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Cellular remodeling of the extracellular matrix (ECM), facilitating tumour cell invasion,
is a critical step in metastasis and as such is an important area of research to enhance our
understanding of cancer biology. To move through the ECM, cells utilize integrins to
bind to ECM proteins and proteases to degrade the matrix and in invasive tumour cells,
these processes can occur through unique small subcellular structures called invadopodia.
Trafficking of key proteins involved in alterations to cell-ECM interactions (including
integrins and MMPs) is an important element in tumour cell invasion; however, the
mechanisms controlling this trafficking are poorly understood. A protein family that has
a major role in vesicle trafficking, SNAREs (soluble N-ethylmaleimide-sensitive factor
activating protein receptors), function to localize vesicles to target membranes. The
goals of this research were to identify SNARE involvement in membrane-type 1 matrix
metalloproteinase (MT1-MMP) trafficking and in invadopodia formation. MT1-MMP
was identified as crucial cargo being required for cell invasion in two different breast
carcinoma cell lines. Initial studies further determined that SNAREs (SNAP23,
Syntaxin13, and VAMP3) are involved in MT1-MMP delivery to the plasma membrane.

Also, we have advanced our understanding of how MT1-MMP is recycled to the plasma
membrane, and it is now clear that this occurs through a late endosomal route involving
VAMP7. Trafficking of MT1-MMP specifically to invadopodia was also investigated
and discovered to occur similarly through a VAMP7-mediated route involving SNAP23
and Syntaxin4. Furthermore, we have identified the involvement of SNARE-mediated
trafficking in the transport of Src and epidermal growth factor receptor to invadopodia
supporting the formation of these structures. These results highlight a role for SNAREmediated membrane trafficking in cellular invasion.
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1.0 Introduction
1.1 Overview

The ability of cells to invade into and migrate through their surrounding
environment is a crucial component in the development and homeostasis of all
multicellular organisms, and can be a primary contributor to the progression of disease
(Ridley et al., 2003). From the spreading of cells during gastrulation to the migration of
leukocytes towards inflammation or injury, cellular movement is generally directional
and stimulated by external cues (Moissoglu and Schwartz, 2006). When the molecular
interactions that function to control migration and invasion are altered the results can be
pathological and various disorders such as multiple sclerosis and cancer can arise
(Vicente-Manzanares et al., 2005).
The extracellular matrix (ECM) acts as both a supportive scaffold and a physical
barrier, maintaining tissue architecture. Cellular adhesion to the ECM, mediated
primarily by the integrin family ECM receptors, provides a physical link between the cell
cytoskeleton and the ECM, organising and maintaining tissue architecture. Degradation
and reorganisation of the ECM, mediated primarily by proteases, enables cellular
migration through the ECM barrier, a process utilized during numerous cellular processes
such as gastrulation and the immune response. These processes are also utilised during
tumour cell metastasis. Degradation of ECM proteins facilitates the spread of cancer
cells to secondary sites in the body and is characteristic of invasive cancer cells (Sabeh et
al., 2004).

To move through the ECM, cells utilize integrins to bind to ECM proteins

and proteases to degrade the matrix. These processes result in alterations to intracellular
1

signaling through growth factor receptors and kinases such as Src. In invasive tumour
cells, these processes can occur through unique small subcellular structures called
invadopodia (Murphy and Courtneidge, 2011; Yamaguchi et al., 2005). Invadopodia are
actin-driven, membrane protrusions that contain both ECM adhesive receptors (integrins)
and ECM-degrading proteolytic enzymes (matrix metalloproteinases, MMPs). These
structures have been studied in cancer cells in two-dimensional and three-dimensional
cell culture microenvironments, and evidence from in vivo studies supports their
physiological importance (Soriano et al., 1991) and their role in tumour progression
(Blouw et al., 2008; Clark et al., 2009; Weaver, 2008).
Trafficking of key proteins involved in alterations to cell-ECM interactions
(including integrins, Src, growth factor receptors and MMPs) is an important element in
tumour cell invasion; however, the mechanisms controlling this trafficking are poorly
understood. A protein family that has a major role in vesicle trafficking, SNAREs
(soluble N-ethylmaleimide-sensitive factor activating protein receptors), functions to
localize vesicles to target membranes. Evidence supports a role for SNARE-mediated
membrane trafficking in cell invasion and a better understanding of the role of SNAREs
in facilitating cell invasion is needed.

Research in this area may lead to a better

understanding of the formation of invadopodia and the mechanisms by which cells
acquire a metastatic phenotype.

This introduction will provide a comprehensive

overview of our current understanding of tumour cell invasion, invadopodia formation
and SNARE-mediated membrane trafficking.

2

1.2 Cell Invasion
Cell invasion occurs in many physiological processes, such as wound healing and
embryogenesis; processes that are rigorously regulated. Tumour cells utilise similar
mechanisms to degrade the ECM and migrate through the matrix, although these events
may be differentially regulated compared to normal cells (Vicente-Manzanares et al.,
2005). The multistep process that drives cancer cell invasion and metastasis occurs
through multiple stages and can be summarised as follows: detachment of cells from the
primary tumour, basement membrane invasion, intravasation, and extravasation, arrest
and growth at a secondary location (Condeelis et al., 2000). Research into cell invasion
is an emerging field that has progressed rapidly over the last decade due to the
availability of new research tools and refined experimental models. The focus of this
section is on our current understanding of cell invasion, and specifically invasion through
a basement membrane. The process of tumour cell-ECM invasion contains three main
steps: 1) cell adhesion, 2) proteolytic degradation of the extracellular matrix, and 3)
migration through the ECM.
1.2.1 Cell Adhesion
Cellular adhesion to the ECM regulates numerous physiological processes and is
mediated primarily by the integrin family of ECM receptors.

Integrins are

transmembrane glycoproteins which form heterodimeric complexes of α and β subunits
and have a central role in the formation, maturation, and function of focal adhesions.
These adhesions are initially termed nascent focal adhesions of focal complexes.
Maturation of these adhesions into larger adhesions through the aggregation of integrins
and scaffolding proteins results in structures termed focal adhesions. Focal adhesions
3

form upon integrin engagement with the ECM and recruit signaling and scaffolding
proteins to regulate various processes such as migration (discussed in more detail below).
The mammalian genome contains 18 α and 8 β integrin subunit genes. From
these subunits, 24 different functional integrins have been observed with specificity for
ECM molecules such as collagen, fibronectin, laminins, vitronectin, and fibrin (Hynes
and Naba, 2012). Both α and β subunits have a single pass hydrophobic transmembrane
domain, a large N-terminal extracellular domain (>700 residues), and a relatively short Cterminal cytoplasmic domain (about 60 residues) (Campbell and Humphries, 2011). The
extracellular domains of the α and β subunits form a ligand-binding domain that
recognise ECM substrates. The intracellular cytoplasmic domain transmits intracellular
signals through the recruitment of integrin-binding proteins, adaptor proteins, and
signaling proteins as part of focal adhesions (Berrier and Yamada, 2007) (Figure 1.1).
Integrin activation can be bidirectional, signaling from the outside-in, or insideout. Outside-in signaling results from ligand binding causing a conformational change
exposing cytoplasmic tail binding sites (Campbell and Humphries, 2011). Inside-out
signaling results from intracellular signaling involving integrin cytoplasmic domains,
which cause a conformational change exposing the ligand binding site. This process is
rapid and allows exposure of a competent ligand binding domain in less than 1 second
and may enhance integrin clustering (Hughes and Pfaff, 1998). Scaffolding proteins,
such as, talin, vinculin, and α-actinin, bind to integrin cytoplasmic tails and also bind to
actin filaments (Bakolitsa et al., 2004; Cheung et al., 2009). This results in the anchoring
of the cell cytoskeletal network to the ECM through integrins. Scaffolding proteins can
4

