and binding site.
Remarkably, this is the only tyrosine residue in any of the linker sequences of Tks4 (in
total, >600 amino acids), and it is present in the mouse and human sequences, but not
in zebrafish. Our analyses suggest that these tyrosines are required for Tks4 function in
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invadopodia, but it remains to be determined whether it is phosphorylation of these
residues which modified function, or whether the amino acid substitution
compromised structural integrity. It will also be important to determine whether, and
under what conditions, and on which sites, Tks4 is tyrosine phosphorylated in vivo,
whether it is a direct substrate of Src, as well as to identify associated proteins.
Like Tks5, we found that the majority of Tks4 had a cytoplasmic distribution in
normal fibroblasts. The PX domain of Tks4 is able to bind to PI 3-P, which is found on
endosomes (Gillooly et al., 2000); yet, only a few cells showed punctate staining that
might be consistent with endosomal association. This suggests that the PX domain is
not normally available for association with lipids, perhaps because of intramolecular
constraints. For example, the PX domain of Tks4 has a proline-rich motif that might
cause its association with one of its own SH3 domains. Intramolecular constraints have
been shown to occur in the distantly related protein p47phox; in this case, serine
phosphorylation of carboxy-terminal sequences renders the amino terminal PX domain
competent to bind lipids (Babior, 2002). Because the PX domain of Tks4 can be
tyrosine phosphorylated, it will be interesting in the future to determine whether
tyrosine phosphorylation plays a role in the lipid binding or subcellular localization of
Tks4.
The most intriguing finding that we report here is that in the absence of Tks4,
invadopodia formation is not complete. Thus, we detected several known invadopodia
proteins colocalized in membrane puncta, but these structures were not associated with
filamentous actin. A recent study demonstrated that invadopodia formation in Srctransformed cells starts with the recruitment of a Tks5/Grb2 complex to sites of PI
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3,4P2 accumulation near focal adhesions. This then results in the recruitment of NWASp to Tks5 and subsequent actin accumulation (Oikawa et al., 2008). Our studies
show that Tks5 is present in the rudimentary structures present in Tks4–/– cells, yet
actin does not accumulate, suggesting that this model is oversimplified. Actin
polymerization does occur when Tks5 is overexpressed in Tks4–/– cells, consistent
with a hypothesis that under normal circumstances both Tks4 and Tks5 are required for
filamentous actin to form, but higher than normal levels of Tks5 can substitute for
Tks4. In keeping with this, we have noticed that as the Tks4–/– Src-MEFs are passaged
in culture, full invadopodia formation begins to reappear, coincident with an upregulation of the level of Tks5 (Buschman and Courtneidge, unpublished
observations). We propose that Tks5 can indirectly and directly recruit several
proteins, including vinculin and cortactin, which together form a "pre-invadopodia."
The presence of Tks4 is then required to stimulate actin polymerization (Figure 2.10).
While continued passage of, or overexpression of Tks5 in, Tks4–/– cells,
resulted in the reappearance of invadopodia, neither of these conditions were sufficient
to restore proteolytic activity (Figure 2.10). It was recently shown that cortactin is
required for protease secretion from invadopodia. In keeping with this, the preinvadopodia in the Tks4–/– Src-MEFs contained cortactin, and secretion of matrix
metalloproteases occurred to the same extent as the wild-type cells. Other studies have
defined "pre-invadopodia" in human cancer cells, which contain cortactin, low levels
of actin, and no MT1-MMP, a transmembrane metalloprotease known to be required
for invasive behavior (Artym et al., 2006). Pre-invadopodia have also been described
in vascular smooth muscle cells (Webb et al., 2006). In experiments presented here,
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Figure 2.10: Tks4-/- SrcMEF “pre-invadopodia” model. Tks4 is
required for the formation of invadopodia. Tks4–/– SrcMEFs lack F-actin
polymerization and cannot degrade the ECM. Overexpression of Tks5
in, Tks4–/– SrcMEFs, resulted in the reappearance of invadopodia,
however these conditions were not sufficient to restore proteolytic
activity (invadopodia function).
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we show that MT1-MMP is not present in the pre-invadopodia structures, suggesting
that Tks4 is required for its recruitment. In conclusion, the experiments described here
reveal a role in invadopodia formation and function for the new adaptor protein Tks4.
Furthermore, the Tks4–/– Src-MEFs should prove a useful tool to study the sequential
recruitment of invadopodia components, and the regulation of proteolytic activity.

METHODS
Cloning of Tks4.

To search for Tks5-related genes, a homology BLAST

search of public databases was performed using the human Tks5 protein sequence. A
human cDNA, FLJ46896 (clone UTERU3021231), was identified that had significant
homology to the human Tks5 transcript. This cDNA encoded a hypothetical protein
(accession no. LOC285590) that also had significant homology to the Tks5 protein.
Subsequently, this hypothetical gene product has been annotated as SH3 and PX
domains 2B (SH3PXD2B), with the putative human gene product NM_014631 and the
putative mouse gene product NM_177364 (GenBank). Mouse RNA was purified from
low passage NIH-3T3 cells by using TRIzol (Invitrogen, Carlsbad, CA) nucleotide
extraction, and adult brain RNA was obtained from Stratagene (La Jolla, CA).
SuperScript II reverse transcriptase (Invitrogen) was used to generate mouse and
human oligo(dT)-primed cDNA according to the manufacturer's instructions. To clone
the full-length transcript, oligonucleotides were designed and used to amplify the
appropriate full-length transcript from mouse as well as human cDNA by using
Phusion DNA polymerase (New England Biolabs, Ipswich, MA). Polymerase chain
reaction (PCR) products were then cloned into pCR2.1-TOPO vector (Invitrogen), and
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multiple clones sequenced and analyzed. The human and mouse Tks4 clones were
100% identical in sequence to human and mouse SH3PXD2B, respectively.

Antibodies
synthesized

by

Tks4–glutathione transferase (GST) fusion constructs were
PCR

using

oligonucleotides

containing

specific restriction

endonuclease sites. PCR products were cloned into pGEX bacterial expression
plasmids (GE Healthcare, Piscataway, NJ), and plasmids were sequenced. Constructs
were transformed into the BL21 (DE3) strain of Escherichia coli (Stratagene, La Jolla,
CA). Tks4–GST fusion protein expression was induced with 1 mM isopropyl β-Dthiogalactoside for 3 h at 37°C. Shaking flask cultures were centrifuged at 6000 x g at
4°C for 15 min to pellet bacteria. Bacterial pellets were suspended in lysis buffer
(phosphate-buffered saline [PBS] plus 0.1% Triton X-100, 1 mM dithiothreitol [DTT],
1 mM phenylmethylsulfonyl fluoride, and Complete protease inhibitor cocktail [Roche
Diagnostics, Indianapolis, IN]) and sonicated for 1 min at 4°C. Lysates were
centrifuged at 20,000 x g for 30 min at 4°C, and supernatants were collected. Tks4GST in supernatants was purified using glutathione-Sepharose (GE Healthcare)
affinity chromatography, and Tks4-GST was eluted using PBS with 10 mM reduced
glutathione.

Two Tks4-specific antisera were generated in rabbits and affinity purified by
Millipore Bioscience Research Reagents (Temecula, CA). Tks4-A was generated by
immunizing rabbits with a purified mouse Tks4–GST fusion protein, corresponding to
amino acids 257-477 (09-260; Millipore Bioscience Research Reagents). Tks4-B was
generated by immunizing rabbits with a purified human Tks4 GST fusion protein,
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corresponding to amino acids 431-595 (09-267; Millipore Bioscience Research
Reagents). Tks5 antibodies have been described previously (Lock et al., 1998). The
following

commercial

antibodies

were

used:

anti-cortactin

(4F10),

anti-

phosphotyrosine (4G10), and anti-membrane type-1 matrix metalloproteinase (MT1MMP) (Millipore Bioscience Research Reagents); anti-FLAG (M2), and anti-vinculin
(hVIN-1) (Sigma-Aldrich, St. Louis, MO); and anti-green fluorescent protein (GFP)
(Invitrogen). Alexa Fluor 680 goat anti-rabbit or anti-mouse antibodies were used for
immunoblot analysis, and Alexa Fluor 488 or 594 goat anti-rabbit or anti-mouse
antibodies and Alexa Fluor 488 or 564 phalloidin were used for immunofluorescence
microscopy (Invitrogen).

Cell Culture and Transfection.

NIH-3T3 (3T3) and Src-transformed

NIH-3T3 (Src-3T3) cells have been described previously (Lock et al., 1998). Stable
Tks4 knockdown Src-3T3 cells were created using the Mission shRNA vector
TRCN0000105931 (Sigma-Aldrich). Src-3T3 cells were transfected with shRNA
vectors by using calcium phosphate transfection. Drug-resistant colonies were selected
for and maintained in media containing 10 µg/ml puromycin. Primary mouse
embryonic fibroblasts (MEFs) were isolated from wild-type and Tks4–/– day e13
mouse embryo littermates derived from embryonic stem cells containing a gene trap in
the Tks4 locus (Lexicon, The Woodlands, TX). The abdominal organs and brain were
dissected out for genotyping, whereas the remaining embryo was digested in 0.05%
trypsin-EDTA and then washed and plated in DMEM containing 10% fetal bovine
serum. Src-transformed MEFs (Src-MEFs) were created using pBABE-puro SrcY530F
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retrovirus infection (Morgenstern and Land, 1990) of passage 1 or 2 MEFs and
selected for using 5 µg/ml puromycin. Early passage B16-F10 mouse melanoma cells
were a gift from Peter Lock (La Trobe University, Melbourne, Australia). These cells
were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's
protocol. All cells were maintained in DMEM (Mediatech, Manassas, VA) containing
10% fetal bovine serum and antibiotics in 10% CO2.
Constructs.

All point mutations were introduced to Tks4 constructs by

using QuikChange II site-directed mutagenesis (Stratagene). The active Src pSGTSrcY527F construct has been described previously (Erpel et al., 1995). Lentiviruses
encoding Tks4 and Tks5 were created by subcloning Tks4-GFP or Tks5-GFP from
pEGFP-N1 constructs to SIN18.hPGK lentivirus vector. Lentiviral preparations were
made by the virus core facility at the Burnham Institute for Medical Research (La
Jolla, CA).

Expression Profiling. Quantitative-PCR (Q-PCR) primers were designed
using Primer3 web-based analysis software and obtained from Integrated DNA
Technologies DNA (San Diego, CA). Specificity of Q-PCR primers was verified by
amplifying serial 10-fold dilutions of cDNA from NIH3T3 cells and resolving PCR
products by using agarose gel electrophoresis. All oligonucleotides amplified a single
band of the correct molecular weight across all dilutions. The Mouse MTC Multiple
Tissue cDNA Panel I (Clontech, Mountain View, CA) was used as template for QPCR tissue expression profiling. TRIzol (Invitrogen) nucleotide extraction was used to
isolate RNA from NIH-3T3 and Src-3T3 cells, and oligo(dT)-primed cDNA was
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generated using SuperScript II reverse transcriptase (Invitrogen). Q-PCR was
performed using the SYBR-Green PCR Master Mix (Applied Biosystems, Foster City,
CA) on an MX3000 real-time PCR thermal cycler (Stratagene). Transcript levels were
determined by analyzing Ct data, and relative mRNA expression levels were
determined by comparison with transcript levels in NIH-3T3 cDNA.

Immunoprecipitation and Immunoblot Analysis.

Cell

lysates

were

prepared by washing cells twice with cold Tris-buffered saline (TBS) containing 100
µM Na3VO4 and 2 mM DTT and then lysed in 50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1% Triton X-100, 10 mM NaF, 100 µM Na3VO4, and 2 mM DTT lysis buffer
containing dissolved complete Mini protease inhibitor tab (Roche Diagnostics). For
immunoprecipitations, protein extracts were incubated with 1 µl of antibody or
antiserum and 15 µl of packed protein A-Sepharose beads (Sigma-Aldrich) or protein
G-agarose beads (Calbiochem, San Diego, CA) for 60 min at 4°C. Immunocomplexes
were then washed five times in lysis buffer and once in TBS containing 100 µM
Na3VO4 and 2 mM DTT. Extracts were then eluted from beads by using SDS sample
buffer, boiled for 5 min, and separated by SDS-polyacrylamide gel electrophoresis
(PAGE) on 7.5 or 10% Criterion gels (Bio-Rad, Hercules, CA). SDS-PAGE gels were
then transferred to Hybond nitrocellulose membranes (GE Healthcare) by using
TransBlot SD semidry transfer system (Bio-Rad).

Immunofluorescence Microscopy.

Cells were grown for 20 h on glass

coverslips. Cells were then fixed with 4% paraformaldehyde/PBS (Electron
Microscopy Sciences, Hatfield, PA) for 20 min, permeabilized with 0.1% Triton X-
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100/PBS for 10 min, and blocked with 2.5% goat serum. Fixed cells were incubated
with primary antibodies for 1 h, extensively washed with PBS, and incubated with
secondary antibodies and phalloidin for 30 min. Coverslips were mounted using
VECTASHIELD (Vector Laboratories, Burlingame, CA). All images were captured
on an Axioplan-2 fluorescence microscope with an AxioCam HRm camera and were
analyzed with Axiovision 3.0 software (Carl Zeiss, Thornwood, NY), except for
Figure 2.8, B and C, for which confocal microscopy was used.

ECM Degradation Assay.

Fluorescently labeled gelatin-coated coverslips

were prepared as described previously (Blouw et al., 2008). Cells were incubated on
labeled coverslips for 3–20 h and either fixed with 4% paraformaldehyde/PBS at room
temperature for 20 min or with methanol for 5 min at –20°C.

Gelatin Zymography Assay. Conditioned media samples were prepared as
described previously (Seals et al., 2005) and analyzed on 10% gelatin zymogram gels
(Invitrogen) according to the manufacturer's protocol.

Protein–Lipid Overlay.

Protein–lipid overlay assays were performed as

described previously (Dowler et al., 1999; Abram et al., 2003) by using
phosphoinositide (PIP) assays from Echelon Biosciences (Salt Lake City, UT).
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Chapter III