recruit signaling proteins to sites of integrin activation. Signaling proteins, such as
tyrosine kinases (eg. focal adhesion kinase [FAK], Src, c-src tyrosine kinase
[Csk]),serine-threonine kinases (eg. integrin-linked kinase [ILK], protein kinase C
[PKC], protein kinase A [PKA]), and phosphatases (e.g. tumour suppressor phosphatase
tensin homologue [PTEN], src homology 2 domain containing non-transmembrane
protein tyrosine phosphatases [SHP-2]),recruited to activated integrins can generate
signals influencing cellular processes such as cytoskeleton remodeling, gene expression,
cell survival and cell cycle progression (Moissoglu and Schwartz, 2006; Ridley et al.,
2003).
Integrin clustering also contributes to intracellular signaling, although the precise
mechanisms behind this are not well understood. Clustering can be caused by integrins
in close proximity binding to ECM, or by binding of scaffolding proteins to integrins, or
by cytoskeletal force bringing integrins closer together. In an attempt to understand the
coupling between integrin activation and clustering it was recently demonstrated that
binding of the scaffolding protein, talin, promoted integrin clustering; whereas, neither
direct or indirect association of integrin with the actin cytoskeleton induced integrin
clustering (Ali et al., 2011). This model suggests that talin binding may be sufficient for
integrin clustering. Integrin clustering can also promote the recruitment of receptor
tyrosine kinases (RTK) thereby influencing proliferation, cell survival and migration
(Giancotti and Tarone, 2003). For example, αvβ3 integrin has been shown to associate
with platelet-derived growth factor receptor (PDGFR) and vascular endothelial

growth

factor receptor (VEGFR) (Borges et al., 2000), while α5β1 integrin has been shown to

5

associate with epidermal growth factor receptor (EGFR) (Miyamoto et al., 1996). The
molecular basis of these interactions is not fully understood at this time. The

Zoom in of Leading Edge

Figure 1.1: Cell adhesion and migration. Initial cell adhesion involves attachment of
integrins to the extracellular matrix followed by actin rearrangements enabling cell
spreading. External cues trigger cell migration and result in actin rearrangements due to
integrin clustering. Zoom of leading edge represents integrin activation through ECM
6

attachment and talin binding. This recruits vinculin and paxillin to integrin tails followed
by actin cytoskeletal rearrangements and integrin clustering.

association between integrins and RTKs is important during normal vascular
development

and these interactions are also implicated in tumour progression and

metastasis (Desgrosellier and Cheresh, 2010). Overall, activation of integrins and their
association with scaffolding and signaling proteins is a fundamental component of cell
adhesion and the regulation of cellular processes.
There is a great deal of research indicating that dysfunctional integrin signaling
has an important role in the behaviour of cancer cells (Ahmed et al., 2013; Guo et al.,
2006; Trerotola et al., 2013).

Integrins α5β1 and αvβ3 have been implicated in

promoting tumour survival (Marastoni et al., 2008), and α6β1 in protection against
hypoxia induced apoptosis (Chung et al., 2004). Promoting β1 integrin function was
found to enhance adhesiveness and metastatic capacity of colorectal cancer cells (Hsu et
al., 2011), while inhibition of β1 integrin was found to reduce invasion in head and neck
cancer cells (Kim et al., 2011). Also, it has been demonstrated that specific blocking of
integrin-ECM interactions, using a β1 integrin inhibitory antibody, increased the
radiosensitivity of cancer cells (Eke et al., 2012).Binding of integrins to the ECM to
transduce signals into the cytoplasm influences cell behaviour and can promote an
invasive behaviour.
Integrin signaling is dependent on the localization of integrins at the plasma
membrane, and this localization is facilitated through intracellular membrane trafficking
7

pathways.

Integrin recycling occurs through both a Rab11-dependent long-loop

recycling pathway and a Rab4-dependent short-loop recycling pathway. Integrin
trafficking can be altered in response to changes in cellular processes, as well as by
integrins themselves. Both αvβ3 and α5β1 integrin follow a long-loop recycling pathway
in unstimulated fibroblasts (Roberts et al., 2004). Under persistent directed migration,
αvβ3 recycling through a Rab4-dependent pathway is increased and the activity of αvβ3
suppresses the recycling of α5β1 (White et al., 2007).These studies demonstrate the
complexity of integrin traffic resulting in the precise localization of specific integrins at
sites of cell-ECM interaction.
Alterations to integrin recycling have been implicated in cancer progression.
Rab11-dependent recycling of α5β6 was shown to drive hypoxia-induced invasion (Yoon
et al., 2005). Inhibition of αvβ3 promotes α5β1 recycling in carcinoma cell lines through
an interaction between β1 integrin and a Rab4 and Rab11 effector protein RCP (rabcoupling protein) (Caswell et al., 2008).

Interestingly, this interaction is itself

upregulated in breast carcinomas (Zhang et al., 2009).

Regulation of β1 integrin

trafficking can also occur through a direct interaction with Rab25 (also known as
Rab11c) (Caswell et al., 2007) and overexpression of Rab25 has been associated with
ovarian cancer (Cheng et al., 2004). Taken together these findings highlight the role of
integrins in tumour cell adhesion and provide compelling support for the importance of
receptor trafficking in modulating adhesion in invasive cells.

8

1.2.2 Proteolytic Extracellular Matrix Degradation
The ECM acts as a scaffold for migrating cells; however, it is also a physical
barrier that can prevent cells from migrating. To move through the ECM, cells utilize
proteases to partly degrade the matrix. The matrix metalloproteinase (MMP) family of
zinc dependent proteolytic enzymes that degrade ECM substrates comprises 24 members
that have been identified in humans (Linder, 2007). These proteinases can be subdivided into membrane-type MMPs (MT-MMPs) and soluble MMPs.

MT-MMPs

contain either a transmembrane domain (MT1-, MT2-, MT3, and MT5-MMP) or a
glycosylphosphatidylinositol (GPI)-anchor (MT4-, and MT6-MMP) that tethers them to
the plasma membrane(Llano et al., 1999; Pei and Weiss, 1996; Takino et al., 1995).
Soluble MMPs are secreted by cells into the extracellular space and are able to diffuse
into the ECM. MMPs require post-translational modification as they are synthesized as
inactive proenzymes (pro-MMP) and are activated by removal of their prodomain
through proteolytic cleavage (Linder, 2007).

Secreted MMPs and MT-MMPs, once

activated, are able to cleave substrates, degrading the ECM and facilitating cellular
migration.
The structure of MMPs is highly conserved, containing several homologous
regions. All MMP family members contain a signal sequence at the N-terminus, which is
removed in the endoplasmic reticulum (ER); a propeptide domain for latency, a highly
conserved catalytic domain with a catalytic zinc atom, thought to aid in substrate binding;
a hinge, or linker, domain; and a hemopexin domain (Hpx) (Kleiner and StetlerStevenson, 1999). A Hpx domain and hinge domain are found in all MMPs with the
exception of MMP-7,-23, and-26 (Uria and Lopez-Otin, 2000; Velasco et al., 1999). For
9

MT-MMPs the Hpx domain is followed by a second linker domain, a transmembrane
domain and a cytoplasmic tail at the C-terminus (Linder, 2007). In the homologous
sections of MMPs, there is upwards of 60% amino acid sequence similarity. MMP-2 and
MMP-9 have a 48% sequence identity over their entire sequence, and within their
catalytic domain there are only a few residues at the outskirts of the substrate binding site
that are variable. MMPs contain two zinc binding sites, one involved in catalysis the
other serving a structural role, and three calcium binding sites; all of these sites are nearly
identical in all known MMPs (Massova et al., 1998).
Membrane-type MMP-1 (MT1-MMP) along with MMP-2 and MMP-9 (also
characterized as gelatinase A and B) have been intimately linked with highly aggressive
cancers, such as melanoma, breast, and colorectal(Sato et al., 2005; Seftor et al., 2001;
Zucker et al., 1999). Activation of MT1-MMP is accomplished intracellularly by the
Golgi-associated processing enzyme furin, which recognizes the unique 11 amino-acid
sequence (RRKR) located between the pro and catalytic domains (Itoh and Seiki, 2006).
Recently, it has been suggested that activation of MT1-MMP is a multi-step process
whereby the proteinase is first cleaved within the prodomain at either (or both) amino
acid 49/50 and 60/61, forming an intermediate enzyme that can then be processed by
furin to form a mature enzyme (Golubkov et al., 2007).
MT1-MMP can directly degrade the ECM by cleaving collagen types I, II, III,
laminins-1 and -5, fibronectin, gelatin, vitronectin, fibrin, and aggrecan, and indirectly
through activating pro-MMP-2(Itoh and Seiki, 2006). Collagen is the most abundant
ECM macromolecule, forming the structural framework of tissues, and thus its
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degradation is essential for cell migration and invasion. Since MT1-MMP can process a
wide variety of substrates, including all types of collagen, and is expressed on the plasma
membrane as an active enzyme, its regulation is clearly critical. Inhibitory regulation by
endogenous inhibitors such as tissue inhibitor of metalloproteinase (TIMP)-2, -3 and -4
help control the activity of MT1-MMP by forming a complex, binding to both the active
site of the catalytic domain and the N-terminal inhibitory domain (Itoh and Seiki, 2006).
MMP-2 is not highly regulated transcriptionally, being constitutively expressed in
many different types of tissues. Thus, regulation is controlled at the post-transcriptional
and enzyme activation levels. For example, at the post-transcriptional level TGF-β can
increase the half-life of MMP-2 mRNA from 46 to 150 hours (Overall et al., 1991), and
pro-MMP-2 activation is accomplished by MT1-MMP. Activation of MMP-2 requires
two or more MT1-MMP molecules as well as a TIMP-2 molecule to form a complex
enabling the proteolytic cleavage of pro-MMP-2.

MT1-MMP complexed with its

inhibitor, TIMP-2, exposes the C-terminal domain of TIMP-2 which has an affinity for
the Hpx domain of pro-MMP-2 and thus results in a (MT1-MMP)2-TIMP-2-pro-MMP-2
complex.

Another MT1-MMP, free of TIMP-2, then activates pro-MMP-2 through

proteolytic cleavage. The role of TIMP-2 is thus suggested to promote the activation of
MMP-2 rather than the inhibition of MT1-MMP. This colocalization of TIMP-2, MT1MMP, and MMP-2 has been detected in lamellipodia, however, it has not been detected
in invadopodia (Linder, 2007).
Unlike MMP-2, MMP-9 is not constitutively expressed by many cells and is
normally only found in trophoblasts, osteoclasts, and leukocytes (Janowska-Wieczorek et
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al., 1999).

MMP-9 expression is controlled transcriptionally by growth factors and

cytokines, as well as cell-cell and cell-ECM adhesion molecules. MMP-9 also requires
enzymatic processing, being proteolytically cleaved on the cell surface. MMP-2 is able
to activate pro-MMP-9 through cleavage of its prodomain, generating a 86 kDa form and
this is followed by a second cleavage by MMP-2 generating a 82 kDa form that is fully
active (Toth et al., 2003). The Hpx domain of MMP-9 functions to bind its substrate and
this is also the location at which its inhibitors, TIMP-1 and TIMP-3 bind.
Exocytosis of MMP-2 and MMP-9 is microtubule-dependent (Linder, 2007).
These proteinases are transported in vesicles as cargo proteins from the trans-Golgi
network to the PM. Although MMP-2 and MMP-9 are functionally related, and both are
prominent in invasive cancer cells they are not transported in the same intracellular
vesicles but rather are found in independent cytoplasmic vesicles, often close to one
another (Schnaeker et al., 2004).
1.2.2.1 MT1-MMP Trafficking
MT1-MMP localizes to the lamellipodia of migrating cells to degrade the ECM.
The Hpx domain of MT1-MMP has a role in localizing it to lamellipodia. A mutation in
the Hpx domain was shown to affect MT1-MMP localization to lamellipodia by
inhibiting binding of MT1-MMP to CD44, a receptor for hyaluronan. Evidence suggests
that this complex normally interacts, indirectly, with F-actin by means of motor proteins
Ezrin/Radixin/Moesin (Mori et al., 2002). MT1-MMP has also been shown to localize at
invadopodia (Linder, 2007) and this localization is VAMP7 dependent (Steffen et al.,
2008).

Recently, it was shown that cortactin expression had a greater effect on
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invadopodia-associated ECM degradation than on the formation of invadopodia (Clark et
al., 2007).

This study went on further to show that cortactin was affecting MT1-MMP

localization to the plasma membrane, as well as MMP-2 and MMP-9 secretion, and the
authors hypothesized a role for cortactin in either regulating trafficking of MT1-MMP
from the trans-Golgi network to invadopodia, or in tethering MT1-MMP-containing
vesicles at invadopodia sites. A recent study by Bravo-Cordero et al. showed for the first
time trafficking of MT1-MMP to the plasma membrane in a Rab8-dependent exocytic
pathway (Bravo-Cordero et al., 2007).
Internalization of MT1-MMP occurs through clathrin-dependent and caveolaedependent mechanisms and is dependent on the cytoplasmic-tail of MT1-MMP. It has
been shown that CD63, a component of late endosomal and lysosomal membranes,
interacts directly with the Hpx domain of MT1-MMP and has a role in regulating its
trafficking as expression of CD63 accelerates MT1-MMP internalization (Takino et al.,
2003). Although the structure of MT1-MMP is similar to MT2-, MT3-, and MT5-MMP,
their cytoplasmic domains are divergent, suggesting that the trafficking pattern of each
may differ. Wang et al. showed that MT1-MMPs are recycled back to the plasma
membrane through interactions at the C-terminus of their cytoplasmic domains. This
study showed that MT1-MMP recycling is mediated by the carboxyl-terminal
DKV582motif, and once MT1-MMP is internalized it enters the endosome and then a
significant portion is routed through the trans-Golgi network and recycled back to the
plasma membrane (Wang et al., 2004b). Internalization-defective mutants were found to
accumulate MT1-MMP on plasma membrane and although their proteolytic activity was
unaffected they failed to promote migration or invasion (Uekita et al., 2001).
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It has been established that MT1-MMP is phosphorylated at Tyr573 in a Srcdependent manner and that this event regulates the endocytosis of MT1-MMP in cells
stimulated with epidermal growth factor (EGF) (Moss et al., 2009a; Nyalendo et al.,
2007). Impairing phosphorylation and endocytosis perturbed cell invasion, further
highlighting the importance of MT1-MMP trafficking in cell invasion. MT1-MMP has
also been shown to be phosphorylated at Thr567 using an in vitro kinase assay (Moss et
al., 2009b; Nyalendo et al., 2007). Furthermore, it has been shown that MT1-MMP can
indirectly activate ERK stimulate cell migration (D'Alessio et al., 2008). This activation
of ERK was found to be dependent on the cytoplasmic tail, but not the catalytic activity
of MT1-MMP, and required the

573

YCQR576 sequence. These observations suggest that

the cycling of plasma membrane MT1-MMP functions to promote migration and
invasion and that this may occur through mechanisms beyond ECM degradation.
1.2.3 Cell Migration
The process of cell migration can be divided into four sequential steps that result
from migration-promoting cues; membrane extension, dynamic adhesion, actomyosinbased contraction, and detachment at the trailing edge (Ridley et al., 2003). Membrane
extension on two-dimensional ECM substrates form at the leading edge of cells due to
cytoskeletal rearrangements, driven by actin polymerization. Small GTPases Rac and
Cdc42 control the formation of membrane protrusions (Bremser et al., 1999). These
GTPases cycle between active membrane-bound, and inactive cytosolic states regulated
by GTPase activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs)
(Bremser et al., 1999). A key regulator of Rac activation, phosphatidylinositol 3-kinase
(PI3K), acts through the generation of PIP3 or P1(3,4)P2. PI3K binding to PIP3 stimulates
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GEF binding and subsequent activation of Rac. Rac activation can also occur through
integrin-mediated activation of PI3K, although the precise mechanism is unknown
(Berrier and Yamada, 2007).
Integrin-mediated binding of ECM proteins transduces signals that activate and
regulate intracellular proteins to direct cell spreading and membrane protrusions.
Tyrosine kinase signaling proteins, such as FAK and Src, directly or indirectly bind to
integrin cytoplasmic domains. FAK can then bind to various scaffolding proteins; such
as paxillin and talin.