Melanoma Cell Invasion Require Tks4-Dependent
Regulation of Surface MT1-MMP Expression
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ABSTRACT
Metastatic cancer cells differ from their non-metastatic counterparts by their
ability to degrade and invade through extracellular matrices (ECM). We showed
previously that the adaptor protein Tks4 is required for invadopodia formation and
function in Src-transformed fibroblasts. In this study, we demonstrate that Tks4 plays
an integral role in melanoma cell invasion and metastasis. Knockdown of Tks4 in
human melanoma cells resulted in a decreased ability to degrade fluorescently-labeled
extracellular matrices. In addition, Tks4-knockdown melanoma cells have decreased
proliferation in a 3-Dimensional (3D) collagen-I matrix. The decreased invasive
capacity of Tks4-knockdown melanoma cells correlated with a reduced cell surface
expression of membrane type 1 metalloproteinase (MT1-MMP). Tks4 could interact
with MT1-MMP via a putative SH3 domain-binding motif, RxxxxK, in the
cytoplasmic tail of MT1-MMP. Additionally, we found that the RxxxxK motif was
required for MTI-MMP cell surface localization and MT1-MMP-dependent invasion
and growth in a 3-dimensional collagen-I matrix. We also investigated the role of
Tks4 in melanoma invasion and metastasis using an in vivo experimental lung
metastasis assay. We found that Tks4 knockdown greatly inhibited metastasis
formation in the lung. These findings demonstrate a new role for Tks4 in melanoma
cell invasion and metastasis, through the regulation of MT1-MMP.
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INTRODUCTION
Tumor cell metastasis is a complex and multi-step process, in which tumor
cells escape from the primary tumor and form secondary tumors at distant sites.
Several steps involved in the metastatic cascade require the cells to gain to degrade
and remodel the surrounding extracellular matrices (ECM). Many invasive cells use
members of the matrix metalloproteinase (MMP) family to degrade and remodel the
ECM (Deryugina and Quigley, 2006). Overall there are 25 members of the MMP
family. A majority of these are secreted into the ECM space. There are also six
membrane-type MMPs (MT-MMPs), which are membrane-bound by a transmembrane
domain or a glycosylphosphatidylinositol (GPI)-anchor.
Of all MMPs, MT1-MMP (or MMP14) appears to have the most significant
role in cancer invasion and migration through the ECM (Sabeh et al., 2004). It can be
speculated that one reason MT1-MMP plays such a major role in tumor cell migration
and invasion is due to its diverse set of cleavage substrates. It is responsible for the
direct cleavage and activation of MMPs-2 and -13. MT1-MMP can also directly
cleave many ECM components including, type-I, -II, and –III collagens, gelatin,
fibronectin, fibrin, laminins 1 and 5, and vitronectin (Itoh and Seiki, 2006). In
addition, MT1-MMP can act as a sheddase, cleaving cell surface proteins such as
CD44, αν integrin, syndecan, and RANKL (Sabbota et al.; Kajita et al., 2001;
Deryugina et al., 2002; Endo et al., 2003). The subcellular localization of MT1-MMP
is an important regulatory component of MT1-MMP function. MT1-MMP localization
can be controlled through the transmembrane domain and 20 amino-acid cytoplasmic
tail. The cytoplasmic tail is critical for proper MT1-MMP localization and activity
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(Lehti et al., 2000; Uekita et al., 2001; Li et al., 2008). A complex network of
intracellular transport machinery involving both endocytosis and exocytosis controls
MT1-MMP. It is endocytosed by both clathrin-mediated and caveolar-mediated
pathways (Jiang et al., 2001; Remacle et al., 2003). Once internalized, MT1-MMP can
either be targeted for degradation or recycled back to the cell membrane (Remacle et
al., 2003; Takino et al., 2003). The surface expression and targeting of MT1-MMP to
specific areas of the cell surface is a key mechanism for regulating its proteolytic
activity.
In invasive tumor cells, MT1-MMP is recruited to invadopodia (Artym et al.,
2006; Buschman et al., 2009; Poincloux et al., 2009). Invadopodia are actin-rich cell
membrane protrusions that emanate from the ventral surface of invasive cells in 2D
culture and display focal proteolytic activity towards the ECM (Linder, 2007; Gimona
et al., 2008). These cellular projections were first discovery in Src-transformed
fibroblasts and have subsequently been discovered in a variety of invasive human
cancer cells, where they are important regulators of protease-dependent cell invasion.
Recently we described the novel protein Tks4 as a new invadopodia component in
Src-transformed fibroblasts (Buschman et al., 2009). Tks4 is a large adaptor protein,
containing an amino terminal Phox-homology (PX) domain, four SH3 domains, and
multiple proline-rich motifs. Loss of Tks4 resulted in the formation of a preinvadopodia structure, where many of the required structural and accessory proteins
are appropriately localized. However, these pre-invadopodia structures failed to
degrade the ECM, is large part because MT1-MMP was not properly localized and/or
activated.
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We hypothesized that Tks4 regulates human cancer cell invasion and
migration, by controlling the localization of MT1-MMP. Melanoma is an ideal human
cancer model for this purpose, as melanoma tumors are highly invasive, driven by
MT1-MMP (Bartolome et al., 2006; Bartolome et al., 2009), and many melanoma cell
lines make invadopodia (Mueller et al., 1999; Seals et al., 2005). Here we examine the
role of Tks4 in melanoma cell invasion and migration.
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RESULTS
Tks4 is required for melanoma cell invasion
We first assessed Tks4 protein expression in a panel of human and mouse
melanoma cell lines (Figure 3.1 panel A). Tks4 was expressed in variety of nonmetastatic Radial Growth Phase cell lines (501Mel, WM35) and in invasive Vertical
Growth Phase cell lines (WM793, WM1346, A375, C8161.9, M14, UACC903 and
B16-F10). We found no correlation between protein expression of Tks4 and the
invasive/metastatic potential of the cell line. In keeping with our previous studies,
Tks4 is localized to actin-rich invadopodia in several invasive/metastatic melanoma
cell lines (Figure 3.1 panel B). Non-metastatic Radial Growth Phase cell lines failed to
form invadopodia and to degrade fluorescently labeled gelatin extracellular matrix
(Data not shown).
To address the role of Tks4 in melanoma cell invasion, we created cell lines,
which stably expressed shRNA specific for Tks4 or a scrambled control sequence.
These Tks4 knockdown cells were incubated on fluorescently labeled gelatin and
assayed for their ability to invade and degrade holes in the matrix (Figure 3.1 panel
C,D). In comparison to the scrambled shRNA expressing control cells, knockdown of
Tks4 in the B16-F10 mouse melanoma cell line resulted in a 90% decrease in their
ability to degrade the gelatin matrix. To rule out any potential off-target effects of the
mouse Tks4 shRNA sequence, we expressed human Tks4-GFP in these cells.
Expression of human Tks4 completely rescued the inhibition of degradation in the
Tks4-deficient B16-F10 cells. We also used two different shRNA constructs to

74

-2

!"#$

"'()$*+ !"%&# ,-..&*# !"+#/0

-#%$

.1+0+2&
345)678/

42

.2

;2

!"%&#
!"#$

%&'()*+

,-./-

0(.

!"#$123

!"#$1231415!"#&/67

4+09:+*

4+09:+*

=

<2

"+/

=

!"+#/0

=

=

=

Figure 3.1: Tks4 is required for degradation of ECM. (A) Protein
expression of Tks4 in a panel of human melanoma cells. (B) WM793
cells were grown on glass coverslips for 20 hours, fixed and stained
with anti-Tks4 serum (green) and phalloidin (red). (C) Control, Tks4
knockdown and rescued B16- F10 cells were plated on OregonGreen
488 gelatin-coated coverslips for detection of ECM degradation and
degradation per cell was quantified in (D). (E) Tks4 was knockdown by
two shRNA constructs in M14 and WM1346 human melanoma cells.
These cells were plated on OregonGreen 488 gelatin- coverslips for
detection of ECM degradation and degradation per cell was quantified.

75
knockdown the expression of Tks4 in human melanoma cells by 80-90% (Figure 3.1
panel E). Knockdown of Tks4 resulted in a 70-90% decrease in gelatin degradation in
WM1346 (37% and 22%), and M14 cells (13% and 11%). Together, these results
suggest that Tks4 is required for ECM degradation by mouse and human melanoma
cells.