Clustering of FAK at integrins results in its activation by

autophosphorylation on Tyr397 (Lee et al., 2005). Src can bind to scaffolding proteins as
well as directly to β3 integrin, which results in Src activation by autophosphorylation on
Tyr418(Arias-Salgado et al., 2003). Active Src or FAK can then phosphorylate p130Cas
(Diaz and Pfeffer, 1998) and paxillin (Hutagalung and Novick, 2011) and this is a major
route to Rac activation and translocation of Rac to the plasma membrane (Ungar and
Hughson, 2003). There are many other methods of Rac activation, such as α-actinin
binding to zyxin, followed by VASP and Vav, leading to increased Rac activity. There
are also several different mechanisms by which PI3K can activate Rac, discussion of
which is beyond the scope of this introduction (Bremser et al., 1999).
Activation of Rac leads to the polymerization of F-actin, primarily dependent on
the seven subunit Arp2/3 complex. This actin polymerization generates mechanical
force, pushing and altering plasma membrane structure. Rac also activates N-WASP
(neural-WASP) and WAVE.

Activated WAVE binds Arp2/3 stimulating de novo

branched F-actin assembly (Bremser et al., 1999). Rac can also activate IQGAP1 (IQ
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motif containing GTPase activating protein) stimulating N-WASP actin polymerization.
The Rac effector p21-activated kinase (PAK) phosphorylates cortactin, which in turn
binds and phosphorylates Arp2/3. Lipids also play a role actin reorganization. Cleavage
of phosphatidylinositol 4,5-bisphosphate(PtdIns(4,5)P2, also known simply as PIP2), into
DAG and IP3, is mediated by phospholipase C (PLC). PIP2 is hypothesised to bind actinbinding proteins at the plasma membrane preventing their interaction with actin.
Recently, it was shown that EGF-stimulated reduction of PIP2 resulted in the release of
actin-binding protein cofilin, subsequent activation and binding of cofilin to actin, and
severing of F-actin filaments resulting in free barbed ends for actin polymerisation (Tran
et al., 2007). These dynamic interactions with actin-modifying proteins work together,
with integrins and signaling proteins to promote the formation of protrusions at the
plasma membrane of migratory cells.
Dynamic adhesion is the second step in cell migration and involves the formation
of new adhesive contacts at the leading edge. The association of clustered integrins with
the F-actin cytoskeleton and signaling proteins results in the formation of relatively small
focal contacts. These contacts can mature into larger focal adhesions as a greater number
of focal adhesion proteins and actin filaments associate. This maturation is dependent on
a shift from Rac-to-Rho based signaling, though how this occurs is not completely
understood. Rho activation results in the stabilization of F-actin filaments, growth of
focal adhesions, and the activation of actomyosin structures. Assembly, and disassembly,
of focal adhesions is critical to cell motility, and generally cells that are highly motile can
be characterised as having very small adhesions while those with large adhesions are less
motile (Vicente-Manzanares et al., 2005). Nonetheless, relatively little is known about
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the disassembly of focal adhesions. Changes in signaling mediated by Src and FAK are
thought to play a role in focal adhesion disassembly, as cells lacking FAK or Src show an
increase in adhesion size and number (Hong, 2005).

At focal adhesions, Src

phosphorylates FAK onTyr925, this results in binding to growth-factor-receptor-bound
protein 2 (GRB2) adaptor protein.
kinase-2 (ERK2) cascade.

This activates the extracellular signal-regulated

ERK, in turn, phosphorylates FAK at Ser910, which is

associated with a decrease in FAK-paxillin binding and FAK localisation at focal
adhesions

(Yang et al., 1999). Recently, it was demonstrated that MT1-MMP

localization at focal adhesions up-regulates disassembly and stimulates cell migration
(Wang and McNiven, 2012). The increase in disassembly correlated with a reduction in
FAK phosphorylation and an induction of ERK activation, although the precise
mechanism remains unclear.
Contraction of the cell body followed by detachment of the trailing edge are the
final two steps in cell migration. The attachment at the leading edge followed by
actomyosin-based contraction at the trailing edge, induced primarily by Rho and its
downstream effector ROCK, enable the cell to contract and pull itself forward (Ridley et
al., 2003). Adhesions at the rear of the cell disassemble in response to forces generated by
actomyosin-based contractions or by protease-directed degradation, allowing for cell
body translocation. Weakening, or severing of integrin-cytoskeletal or integrin-ECM
interactions can separate integrins from the actin cytoskeleton. Integrin endocytosis at
the rear of the cell may also contribute to adhesion disassembly as it has been
demonstrated that perturbing integrin endocytosis impaired rear-end detachment (Lawson
and Maxfield, 1995). Proteases also have a role in adhesion disassembly facilitating
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retraction at the rear. The protease calpain cleaves focal adhesion associated proteins
such as FAK and talin resulting in focal-adhesion disassembly (Chan et al., 2010).
MMP1 has been shown to localize to the rear of the cell and to contribute to release from
the ECM substrate (Li et al., 2000).

Together, actomyosin contraction along with

adhesion disassembly promote cell body detachment at the rear and forward movement.
1.3 Invadopodia Formation
It was noted in 1980 that in fibroblasts transformed with v-Src the focal adhesion
proteins vinculin and α-actinin were localised from peripheral contact points to form
circular ventral clusters (David-Pfeuty and Singer, 1980). In 1985, it was demonstrated
that degradation of the ECM occurred at these sites (Chen et al., 1985). In 1989, the term
invadopodia was coined to describe these structures (Chen, 1989). For the last 25 years,
there has been extensive research into invadopodia investigating protein localization and
mechanisms of formation.
Invadopodia are unique structures, found only in cancer cells, that facilitate
membrane protrusion into the ECM and localised degradation. It is important to note
here that similar structures termed podosomes have been found in normal cell types
involved in immune system function and tissue remodeling (e.g. macrophages, dendritic
cells and osteoclasts) (Lin and Scheller, 2000). The focus of the following section will,
however, be on the initiation, maturation, and disassembly of invadopodia (Figure 1.2).
1.3.1 Invadopodia Initiation and Assembly
Induction of invadopodium formation has been demonstrated to occur in response
to growth factor stimulation, such as PDGF, EGF, and TGFβ.
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Growth factors can

stimulate Src and PKC signaling pathways, resulting in F-actin nucleation. Src kinase
has been shown to regulate cytoskeletal remodelling during invadopodium formation
through its phosphorylation of cortactin and Tyr kinase substrate with five SH3 domains
(Tks5), proteins with established roles in invadopodium formation. Cortactin has been
well studied in this context, and is known to modulate the actin cytoskeleton in
association with Arp2/3 and N-WASP (Artym et al., 2006; Tehrani et al., 2007), as well
as regulate the secretion of MMPs at invadopodia (Clark et al., 2007). Cortactin binds