Tks4 is required for proliferation in a type I collagen matrix
It has been previously reported that tumor cell proliferation in a 3D native
(non-pepsin-extracted) type I collagen matrix requires both MMP protease activity and
MT1-MMP. We evaluate the requirement of Tks4 in this 3D collagen assay (Figure
3.2 panel A). In comparison to scrambled control cells, knockdown of Tks4 in human
M14 and WM793 melanoma cell lines resulted in a 35-50% decrease in cell
proliferation when embedded in a type I collagen matrix. In agreement with other
studies, we found inhibition of MMPs with the general MMP inhibitor GM6001 also
resulted in a significant decrease in cell proliferation in the 3D collagen matrix.
To examine the invasive phenotype visually, we grew control and Tks4
deficient M14 melanoma cells as multicellular tumor spheroids, then embedded them
in a type I collagen matrix and visualized spheroids with immunofluorence
microscopy (Figure 3.2 panel B). The control cells displayed an aggressively invasive
phenotype with many cellular projections extending from the spheroids into the
matrix. In contrast, the Tks4-deficient tumor spheroids appeared very smooth and
rounded, extending very few projections into the matrix. The Tks4-deficient tumor
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Figure 3.2: Tks4 is required for proliferation in type I collagen.
(A) Control, Tks4 knockdown and GM6001 treated cells were grown in
3D type I collagen for 10 days. After 10 days, the collagen matrix was
dissolved with collagenase and cells were counted with a
hemocytometer. (B) Scrambled and Tks4 knockdown M14 melanoma
cells were grown in hanging drop cultures for 5 days to form multicellular tumor spheroids. These spheroids were then embedded and
grown in 3D type I collagen. After 6 days in culture, the spheroids were
fixed and the cell morphology was visualized with phalloidin stain.

77
spheroids were strikingly similar to the morphology previously seen in MT1-MMPdepleted and GM6001-treated tumor spheroids (Hotary et al., 2003; Sodek et al.,
2008; Sabeh et al., 2009). Paralleling our cell proliferation results, the tumor spheroids
of Tks4-knockdown cells were also much smaller in size when compared to the
control spheroids. Knockdown of Tks4 and chemical inhibition of MMPs did not
inhibit cell proliferation in 2-dimensional cell culture conditions. These experiments
suggest that Tks4 may regulate MMP-dependent tumor cell proliferation in a 3D type I
collagen matrix.

Tks4 regulates the cell surface expression of MT1-MMP
Because we found that Tks4 plays a critical role in cancer cell invasion and
growth in a 3D collagen matrix, we next determined whether Tks4 regulated the
expression and/or function of MT1-MMP. Knockdown of Tks4 from melanoma cells
had no effect on the total cellular levels of MT1-MMP (Figure 3.3 panel A). To
examine the cell surface levels of MT1-MMP, we used a cell surface biotinylation
assay (Figure 3.3 panels B,C). Melanoma cells were incubated at 4°C to inhibit
internalization of membrane proteins, the cell surface was labeled with biotin and then
cell surface proteins were specifically immunoprecipitated using strepavidin beads.
We found cell surface levels of MT1-MMP were reduced by 50-80% in Tks4knockdown melanoma cells. Both under normal growth conditions and in response to
PMA stimulation, a known stimulus of both invadopodia and MT1-MMP surface
localization.
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Figure 3.3: Tks4 regulates the cell surface expression of MT1MMP. (A) Knockdown of Tks4, in A375 cells does not affect protein
expression of MT1-MMP. (B) Knockdown of Tks4 reduced the cell
surface expression MT1-MMP in A375 cells. Cell were grown in
normal 10%FBS (left panel) or starved in 0.5% FBS, and stimulated
with 100nM PMA for 30 min. Cells were then labeled with biotin and
cell surface proteins were specifically precipitated using strepavidinagarose beads and blotted for MT1-MMP. (C) Quantification of three
surface lableling experiments. Surface MT1-MMP was determined by
comparing surface MT1-MMP expression levels to whole cell lysate
levels. Error bars are S.D. and *P value<0.05.
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Tks4 interacts with MT1-MMP
The MT1-MMP cytoplasmic tail domain interacts with several proteins
involved in cell migration and invasion, including p130cas, Abl/Arg, and caveolin-1
(Smith-Pearson et al.; Labrecque et al., 2004; Gingras et al., 2008). To investigate a
possible interaction between Tks4 and MT1-MMP, we transfected 293 cells with a
Flag-tagged MT1-MMP construct and a GFP-tagged Tks4 construct (Figure 3.4 panel
A). We found that Tks4-GFP co-immunoprecipitated with MT1-MMP-Flag.
Additionally,

MT1-MMP-Flag

also

co-immunoprecipitated

with

Tks4-GFP.

Furthermore, we assessed the role of MT1-MMP activity in facilitating the interaction
with Tks4. The catalytically-inactive E240A MT1-MMP was still able to interact with
Tks4-GFP.
The cytoplasmic tail domain of MT1-MMP contains a protein kinase C (PKC)
phosphorylation site, a Src phosphorylation site, and a palmitoylation site. We also
identified a putative, non-canonical SH3 domain-binding site, RxxxxK in the
cytoplasmic tail domain of MT1-MMP. This RxxxxK motif is an elongation of the
RxxK type of SH3 binding site, and was recently identified as the specific interaction
site between Mona/GadsSH3C and HD-PTP (Harkiolaki et al., 2009). Mutation of
both R576 and K581 residues to an alanine residue, resulted in a complete inhibition
of the MT1-MMP/Tks4 interaction (Figure 3.4 panel B). These studies show that Tks4
forms a specific interaction with MT1-MMP that is mediated by a novel RxxxxK
binding motif in the MT1-MMP cytoplasmic tail.
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Figure 3.4: Tks4 interacts with MT1-MMP via an RxxxxK motif.
(A) Tks4-GFP and MT1-MMP-Flag were expressed in 293 cells.
Lysates were immunoprecipitated with Flag or Tks4 antibodies, and
immunoblotted with GFP and Flag antibodies. Black arrows indicate
Flag tagged MT1-MMP. (*) indicates the heavy chain antibody band.
(B) WT and R576/K581A MT1-MMP constructs were co-expressed
with Tks4-gfp in 293 cells. Lysates were immunoprecipitated with Flag
antibodies and immunoblotted with GFP antibodies. (C) Cell lysates
from 293 cells expressing MT1-MMP-GFP (Top panel) or A375 cells
(Bottom panel), were incubated with GST- Tks4 SH3-domains and
immunoblotted with GFP or MT1-MMP antibodies.
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To determine the domain(s) of Tks4 that mediate the interaction with MT1-MMP, we
performed a GST-pull down assay (Figure 3.4 panel C). We found that GST-fusion
proteins containing the 3rd and 4th SH3 domains of Tks4 associated with endogenous
MT1-MMP in A375 melanoma cells. This association also occurred with
overexpressed tagged MT1-MMP in 293 cells.

The RxxxxK motif is required for MT1-MMP activity
To investigate how the RxxxxK motif might regulate the function of MT1MMP, we expressed wild type, catalytically-inactive (E240A), and R576/K581A
(R/AxxxxK/A) mutant MT1-MMP constructs in Cos7 cells. Under normal conditions
Cos7 cells are not invasive and are unable to degrade fluorescently-labeled gelatin
matrix. When WT MT1-MMP is introduced into to Cos7 cells, they gain the ability to
invade and degrade holes in the matrix (Figure 3.5 panels A,B). This invasion is
dependent on the catalytic activity of MT1-MMP, since cells expressing the
catalytically inactive construct were unable to degrade the matrix. Cells expressing the
R576/K581A MT1-MMP mutant displayed a 60-80% decrease in their ability to
degrade the matrix, as compared to WT. To further investigate the role of this RxxxxK
motif on MT1-MMP function, we tested the MT1-MMP-expressing Cos7 cells in a 3D
collagen assay (Figure 3.5 panel C). Cells expressing WT MT1-MMP showed a
significant growth advantage in 3D collagen culture when compared to nontransfected or catalytically inactive (E240A) MT1-MMP-expressing cells. However,
expression of the RxxxxK binding motif mutant MT1-MMP in Cos7 cells provided no
growth advantage in 3D culture when compared to non-transfected or catalytically
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Figure 3.5: The RxxxxK motif is required for MT1-MMP
activity. (A) Cos7 cells were transfected with WT, E240A or
R576/K581A MT1-MMP-Flag constructs, and plated on OregonGreen
488 gelatin-coated coverslips for detection of ECM degradation. (B)
Quantification of three pooled ECM degradation assays. (C) Cos7 cells
transfected with WT, E240A or R576/K581A MT1-MMP-Flag
constructs, were grown in 3D type I collagen for 8 days. (D) Surface
expression of WT and R576/K581A MT1-MMP were determined by
the cell surface biotinylation. Quantification of three surface lableling
experiments. Surface MT1-MMP was determined by comparing
surface MT1-MMP expression levels to whole cell lysate levels.
value<0.05..
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inactive MT1-MMP control cells. To determine if this loss of MT1-MMP function in
the R576/K581A mutant is a result of its localization, we performed a cell surface
biotinylation assay (Figure 3.5 panel D). The R576/K581A mutant is mislocalized and
cell surface expression is reduced by approximately 70% when compared to WT
MT1-MMP. Together, these data show that the RxxxxK binding motif in the MT1MMP cytoplasmic tail controls cell surface expression of the protein and is required
for its function.

Tks4 is required for in vivo metastasis formation
Our cell culture data suggests that Tks4 is important for melanoma cell
invasion. To test if Tks4 plays a role in vivo invasion and metastasis formation,
scrambled and Tks4-specific shRNA constructs were expressed in the B16-F10-LucG5 cells. These cells were then tested in an experimental metastasis model; following
tail vein injection the melanoma cells are assay for lung colonization (Figure 3.6).
Mice injected with the scrambled expressing melanoma cells also showed
considerable colonization of the lungs, as well as metastases in the lymph nodes, heart
cavity, diaphragm and vertebrae. In sharp contrast, In Tks4-knockdown cells there was
a significant reduction in lung metastasis number, metastasis size, and morbidity of the
mice. Additionally, mice injected with Tks4-knockdown cells were free of metastasis
formation in other tissues. Taken together, these results suggest that Tks4 is a
significant regulator of melanoma cell invasion and metastasis.
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Figure 3.6: Tks4 is required for in vivo metastasis formation.
(A+C) Scrambled and Tks4 knockdown B16-F10-Luc-G5 cells were
introduced in the tail vein of C57/Bl6 mice. After 20 days, the number
of lung metastases per lung was counted. (B+D) The size of each lung
metastasis was determined by making serial sections of each lung and
staining with H&E to visualize the lung metastases. *P value<0.05.
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DISCUSSION
In this study we investigated the function of the adaptor protein Tks4 in
melanoma cell invasion and metastasis. Knockdown of Tks4 in melanoma cells
resulted in a drastic decrease in the degradation of fluorescently labeled gelatin matrix.
This decreased degradation is consistent with previous studies, in which other
invadopodia proteins were depleted (Linder, 2007; Gimona et al., 2008). The
fluorescently labeled gelatin degradation assay is a robust assay for investigating
invasive capacity in 2D cell culture conditions, however these cell culture conditions
are highly dissimilar to the in vivo environment of cancer cells. We therefore turned to
a 3D type I collagen proliferation assay developed by Hotary et al (Hotary et al.,
2003). They found that 3D native (non-pepsin extracted) type I collagen matrix most
closely mimics the in vivo ECM environment. Similar to in vivo ECMs, the native type
I collagen matrix is highly cross-linked, and cells have an absolute requirement for
MT1-MMP activity for invasion and proliferation in these matrices (Hotary et al.,
2003; Sabeh et al., 2009). In this study, we found that Tks4 is also required for
proliferation and invasion in 3D type I collagen matrix, but not in conventional 2D
culture.
When embedded in 3D collagen, the control tumor spheroids displayed a very
invasive, spindle-like morphology, extending many cellular projections into the
matrix. We postulate that these cellular projections in the 3D matrix may be
invadopodia. When Tks4 was knocked-down in the tumor spheroids, they lost these
“invadopodia-like structures”, and instead had a smooth and rounded morphology.
The morphology of the Tks4-difficient spheroids was very similar to that of MT1-
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MMP knockdown tumor spheroids (Hotary et al., 2003; Sodek et al., 2008; Sabeh et
al., 2009). It remains unclear exactly what function MT1-MMP plays in a 3D type I
collagen assay. We speculate that MT1-MMP may be required to degrade the dense
matrix, thus providing space for the cell expansion. Potentially, MT1-MMP could also
be functioning in its role as a sheddase, providing the cells with the necessary growth
factors or signals required for growth in 3D culture.
Together, these data suggest that Tks4 might regulate MT1-MMP-dependent
invasion, by controlling its cellular localization. Knockdown of Tks4 led to decreased
cell surface expression of MT1-MMP. Tks4 interacted with MT1-MMP via an
RxxxxK, putative SH3 domain-binding motif in the cytoplasmic tail of MT1-MMP. In
addition to regulating the interaction with Tks4, this RxxxxK binding-motif was also
required for proper MT1-MMP cell surface expression and MT1-MMP-dependent
invasion and proliferation in 3D.
The MT1-MMP cytoplasmic tail domain is required for proper MT1-MMP
localization and activity. Truncated mutants of MT1-MMP lacking the cytoplasmic
tail domain are mislocalized and cannot promote cell migration and invasion (Lehti et
al., 2000; Uekita et al., 2001; Li et al., 2008). The cytoplasmic tail domain is posttranscriptionally modified and plays an integral role in the endocytic/exocytic
intracellular trafficking of MT1-MMP. The tail domain is palmitoylated and
phosphorylated by PKC, Src kinase and Abl (Smith-Pearson et al.; Anilkumar et al.,
2005; Nyalendo et al., 2007; Moss et al., 2009). All of these post-translational
modifications are important for cell migration and invasion, and they are thought to
potentially regulate MT1-MMP endocytosis and recycling. Endocytosis of MT1-MMP
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is important for cancer cell invasion for a variety of reasons. First, it is critical to
remove inactive MT1-MMP from the cell surface. Internalization of MT1-MMP is
also important for the “recycling” of active MT1-MMP to other areas of the membrane
that are actively degrading the ECM, such as invadopodia (Poincloux et al., 2009).
This recycling mechanism is similar to the classic model of integrin recycling to the
leading edge during cell migration.
How might Tks4 regulate MT1-MMP cell surface localization? Tks4 might
function to stabilize the pool of active MT1-MMP at invadopodia or other membrane
compartments. A previous study showed that phosphorylation of Endophilin A2 by a
complex of FAK and Src can decrease the Endophilin A2-Dynamin2 mediated
endocytosis of MT1-MMP, resulting in increased surface expression of MT1-MMP,
presumably at invadopodia, and increased cell invasion (Wu et al., 2005). One could
also speculate that Tks4 can increase the recycling of internalized MT1-MMP back to
the cell membrane. Once MT1-MMP is internalized, it is transported to the trans-golgi
network where it is sorted and potentially modified, and then recycled back to the cell
surface within 60 minutes (Remacle et al., 2003; Wang et al., 2004). Additionally, a
population of MT1-MMP is localized in an intracellular storage compartment, for
rapid Rab-8 mediated mobilization to invasive membrane sites (Bravo-Cordero et al.,
2007). Future studies will be necessary to investigate if Tks4 is involved in inhibiting
the endocytosis of MT1-MMP and providing its stabilization at areas of degradation,
potentially as a component of the Endophilin/FAK/Src complex, or if Tks4 is involved
in the sorting of MT1-MMP in the endosomal/trans-golgi network, or in the Rab-8
mediated polarized transport of MT1-MMP.
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In order to form metastases, tumor cells must first degrade the basement
membrane surrounding the tumor and then invade through the dense network of ECM
before they reach the circulatory or lymphatic system. The tumor cells must then
intravasate into the vessel, which it can use to travel to distant tissues, and then
extravasate out of the vessel and into the tissue where metastases may form. This
complex process requires the cancer cells to degrade and invade through large
amounts of ECM barriers. In order to investigate the role of Tks4 in metastasis
formation, we used an experimental metastasis assay. In this assay, tumor cells are
directly injected into the circulatory system, bypassing escape from the primary tumor
and intravasation steps. Cells are assayed for the ability to extravasate from the blood
vessels and form metastases in the lungs. Extravasation is not thought to be the
limiting step in this process as untransformed and non-invasive cells can freely
extravasate into the lung (Koop et al., 1994; Podsypanina et al., 2008). However,
following extravasation, the formation of metastases requires MMP activity and local
cell migration (Koop et al., 1994; Hangan et al., 1996; Chambers and Matrisian,
1997).
Knockdown of Tks4 in melanoma cells had a dramatic effect on the formation
of metastases. The number and size of the metastases formed in an experimental lung
metastasis assay was inhibited with the loss of Tks4. Also of interest, mice that
received Tks4-deficient melanoma cells had no visible metastases to other tissues.
Whereas mice with the control cells had a large number of secondary metastases in the
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lymph nodes, heart cavity, diaphragm and vertebrae. These data support a model that
defines a role of Tks4 in metastasis formation.
Interestingly, the knockdown of the Tks4-related adaptor protein Tks5 in Srctransformed fibroblasts had differing results in an experimental metastasis models.
Tks5 knockdown did not have an effect on the number of lung metastases, however
there was a significant reduction in the size of the lung metastases (Blouw et al.,
2008). The differences of these related scaffolds in vivo are interesting because Tks4
and Tks5 were found to have partially overlapping roles in the formation of
invadopodia in Src-transformed fibroblasts and both proteins are required for cell
culture invasion assays (Buschman et al., 2009). These differences may be due to
MT1-MMP because we were able to unable to detect an interaction between MT1MMP and Tks5 (unpublished results). Taken together, these results suggest that these
proteins are not as interchangeable as we once thought and may have distinct roles in
cancer cell invasion.
The role of MT1-MMP in tumor progression and metastasis is well studied.
Inhibition of MT1-MMP activity or depletion of MT1-MMP in a variety of metastasis
models has shown that MT1-MMP is essential for tumor progression and metastasis
formation (Tsunezuka et al., 1996; Hotary et al., 2003; Szabova et al., 2008;
Bartolome et al., 2009; Devy et al., 2009). We propose a model that Tks4 regulates
MT1-MMP localization and activity, and is required for melanoma cell invasion and
metastasis. Although MMP inhibitors have found little success in the treatment of
cancer, MT1-MMP still remains a potential target for cancer therapeutics (Coussens et
al., 2002). A deeper understanding of the mechanisms controlling MT1-MMP
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function remains important and may in fact lead to better inhibitors of MT1-MMP
activity.