Figure 1.2: Steps involved in invadopodia formation. During initiation cells establish
adhesions through integrins and stimulate signaling pathways through receptor tyrosine
kinases (RTKs). Growth factors and integrins stimulate Src activity resulting in the
phosphorylation of various actin modifying proteins: N-WASP, ARP2/3 (not depicted
here), cortactin, and cofilin. Assembly results in the protrusion of the plasma membrane
into the extracellular matrix driven by the force generated by F-actin filament formation.
Membrane trafficking of MT1-MMP facilitates maturation of invadopodia through
degradation of the ECM enabling further membrane protrusion into the basement
membrane. F-actin core disassembly, through alterations to actin modifying proteins
such as cortactin, initiates the beginning stages of invadopodia disassembly (adapted
from Murphy and Courtneidge, 2011).
19

20

Arp3 through its N-terminal acidic domain (NTA), activating the Arp2/3 complex.
Cortactin also has actin-binding motifs that bind to and stabilise branch points (Weaver,
2008). The C-terminal SH2 domain of cortactin binds directly to N-WASP, facilitating
N-WASP-mediated activation of Arp2/3 and recruitment of Nck1 to invadopodia (Oser et
al., 2009). Cortactin can directly bind to cofilin, preventing actin severing, but once
phosphorylated cofilin is released resulting in a dramatic increase in free barbed ends and
actin polymerization at invadopodia (Oser et al., 2009). Dephosphorylation of Src at
Tyr527 and subsequent autophosphorylation at Tyr418 is required for these processes,
freeing the Src homology 3 and 2 domains (SH3 and SH2) to bind to and facilitate
phosphorylation of cortactin.
Tks5 can bind to N-WASP and growth-factor-receptor bound 2 (GRB2), as well
as adaptor proteins Nck1 and Nck2. Src phosphorylation of Tks5 at Tyr557 results in a
direct interaction of Tks5 with the

Nck1/2 SH2 domain, recruitment of Nck to

invadopodia and stimulation of actin assembly (Flaumenhaft et al., 1999). Tks5 can also
stimulate actin assembly by binding GRB2 dependent on Src activity (Hu et al., 2007).
Tks5 proteins are suggested to regulate actin assembly through association of the Tks5
SH3 domain with N-WASP and this is proposed to be dependent on Nck binding. GRB2
SH3 domains can bind N-WASP promoting actin nucleation and there is evidence that
Nck and GRB2 cooperate functionally. In this regard, the coordinated recruitment and
binding of Nck and GRB2 to N-WASP has been demonstrated (Shen et al., 2007) and
cooperative recruitment of Nck and GRB2 to the Nephrin receptor in podocytes has been
shown to induce actin polymerization (Garg et al., 2007).
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As mentioned previously, integrins are also able to activate Src leading to actin
cytoskeletal rearrangements. αvβ3 integrins have been found in the invadopodia of
several cancer cell types (Zambonin-Zallone et al., 1989), and β1 integrin has also been
found to localise to invadopodia (Mueller and Chen, 1991). Our understanding of the
role that integrins play in invadopodia formation is lacking. It has been shown that β1
integrin, and not β3, is important for invadopodium formation in Src-transformed
fibroblast; although, the precise mechanism remains unclear (Destaing et al., 2010).
Another route of invadopodium initiation is through reactive oxygen species (ROS)
signaling. Production of ROS occurs mainly through NADPH oxidase (NOX) action or
mitochondrial oxidative phosphorylation. ROS are produced at high levels in cancer
cells due to metabolic stress. It has been demonstrated that NOX generation of ROS can
promote invadopodium formation, most likely through the NOX organising proteins
p22PHOX and p67PHOX which are capable of associating with Tks5 (Hepp et al., 2002;
Risinger and Bennett, 1999).

It has also been suggested that ROS are capable of

activating Src (Pombo et al., 2001), adding to the central role that Src-mediated pathways
play in invadopodium formation.
1.3.2 Invadopodia maturation
Maturation of invadopodia following Tks5 and cortactin recruitment is not well
understood. Invadopodia have been shown to be stabilised through dephosphorylation of
cortactin, resulting in binding to cofilin and blocking further F-actin severing activity
(Oser et al., 2009). Interestingly, it has been shown that cortactin expression had a
greater effect on invadopodium-associated ECM degradation than on the formation of
invadopodia (Clark et al., 2007).

This study went further to show that cortactin was
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affecting MT1-MMP localization at the plasma membrane, as well as MMP-2 and MMP9 secretion. The authors hypothesized a role for cortactin in either regulating trafficking
from the trans-Golgi network to invadopodia, or in tethering vesicles to the
invadopodium sites. The localization of MT1-MMP at invadopodia is a key step in the
maturation of these structures and ECM degradation. Integrins have been suggested to
play a role in invadopodia stabilization and maturation (Destaing et al., 2010), possibly
through their interaction with MT1-MMP. β1 integrin clustering with MT1-MMP at the
plasma membrane slows down the rate of MT1-MMP endocytosis and increases cell
surface MT1-MMP (Foster et al., 1998), and it is possible that a similar event occurs at
invadopodia.
Actin and microtubule networks promote invadopodium maturation. Microtubule
networks form at the tip of invadopodia and are required for protrusion into the ECM. A
role for kinesins in microtubule-dependent vesicle trafficking during invadopodia
maturation has also been established (Linder et al., 2011). The role of myosin-mediated
vesicle trafficking along F-actin filaments during invadopodia formation has yet to be
explored. The precise mechanisms by which invadopodia become stabilised, degrade
ECM, and extend further into the ECM is not well characterised but it appears that
repeated cycles of actin polymerization and stabilization events are needed. All of these
examples suggest that membrane trafficking of proteins plays a key role in invadopodium
maturation, although it has yet to be determined which proteins are trafficked in this way.
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1.3.3 Invadopodia disassembly
Invadopodia are relatively long lived structures persisting for hours; however,
there is very little information about their disassembly and turn over.

It has been

suggested that the F-actin cytoskeleton disassembles, while core structures remain in the
plasma membrane (Artym et al., 2006). Phosphorylation of cortactin and actin filamentassociated protein of 110 kDa (AFAP110) has been shown to promote invadopodium
turnover through F-actin disassembly (Kalwat et al., 2012). Phosphatases have also been
implicated in podosome turnover, as the Ser protease calpain was shown to cleave talin,
WASP, and PYK2, resulting in podosome turnover (Aran et al., 2011). This mechanism
has yet to be investigated in invadopodia..
1.3.4 Cell Migration and Invadopodium biology
The role of invadopodia in cell migration is currently undefined.