METHODS
Cell culture and transfections
WM35, MEL501, WM793, WM1346 and UACC903 melanoma cells were a
gift from Dr. Gary Chiang (Sanford-Burnham Medical Research Institute, La Jolla,
CA). B16-F10 mouse melanoma cells were a gift from Dr. Peter Lock (La Trobe
University, Melbourne, Australia). A375 and C8161.9 cells were purchased from
ATCC. Cells were transfected with Lipofectamine 2000 (Invitrogen) according to the
manufacturer's protocol. All cells were maintained in DMEM (Mediatech, Manassas,
VA) containing 10% fetal bovine serum and antibiotics in 10% CO2.

Constructs
Tks4 constructs have been previously described. Wild type and catalytic
inactive (E240A) MT1-MMP constructs were gifts on Dr. Alex Strongin (SanfordBurnham Medical Research Institute, La Jolla, CA). Point mutations were introduced
into MT1-MMP constructs by QuikChange II site-directed mutagenesis (Stratagene).
Mission shRNA constructs against mouse and human Tks4, were obtained from
Sigma-Aldrich. Lentiviral preparations were made by the viral core facility at the
Sanford-Burnham Medical Research Institute (La Jolla, CA).

Immunoprecipitation and Immunoblots
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Cell lysates were prepared by washing cells twice with cold Tris-buffered
saline (TBS) containing 100 µM Na3VO4 and then lysed in 50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 1% NP40, 10 mM NaF, 100 µM Na3VO4, 1mM EGTA and 1 mM
MgCl2 lysis buffer containing dissolved complete Mini protease inhibitor tab (Roche
Diagnostics). For immunoprecipitations, protein extracts were incubated with 1 µl of
antibody or antiserum and 15 µl of packed protein A-sepharose beads (Sigma-Aldrich)
or protein G-agarose beads (Calbiochem, San Diego, CA) for 60 min at 4°C.
Immunocomplexes were then washed thee times in lysis buffer and once in TBS
containing 100 µM Na3VO4. Extracts were eluted from beads by using SDS sample
buffer, boiled for 5 min, and separated by SDS-polyacrylamide gel electrophoresis
(PAGE) on 7.5 or 10% Criterion gels (Bio-Rad, Hercules, CA). SDS-PAGE gels were
then transferred to Hybond nitrocellulose membranes (GE Healthcare) using the
TransBlot SD semidry transfer system (Bio-Rad).

Antibodies
Tks4 antiserum was previously described (Buschman et al., 2009). Flag M2
and tubulin antibodies purchased from Sigma-Aldrich. MT1-MMP and GFP
antibodies were purchased from Millipore.

Immunofluorence Microscopy
Cells were grown on glass coverslips for 24 hrs and fixed with 4%
paraformaldehyde/PBS (Electron Microscopy Sciences, Hatfield, PA) for 20 min.
Then they were permeabilized with 0.1% Triton X-100/PBS for 10 min, and blocked
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with 2.5% goat serum for 20 min, incubated with primary antibodies for 1 h, washed
three times with PBS, and incubated with secondary antibodies and phalloidin for 30
min. Coverslips were mounted using VECTASHIELD (Vector Laboratories,
Burlingame, CA). All images were captured on an Axioplan-2 fluorescence
microscope with an AxioCam HRm camera and analyzed with Axiovision 3.0
software.

ECM degradation Assay
Fluorescently labeled gelatin-coated coverslips were prepared as described
previously (Buschman et al., 2009). Briefly, cells were incubated on labeled coverslips
for 6–20 h and fixed with 4% paraformaldehyde/PBS at room temperature for 20 min,
and F-actin was visualized with phalloidin.

Biotin labeling of Cells
Biotin labeling of the cell surface was performed as previously described
(Remacle et al., 2003). Briefly, Cell were washed two times in ice-cold PBS and
incubated in PBS for 10 minutes at 4°C. Cells were then labeled with biotin by
incubating cells at 4°C with 0.5mg/mL NHS-SS-Biotin for 30 minutes. Biotinylated
cells were lysed in RIPA buffer, and labeled cell surface proteins were precipitated
with streptavidin-agrose beads.

3D Culture
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Type I collagen 3D cultures were performed as described in (Hotary et al.,
2003). Briefly, Rat tail type I collagen (BD Biosciences) was prepared at a final
concentration of 2.2 mg/mL, and 25,000 to 50,000 cells were added to collagen mix
before gelling. Imbedded cells were grown for 10 days in DMEM contain 10% fetal
bovine serum and antibiotics in 10% CO2. After 10 days, the matrix was dissolved
with 2mg/mL collagenase (Worthington) and cell numbers were determined by
hemacytometry. The “hanging drop” method was used for tumor spheroid studies
(Kelm et al., 2003). Multicellular tumor spheroids were embedded in 2.2mg/mL
collagen. After 6 days, cells were fixed with 4% paraformaldehyde and stained with
phalloidin to visualize the F-actin.

Experimental lung metastasis assay
All animal experiments were conducted in accordance with the NIH Guide for
the Care and Use of Laboratory Animals and were approved by the Sanford-Burnham
Animal Care and Use Committee. Tks4 KD B16F10-Luciferase and Scrambled
controls were injected into the tail vein of C57/Bl6 females at a concentration of 8 x
105 cells/ml in PBS, at 100 µl per mouse. Mice were monitored daily for signs of
distress (ETC). This experiment was repeated 3 times using 5 to 10 mice per group.
After 20 days mice were sacrificed, the entire lung was dissected out in one piece, and
fixed overnight in 4% paraformaldehyde/PBS at 4 °C. Of each lung whole mount
pictures were taken at a Nikon SMZ 1500 camera (of both the dorsal and ventral side)
in order to determine the number of tumor nodules on the outside of the lung.
Subsequently, the tissues were blocked in paraffin and 5 micron serial sections were
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cut, and stained using a standard Hematoxylin and Eosin (H&E) staining protocol.
Next, the same plane in each lung was identified. Photographs were taken at a Nikon
TE300 camera using Spot RT Acquisition Software at a 4X magnification. The
number and size of the tumor nodules per lung were quantified using Image J
software.
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Recent research highlights the importance of invadopodia (and podosomes) for
cell invasion and extracellular matrix (ECM) remodeling (Linder, 2007; Gimona et al.,
2008; Linder, 2009). Further investigation into the key components and mechanisms
that regulate the formation and function of invadopodia will lead to a better
understanding of basic cell biology and the molecular basis of disease. The newly
described invadopodia protein Tks4 is critical component of invadopodia and cell
invasion and will be of particular interest to the field.
Using Src-transformed fibroblasts as a model system we showed that Tks4 is a
key competent of invadopodia. The loss of Tks4 resulted in the formation of an
incomplete or “pre-invadopodia” structure. These structures lack the normal F-actin
component that typifies the invadopodia structures, however they were positive for
several other key invadopodia protein markers, such as phosphotyrosine, vinculin,
cortactin, Tks5, and the Arp2/3 complex. These results suggest that Tks4 is required
for the polymerization of F-actin at invadopodia and that this step is secondary to the
recruitment of Tks5, cortactin, vinculin, and the Arp2/3 complex. Since Tks4 and
Tks5 are highly related, and Tks5 is also a key component in the formation of
invadopodia, we hypothesized that the Tks proteins have overlapping roles in the
formation of invadopodia.
To test this hypothesis, we overexpressed Tks5 in Tks4-defficient cells.
Overexpression of Tks5 was sufficient to restore the formation of invadopodia in these
cells, as measured by F-actin staining. Despite the formation of invadopodia
structures, these cells were still unable to degrade the extracellular matrix (ECM). The
expression of Tks4 in the Tks4-defficient cells was able to restore both F-actin
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polymerization (invadopodia formation) and ECM degradation (invadopodia
function). This demonstrates that Tks4 and Tks5 play redundant roles in the formation
of invadopodia, as measured by F-actin polymerization, but unique roles in the
function of invadopodia, as measured by ECM degradation.
This thesis work raises several open questions, including how Tks4 regulates
actin assembly and the subsequent formation of invadopodia. We found that there is
little F-actin polymerization at pre-invadopodia sites, despite localization of the
Arp2/3 complex, suggesting that the complex is not yet activated. This activation of
the Arp2/3 complex can occur by direct interaction with either cortactin or N-WASP
(Uruno et al., 2001; Takenawa and Suetsugu, 2007). Cortactin is also localized to the
pre-invadopodia structures, suggesting that it is not responsible for the activation of
actin assembly in Tks4-deficient cells. Overexpression of Tks5 can restore the
formation of invadopodia, as measured by F-actin polymerization and this suggests
that Tks4 and Tks5 are functioning under similar mechanisms. The PX domain of
Tks5 binds to the membrane component PI(3,4)P2, which is enriched in invadopodia
sites (Abram et al., 2003). This interaction is responsible for the localization of Tks5
to invadopodia (Seals et al., 2005). Once at invadopodia sites, Tks5 can stimulate actin
assembly by forming a complex with N-WASP, which can then activate the Arp2/3
complex. The Tks5/N-WASP complex was shown to be mediated by both Grb2 and
Nck (Oikawa et al., 2008; Stylli et al., 2009), but potentially could require both
proteins. Grb2 and Nck are related adaptor proteins that contain both SH3 and SH2
domains. Grb2 can interact with Tks5 via its N-terminal SH3 domain, while Nck binds
Tks5 in a Src-dependent manner via its SH2 domain.
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We hypothesize that Tks4 is regulating actin assembly by a similar
mechanism, and can form a complex with N-WASP via Nck and/or Grb. Tks4 has
three mapped Src-phosphorylation sites, one of which is an ideal SH2 domain-binding
site. These sites may serve as potential interaction sites with the SH2 domain of Grb2
or Nck. Tks4 also has multiple proline-rich (PxxP) sequences that could serve as a
binding site with one of the SH3 domains of Grb2 or Nck. In addition, Grb and Nck
both contain a PxxP sequence that could serve as an interaction site with a Tks4 SH3
domain. This hypothesis can be tested with several key experiments. The localization
of Nck and Grb2 could be tested in the Tks4-deficient Src-transformed fibroblasts. If
Nck or Grb2 do not localize to pre-invadopodia structures in this scenario, it would
suggest that Tks4 is regulating actin assembly via this protein. It would then be
necessary to determine if Tks4 can interact with Grb2 and/or Nck. This can be tested
by immunoprecipitating Tks4 from wild type Src-transformed fibroblasts and probing
for co-immunoprecipitated proteins. We have some preliminary data showing that
overexpressed tagged Tks4 can interact with Nck (unpublished observations, M.
Buschman). Future studies are needed to further define the interaction with Nck and to
determine if Tks4 can also interact with Grb2. Furthermore, Nck and/or Grb2 can be
knocked-down using siRNA technologies to determine their role in actin assembly and
invadopodia formation. If either protein contributes significantly to the Tks4dependent actin assembly pathway, we would expect to see a similar pre-invadopodia
phenotype.
It also remains possible that Tks4 is functioning in a mechanism completely
different from that used by Tks5. Although it is unlikely that Tks4 regulates cortactin-
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mediated actin assembly since cortactin is already localized to the pre-invadopodia
structures, Tks4 may function in regulating other aspects of cortactin activity. Src
phosphorylation of cortactin is required for optimal Arp2/3 activation and actin
polymerization (Tehrani et al., 2007). We also hypothesize that Tks4 regulates actin
assembly by controlling the phosphorylation state and activation of cortactin. This
alternative hypothesis can be tested using readily available phospho-specific
antibodies to investigate the levels and cellular localization of phosphorylated
cortactin in Tks4-deficient cells.
We also determined that Tks4 plays a critical role in the recruitment of matrix
degrading proteinases to invadopodia. In this function, Tks4 is unique because Tks5
was unable to restore the degradative capacity of the Tks4-deficient cells. Using both
Src-transformed fibroblasts and melanoma cells, we found that decreased invasive
capacity of Tks4-knockdown cells correlated with a reduced cell surface expression of
membrane type 1 metalloproteinase (MT1-MMP). Additionally, we found that Tks4
interacts with the cytoplasmic tail of MT1-MMP via a putative SH3 domain-binding
motif, RxxxxK. This motif is required for cell surface localization of the enzyme and
for MT1-MMP-dependent cell invasion.
MT1-MMP is a transmembrane MMP that is thought to be a “masterregulator” of cancer cell invasion and migration through the ECM (Sabeh et al., 2004).
It can directly cleave multiple ECM components, cell surface proteins, growth factors,
and is also responsible for the cleavage and activation of other MMPs (Poincloux et
al., 2009). Because it is membrane-bound, the subcellular localization of the enzyme
can control its activity, and is tightly regulated by complicated network involving both
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endocytic and exocytic intracellular transport. It is endocytosed by both clathrinmediated and caveolar-mediated pathways (Jiang et al., 2001; Remacle et al., 2003).
Once internalized, it can either be recycled back to the cell membrane or targeted for
lysosomal degradation (Remacle et al., 2003; Takino et al., 2003). The cytoplasmic
tail of MT1-MMP is required for the regulation of its subcellular localization (Lehti et
al., 2000; Uekita et al., 2001).
Many studies have observed the role of MT1-MMP localization in regulating
its activity, however very few studies have investigated the mechanisms controlling
the localization. We showed that Tks4 regulates the surface localization of MT1MMP, but future studies are required to determine how this regulation is occurring.
There are multiple pathways regulating MT1-MMP cell surface localization that Tks4
might function in.
We hypothesize that Tks4 can stabilize a pool of active MT1-MMP at
invadopodia or other membrane compartments. For example, phosphorylation of
endophilinA2 by a Src and focal adhesion kinase (FAK) complex leads to decreased
endophilinA2-dynamin2-mediated MT1-MMP endocytosis. This results in increased
cell surface MT1-MMP expression, presumably at invadopodia and increased cell
invasion (Wu et al., 2005). Tks4 might function by a similar mechanism to stabilize
MT1-MMP at invadopodia. It is reported that the adaptor protein CIN85 (also known
as Ruk or SETA) can interact with Tks4 (Havrylov et al., 2009). CIN85 is involved in
many cellular processes, including vesicle trafficking, cytoskeleton remodeling and
signal transduction (Havrylov et al.). In addition, CIN85 is known to interact with
both dynamin2 and members of the endophilin family (Havrylov et al., 2009). Tks4