Although

invadopodia share many features with migratory structures, such as lamellipodia and
focal adhesions, there are also distinct differences in the formation of invadopodia and
lamellipodia. Invadopodia share many of the same components as focal adhesions and it
has been suggested that these structures have reciprocal roles in ECM interaction. Src
localises to focal adhesions and to invadopodia. FAK was shown to localize
predominantly at focal adhesions and negatively regulate invadopodium formation
through the spatial control of Src. FAK knock-down results in a shift of Src localization
from focal adhesions to invadopodia (Chan et al., 2009), and although this increased
invadopodium formation, it did not facilitate cell invasion, suggesting a link between
focal adhesion formation and invasion. There are discrepancies concerning the role of
FAK, as others have reported FAK localizes at invadopodia and increased invadopodium
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formation caused by FAK expression (Alexander et al., 2008; Chung et al., 2000). The
formation of invadopodia has been shown in the vicinity of focal adhesions, and it has
been suggested that this is in response to the generation of PtdIns(3,4)P2 and recruitment
of Tks5 to these lipids (Hu et al., 2007). There are also differences in the proteins
involved in lamellipodium formation and invadopodium formation. Cortactin and NWASP are required for initiation of invadopodium formation, but not for lamellipodial
protrusion (Artym et al., 2006; Yamaguchi et al., 2005). Also, in lamellipodia Arp2/3
activation is dependent on WAVE2, but WAVE2 does not localise to invadopodia. PAK
activity, which is important for lamellipodium formation, is not essential for
invadopodium formation. Overall, it appears that although these structures are distinct
there is some interplay between protein localization and signaling pathways necessary for
ECM degradation and invasive migration.
1.4 Membrane Trafficking
Cell migration and invasion require the precise localisation of adhesion and
signaling proteins. Membrane trafficking coordinates the trafficking of these proteins
from different membrane compartments. SNAREs are key players in these trafficking
events and will be discussed in detail below. The goal of this section is to review the key
steps involved in membrane trafficking: the selection of cargo at a donor compartment,
generation of vesicular compartments, transport to target membranes, tethering, docking,
membrane fusion, and the recycling of proteins within this system.
1.4.1 Cargo Selection and Vesicle Formation
Vesicle formation from the endoplasmic reticulum (ER), Golgi, or plasma
membrane requires the selection of cargo to be transported, a conserved set of coat
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proteins that bind and induce curvature of the membrane, and the incorporation of
proteins that will target the vesicle and fuse it with the correct membrane (Figure 3).
Coat proteins, adaptor proteins, accessory proteins, and small GTPases function to
regulate cargo selection and vesicle formation. Coat proteins are regulated by the small
GTPases of the ADP-ribosylation factor (ARF) family. ARF proteins cycle between a
membrane-associated, active, GTP-bound state, and a cytosolic, inactive, GDP-bound
state. Cytosolic ARF activation results in exposure of a myristoyl group allowing for a
stable membrane association at distinct locations within the cell. For example, ARF1 can
be found on Golgi membranes where it mediates retrograde transport between Golgi
cisternae through the recruitment of coat protein complex I (COPI). ARF1-GTP can also
recruit clathrin to the trans-Golgi and endosomal compartments. By comparison, ARF6
can recruit clathrin and primarily localizes to the plasma membrane and endosomal
compartments. ARF proteins bind the cytoplasmic tails of membrane cargo proteins
containing a KKXX retrieval motif, selecting and incorporating specific proteins into the
budding vesicle. Myristoylated ARF, together with coat proteins and the cytoplasmic tails
of cargo proteins, comprise the minimal machinery resulting in vesicle budding(Bremser
et al., 1999). Selected cargo proteins include those required for future steps of membrane
trafficking and fusion, such as SNAREs. For example, ARF1-GTP binds selectively to
the Golgi SNARE GS15, and this interaction stabilizes ARF1 at the membrane and
supports retrograde traffic through the Golgi (Lee et al., 2005).
Another protein family known to function in vesicle formation are the small Ras
family GTPases Rabs. Rabs and their effector proteins function at several steps during
trafficking, including cargo selection. For example, Rab9, which regulates traffic
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Figure 1.3: Steps in membrane trafficking. Vesicle formation at an endomembrane
compartment (depicted as trans-golgi network) involves ARF and Rab GTPases binding
cargo and recruiting coat proteins (not depicted). Vesicle formation and budding is
followed by cytoskeletal trafficking to target membrane. At target membrane t-SNAREs
form a complex followed by complex formation with a v-SNARE facilitated by tethering
factors and Rabs. SNARE complex assembly helps drive membrane fusion resulting in
targeted delivery of cargo.
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between

the late endosome and trans-Golgi, binds to the cytoplasmic domain of

mannose-6-phosphate through its effector protein (TIP47) during vesicle formation,
promoting the recycling of mannose-6-phosphate (Diaz and Pfeffer, 1998). Rabs and
ARFs help select the cargo to be transported, and coat proteins cause membrane
deformation resulting in vesicle budding followed by pinching off of the vesicle. This
latter step is mediated by the GTPase dynamin.

Following vesicle budding, Arf

inactivation through hydrolysis of its GTP causes coat protein disassembly. The vesicle
is then transported by motor proteins on either actin or microtubule networks to target
membranes. Rab proteins also play key roles in vesicle movement through interactions
with motor proteins (Hutagalung and Novick, 2011).
1.4.2 Tethering, Docking, and Membrane Fusion.
Once a vesicle reaches its target membrane, the processes of tethering, docking
and fusion begin. Rab GTPases and tethering factors mediate tethering, an initial loose
attachment at the target membrane. This attachment will only bring about subsequent
membrane fusion if the appropriate Rabs and tethering factors are present. Tethering
factors are structurally diverse and are either long coiled-coil proteins (eg. endosomal
EAA1) or large hetero-oligomeric complexes (eg. exocyst complex). Several tethering
factors have been shown to interact with Rabs and SNAREs and facilitate SNARE
complex formation(Ungar and Hughson, 2003). Tethering brings the vesicle SNARE (vSNARE) in close proximity to the target SNARE (t-SNARE), facilitating their pairing.
The t-SNAREs dimerize on the target membrane and promote core SNARE complex
assembly by subsequent interaction with the v-SNARE on the vesicle. Once the SNAREs
are in contact with each other they can form a trans-complex through an interaction
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between their SNARE motif hydrophobic faces. The formation of the trans-SNARE
complex results in a tightly packed, highly stable, hydrophobic, four-helical bundle. The
energy released from this formation helps overcome the energy barrier formed by the two
opposed membranes and in this way contributes to membrane fusion (Hong, 2005).
Evidence of the thermodynamic stability of the SNARE complex can be found in the
inability to disassemble the synaptic SNARE complex (SNAP-25, VAMP2, syntaxin1)
with either sodium dodecyl sulfate (SDS) (Hayashi et al., 1994) or heat up to ~90’C
(Yang et al., 1999).
After membrane fusion, the complex becomes a cis-SNARE complex, which can
then be disassembled and recycled for use in future trafficking processes.

SNARE

complex disassembly is catalyzed by the ATPase NSF (N-ethylmaleimide-sensitive
factor) along with the adapter proteins α-SNAPs (soluble N-ethylmaleimide-sensitive
factor attachment protein). α-SNAP binds to the SNARE complex and recruits NSF,
which through its ATPase activity separates the complex. The resulting ‘free’ SNAREs
can then be recycled by retrograde transport of v-SNAREs and reformation of t-SNAREs
into functional docking complexes (Figure 4) (Hong, 2005). Inhibition of either NSF or
α-SNAP perturbs SNARE recycling and impedes all SNARE-mediated membrane
trafficking events within cells.
1.4.2.1 SNARE Structure and Function.
SNARE proteins form a family of small proteins (100-300 amino acids long) that
can be characterized by the presence of a SNARE motif, an evolutionarily conserved
domain of 60-70 amino acids. Most SNAREs are integral membrane proteins and
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Figure 1.4: SNARE-mediated membrane fusion. Core complex assembly and vesicle
docking as one helix of a VAMP SNARE (blue) complexes with two helices from a
SNAP23 family member (green) and one helix from a Syntaxin (red). The SNAREs
zipper together through their hydrophobic SNARE motifs forming a stable trans-complex
which brings the two membranes close together. Membrane fusion results in a cis
complex, which is disassembled through the ATPase NSF and the adapter α-SNAP.
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contain a single transmembrane domain at their C-terminus connected to the SNARE
motif by a short linker region. Most SNAREs contain an N-terminal domain, which
varies in length depending on the SNARE subgroup. A subset of SNAREs varies from
this common structure in that they lack either an N-terminal domain or a transmembrane
domain (Jahn and Scheller, 2006; Ungar and Hughson, 2003)
There are 36 SNAREs in humans and two possible ways to classify SNAREs
(Jahn and Scheller, 2006). The oldest and simplest way to classify SNAREs is using the
v-SNARE (vesicle membrane SNARE) and t-SNARE (target membrane SNARE)
terminology, which classifies them based on their functionality.

Members of the

Syntaxin, SNAP23 and SNAP-25 family are classified as t-SNAREs while members of
the VAMP family are v-SNAREs. Since there are some SNAREs that function with
various partners and act in several different membrane locations, the v-t-SNARE
classification is not always useful (Hong, 2005).
An alternative way of classifying SNAREs is based on their structure. This
approach uses Q/R nomenclature and refers to the four-helix SNARE complex containing
a central polar layer embedded in the hydrophobic core of the bundle. R-SNAREs
contain an arginine residue while the Q-SNAREs contain a glutamine residue at the polar
layer. Most membrane fusion reactions involve one R-SNARE, often contributed by the
vesicle, and three Q-SNAREs, contributed by the target organelle. The Q-SNARE can be
further classified into Qa, Qb, and Qc which is based on each Q-SNAREs position within
the four-helix bundle. All SNARE complexes consist of a four-helix bundle assembled
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with one member of each subfamily: R-SNARE, Qa-SNARE, Qb-SNARE, and QcSNARE (Lee et al., 2005).
Various members of the Qa-, Qb-, Qc- and R-SNAREs interact to form a wide
variety of SNARE complexes that function in different trafficking pathways. Some
SNAREs can participate in multiple complexes involved in different trafficking events in
different cell types. For example, the t-SNARE Syn4/SNAP-23 can interact with the vSNARE VAMP2, VAMP3, VAMP7 or VAMP8 (Lee et al., 2005).

Several known

mammalian SNARE complexes that function in specific trafficking events have been
classified and shown to be involved in transport of vesicles from the ER to the Golgi,
from the Golgi to the plasma membrane, and from the plasma membrane to recycling and
degradative pathways.
An example of specificity in SNARE function can be seen in the activities of
VAMP1 and VAMP2, which function in regulated exocytosis in neurons and endocrine
cells (Jahn and Sudhof, 1999), while VAMP8 is involved in exocytosis in exocrine
cells(Wang et al., 2004a).

SNAREs involved in the endocytic pathway include

Syntaxin13 and SNAP25, which interact with VAMP2 to regulate fusion of early/sorting
endosomes, and Syntaxin8 (or Syntaxin7) and Vti 1b (a Qb-SNARE) which interact with
VAMP8 to regulate fusion of late endosomes.

SNAREs involved in the secretory

pathway, from the trans-Golgi network to the plasma membrane, include Syntaxin1 and
SNAP25, which interact with VAMP2 (in neurons), and Syn4 and SNAP-23, which
interact with VAMP8 during transport of GLUT4 (glucose transporter 4)-containing
vesicles in pancreatic cells (Hong, 2005). VAMP3, which has broad tissue distribution,
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has been found to be enriched in sorting and recycling endosomes that travel to the
plasma membrane (Lin and Scheller, 2000), while VAMP4 traffics from the plasma
membrane, via sorting endosomes and then recycling endosomes, to the trans-Golgi
network (Tran et al., 2007). Thus, SNARE complexes can be cell-type specific depending
on which t- or v-SNAREs are expressed.
In vitro studies of SNARE complex assembly reveal promiscuity in SNARE
complex formation, although there are differences in the stability of different complexes
(Jahn and Scheller, 2006). In vivo, however, SNAREs show relatively specific pairing
during membrane trafficking, which results in distinct SNARE complexes to drive
specific fusion events (Pfeffer, 2007).

For example, it had previously been shown

through in vitro biochemical methods that VAMP3 can form complexes with
syntaxin4/SNAP-23 (Flaumenhaft et al., 1999), but it was recently shown that this
complex cannot drive membrane fusion (Hu et al., 2007). Also, in studies using S.
cerevisiae, specific SNARE sets have been shown to be dedicated to specific fusion
reactions. Of the ~300 possible combinations of yeast SNAREs only 9 are functional in
facilitating membrane fusion (Shen et al., 2007). Other studies have shown that some
SNAREs can show redundancy, to a certain extent, as deletion of some SNAREs can lead
to mild phenotypic defects while deletion of others, such as SNAP25, results in
embryonic lethality in mice (Jahn and Scheller, 2006). In general, biochemical analysis
of complex formation does not necessarily provide information about membrane fusion
in vivo.
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Other mechanisms regulating SNARE complex formation are phosphorylation
and interactions with non-SNARE binding partners. SNAP23 in its uncomplexed, or
‘free’, state is phosphorylated by SNAK kinase. Phosphorylated SNAP23 was found to
be absent at the plasma membrane, residing exclusively on intracellular membranes and
not in association with Syntaxin4 (Cabaniols et al., 1999).

SNAP23 can also be

phosphorylated by protein kinase C (PKC) and this also results in reduced binding to
Syntaxin4 (Polgar et al., 2003). PKC can phosphorylate SNAP25 at Thr138 and Ser187,
while protein kinase A (PKA) can phosphorylate it only at Thr138 (Hepp et al., 2002).
Syntaxin4 has been shown in vitro to be phosphorylated by casein kinase 2 (Risinger and
Bennett, 1999), PKC (Chung et al., 2000) and PKA (Foster et al., 1998), although the
precise locations have yet to be mapped. These phosphorylation events were found to
alter Syntaxin4 binding to SNAP25 or SNAP23. Also, it has been demonstrated in vivo
that phosphorylation of Syntaxin4 NH(2)-terminal domain by Rab3D-associated kinase,
decreases binding of SNAP23 (Pombo et al., 2001).
SNARE complex formation can be altered through interactions with non-SNARE
proteins; although few have been characterized. The neuronal protein Snapin forms a
complex with SNAP25, enhances SNARE complex formation and modulates fast
exocytosis (Pan et al., 2009). Other neuronal proteins, synaptophysin and tomosyn,
regulate synaptic vesicle fusion by controlling SNARE binding. Synaptophysin binds to
the v-SNARE synaptobrevin preventing any interaction with SNAP25 (Yelamanchili et
al., 2005), and tomosyn forms a complex with SNAP25 preventing synaptobrevin binding
(Williams et al., 2011). Munc18 binds to Syntaxins in the closed conformation, inhibiting
SNARE binding and SNARE complex formation (Shen et al., 2007). Recently, it was
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demonstrated that phosphorylation of Munc18c inhibited its binding to Syntaxin4,
facilitating SNARE complex formation and regulating GLUT4 trafficking (Aran et al.,
2011). It was also recently demonstrated that Syntaxin4 and gelsolin directly interact and
this interaction prevents SNARE complex formation.

Destabilization of Syntaxin4-

gelsolin upon glucose stimulation facilitated insulin exocytosis (Kalwat et al., 2012).
Overall, these alterations to SNARE phosphorylation and/or association with binding
partners are important for the regulation of specific exocytic events.
1.4.3 Protein Trafficking and Recycling Pathways mediated by SNAREs and Rabs
Membrane trafficking pathways can be divided into the biosynthetic-secretory
pathway and the endocytic-recycling pathway.

Both pathways contribute to the

localization of integral membrane and peripheral membrane associated proteins at the
plasma membrane. Alterations to these pathways can change how the cells respond to
their environment.