106
and CIN85 could potentially regulate the endophilinA2-dynamin2-mediated MT1MMP endocytosis pathway. To test this hypothesis, experiments would first be
necessary to determine if Tks4 could interact with any of the components of the
endophilin-dynamin pathway. These interactions would then need to be mapped to
determine the specific domains that are responsible for the interaction. Once the
interaction sites are known, dominant-negative constructs of the various protein
components could be used to further investigate this pathway.
Another interesting hypothesis is that Tks4 is increasing the surface expression
of MT1-MMP by increasing its exocytic trafficking and/or recycling. A population of
MT1-MMP is localized in an uncharacterized intracellular storage compartment from
which it can be rapidly transported to the cell surface by Rab-8-mediated exocytic
vesicle transport. Additionally, this pathway may also function to transport MT1MMP from recycling endosomes to the cell surface (Bravo-Cordero et al., 2007).
Confocal microscopy and live cell imaging can be used to test if Tks4 is involved in
Rab-8-mediated MT1-MMP exocytic transport. In human cancer cells, Tks4 localizes
to distinct intracellular vesicles (unpublished observations, M. Buschman). Confocal
microscopy can be used to determine if Tks4, Rab-8, and MT1-MMP co-localize in
these intracellular vesicles. If they are found to co-localize, live cell imaging could be
used to investigate what happens to these exocytic transport vesicles when Tks4
and/or Rab-8 are knocked-down. If Tks4 does not localize to these Rab-8-positive
vesicles, it would be necessary to use confocal microscopy with various Rab and
endosomal markers to identify the origins of these Tks4 positive vesicles. Once the
vesicles are identified, siRNA knockdown of Tks4 and other components of the
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vesicles could help identify the potential mechanism of Tks4-dependent MT1-MMP
transport. Future studies will be needed to address these possible mechanisms of
action.
In order to form metastases, cells must first degrade the basement membrane
and invade into the circulatory and/or lymphatic systems. From there, tumor cells must
then infiltrate into and grow in the tissue metastasis sites. The complex path to
metastasis formation requires that tumor cells degrade, remodel, and invade through
large amounts of ECM barriers. Using an experimental metastasis/lung colonization
assay, we show that Tks4 is critical for melanoma metastasis. In this model, mouse
melanoma cells are directly injected into the circulatory system and cells are assayed
for their ability to extravasate and form metastases in the lungs. Reports have shown
that extravasation from blood vessels into lungs is not a limiting step; untransformed
and non-invasive cells can freely extravasate (Podsypanina et al., 2008). However,
once in the lungs, or other tissues, metastasis formation requires cell invasion and
MMP activity (Koop et al., 1994; Morris et al., 1994; Hangan et al., 1996).
Tks4 knockdown in melanoma results in a dramatic decrease in both the size
and number of lung metastases. Mice that received the Tks4 knockdown cells also
show no visible metastases to other organs. Whereas mice that received control cells
show considerable secondary metastasis formation in the lymph nodes, diaphragm,
vertebrae, and heart cavity. These findings support a model in which Tks4-dependent
MT1-MMP regulation of cell surface expression is required for tissue invasion and
metastases formation. In accordance with this model, MT1-MMP activity has been
well characterized in tumor progression and metastasis. Depletion of MT1-MMP or
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inhibition of its activity has shown that MT1-MMP is an essential component in the
formation of metastases (Derry et al., 1994; Tsunezuka et al., 1996; Szabova et al.,
2008; Bartolome et al., 2009).
Further studies will necessary to determine the role of Tks4 in primary tumor
growth. We hypothesize that knockdown of Tks4 will also affect tumor growth, since
both MT1-MMP and the Tks4-related adaptor protein, Tks5, play a critical role in
primary tumor growth (Hotary et al., 2003; Blouw et al., 2008). However, in an
experimental metastasis assay, Tks5 knockdown only affected the size of metastases
and not on the overall number (Blouw et al., 2008). These differences in vivo are
interesting because we show that Tks4 and Tks5 have partially overlapping roles in the
formation of invadopodia. These results suggest that Tks4 and Tks5 may play distinct
parts in cancer cell invasion. Alternatively, these differences observed in vivo may be
due to the model systems used; melanoma versus src-transformed fibroblast
(sarcoma). Knocking-down Tks4 and Tks5, in the same model system and performing
subcutaneous tumor growth and experimental metastasis assays, would address these
potential differences.
This work has shown that the newly discovered adapter protein Tks4 is critical
for the formation and function invadopodia, and for melanoma cell invasion and
metastasis. Further understanding of the mechanism(s) by which Tks4 regulates cancer
cell invasion and metastasis will be of great interest. Identifying the mechanisms that
regulate the surface expression of MT1-MMP may potentially lead to the development
of new cancer therapeutics. MMP inhibitors have long been touted as promising
targets for cancer therapeutics. However, these inhibitors have found very little
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success in clinical trials for several reasons. For one, these inhibitors are cytostatic, not
cytotoxic. As a result, it is difficult to demonstrate efficacy in clinical trials, which is
typically measured by reduction in tumor size. Additionally, prolonged treatment with
these drugs caused significant musculoskeletal pain and inflammation. These side
effects were attributed to the non-specific nature of these inhibitors (Coussens et al.,
2002). An ideal MMP inhibitor would only inhibit the population of MMPs
functioning in tumor progression and invasion. Specifically targeting this Tks4dependent pathway of MT1-MMP localization and activity may potentially
circumvent these adverse side effects. Unfortunately, because Tks4 is an adaptor
protein and does not have a catalytic domain, it does not represent an easily drug-able
target. Most small molecule inhibitors/drugs function by binding to and inhibiting the
catalytic function of a protein. However, the discovery of other components of this
Tks4-dependent pathway may lead to exciting new targets for cancer treatment.
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