The biosynthetic pathway involves the trafficking of proteins

synthesised at the ER and their subsequent movement to the Golgi where they are sorted
and sent to the plasma membrane, endosome or lysosome. Within this pathway, Rab1
regulates ER to Golgi traffic, Rab6 regulates intra-Golgi traffic, and Rab8, -10, and 14
regulate traffic from the trans-Golgi to the plasma membrane (Hutagalung and Novick,
2011). The SNAREs Syntaxin5 and SEC22b are involved in ER to Golgi traffic, GS15
is involved in Golgi traffic, VAMP4 is involved in traffic at the trans-Golgi, and
Syntaxin3 and VAMP4 have roles in Golgi to plasma membrane traffic (Jahn and
Scheller, 2006).
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The endocytic-recycling pathway involves cargo selection and vesicle formation
at the plasma membrane, through macropinocytosis, or mediated by clathrin-dependent or
caveolin-dependent mechanisms. The cargo in these vesicles can be recycled back to the
plasma membrane, delivered to the trans-Golgi, or be sent to the lysosome for
degradation. Once endocytosed into vesicles fusion mediated by Rab5 results in the
formation of a sorting endosome (early endosome).Cargo in the early endosome can be
rapidly recycled back to the plasma membrane, through a fast-recycling loop mediated by
Rab4, or recycled through a slower long-loop mediated by Rab11. This latter pathway
directs cargo to a peri-nuclear compartment where it can be stored, sorted and sent back
to the plasma membrane, the trans-Golgi, or the lysosome. The early endosome can also
mature into a late endosome through the exchange of Rab5 for Rab7. Material in this late
endosome can be trafficked to the trans-Golgi, through Rab9, or
(Hutagalung and Novick, 2011).

the lysosome

SNARE proteins function at several steps during

endocytosis and recycling. For example, VAMP7 can regulate late endosomal traffic,
Syntaxin13 can regulate endosomal traffic back to the plasma membrane, VAMP3 can
mediate fusion of recycling endosomes, and Syntaxin2, Syntaxin4, and SNAP23 all
facilitate fusion of vesicles at the plasma membrane (Jahn and Scheller, 2006).
1.5Rationale and Thesis Objectives
How SNARE-mediated membrane trafficking contributes to focal adhesion
formation, cell spreading, cell migration, invadopodium formation and cell invasion are
active areas of investigation. Currently, limited data is available concerning SNAREmediated membrane trafficking during invadopodium formation and cell invasion.
Research into this area will increase our knowledge of how membrane trafficking is
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controlled during tumour cell invasion and will facilitate the discovery of cargo required
for this process. Overall, this will enhance our understanding of the metastatic process.
The focus of this research is to investigate the role of SNARE function
specifically in the trafficking of MT1-MMP during tumour cell invasion and
invadopodium formation. This is being undertaken to better understand the mechanisms
by which MT1-MMP is delivered to lamellipodia and invadopodia where it can function
to degrade the ECM. In addition, a broader research objective is to determine at what
stage SNARE-mediated membrane trafficking is involved in invadopodium formation
and to elucidate the cargo being carried at this stage.
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2.0 Materials and Methods
2.1 Reagents and cDNA constructs
All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO) or
Fisher Scientific (Nepean, ON) unless otherwise indicated. Antibodies to the following
proteins were obtained from the indicated suppliers: MT1-MMP, GFP, Rab7, SNAP23,
VAMP7, and actin (Abcam:ab3644, ab290, ab50533, ab3340, ab36195, ab3280),
syntaxin13 (Stressgen: VAM-SV026E), VAMP3 (ABR: PA1-767),Phospho-Ser/Thr,
Phospho-Tyr, Rab5, Rab11, Syntaxin4, Giantin and α5 integrin (BD Biosciences:
612548, 610281, 610000, 610656, 610439, 610960, 610634), α5β1 (Chemicon: ab1950),
ERK and pERK (Cell Signaling: 9107, 4377), Src, pSrc-Tyr418, cortactin, FAK, β3
integrin (Applied Biological Materials:Y021168, Y011091, Y021148, Y021082),
pEGFR-Tyr845 (Cell Signaling Technology:D63B4; Epitomics:2342-1),β1 integrin
(Developemental Hybridoma Studies Bank:AIIB2 [inhibitory], P4G11 [activating],
PC410 [Western Blot]), EGFR (Santa Cruz:1005), NSF(Enzo Life Sciences:9G7-3), and
GS15 (Cederlane: PRB114C).

All secondary antibodies, Texas Red, Rhodamine

phalloidin, and AlexaFluor-647-labeled phalloidin were purchased from Molecular
Probes. Inhibitors of MMPs, SB-3CT and SB-3CT pMS, were purchased from EMD
Chemicals (Gibbstown, NJ).
cDNAs for VAMP3-full-length (VAMP3FL), SNAP23-full-length (SNAP23-FL),
SNAP23-C-terminal truncation (SNAP23C∆9) and tetanus toxin in pcDNA3.1 were
generous gifts from Dr. W.S. Trimble (Hospital for Sick Children, Toronto, ON). The
pEGFP Rab5WT, Rab7WT, Rab8WT, Rab11WT and pECFP Rab7DN were kind gifts
from Dr. John Brumell (The Hospital For Sick Children, Toronto).
39

cDNAs for

Syntaxin4, Syntaxin-13, VAMP7, GS15 were purchased from Open Biosystems. Wildtype Src in pUSEamp was a kind gifts of Dr. Nina Jones (University of Guelph, Guelph,
ON). SNAP23 shRNA construct 144931 (5′-TTATCTCCCAATTAGAAGAGC-3′) was
purchased from Open Biosystems. Control shRNA vector (PLKO1) was a generous gift
from Dr. Ray Lu (University of Guelph, Guelph, ON). ON-TARGETplus SMARTpool
siRNA against syntaxin-13 and

control ON-TARGETplus Non-targeting Pool were

purchased from Dharmacon.β1 integrin knockdown was performed using human shRNA
pRFP-C-RS ITGB1BP3 (Origene Technologies Inc.).
GFP MT1-MMP-WT, T567A, T567E were created through PCR amplification
of MT1-MMP (OpenBiosystems) and cloned into pEGFP-N1. mCherry MT1-MMP was
generated by inserting the Xho1/Age1 fragment from MT1-MMP-GFP into mCherry-N1.
VAMP7FL and VAMP7C were created through PCR amplification of VAMP7
(OpenBiosystems) and cloned into pEGFP-N1. The membrane-targeted Src-CAAX was
generated by PCR from pUSEamp-SrcWT and cloned into pcDNA3.1(-). The following
oligonucleotides were used as primers:

MT1-MMP-FOR (5’˗TATAAAGAA T

TCGGTGGTCTCGGACCATGTC˗3’),
REV(5’˗TTTATAATCCCGCGGGACCTTGTCCAGCAGGGAAC˗3’),

MT1-MMP-WTMT1-MMP-

T567AREV(5’˗ATAAAAAAGCTTTTATTATTTATCATCATCATCTTTATAATCCCGCGGGA
CCTTGTCCAGCAGGGAACGCTGGCAGTAGAGCAGTCGCCTGGGGGCCCC˗3’),
MT1-MMP-T567E-REV
(5’˗ATAAAAAAGCTTTTATTATTTATCATCATCATCTTTATAATCCCGCGGGACCT
TGTCCAGCAGGGAACGCTGGCAGTAGAGCAGTCGCCTGGGCTCCCC˗3’),
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VAMP7-FOR(5’˗ATAAAAAGCTTAAGCCATGGCGATTCTTTTT˗3’),

VAMP7FL-

REV (5’˗ATAAAAGGATCCCCGCGGTTTCTTCACACAGCTTGG˗3’), and VAMP7CREV (5’˗ATAAAAGGATCCCCGCGGCATGGCTCGAGCAAGATTTC˗3’).Src-CAAX
forward (5′-ATAACTCGAGATGGGCAGCAACAAGAGC-3′), Src-CAAX reverse (5′ATAAAAGAATTCTCACATAACTGTACACCTTGTCCTTGATAGGTTCTCCCCGG
GCTGGTACT-3′).

Generation

of GFP-SNAP23FL,

GFP-SNAP23C∆9,

GFP-

Syntaxin4FL, GFP-Syntaxin4cyto, GFP-VAMP3FL, GFP-VAMP3cyto, pcDNA3.1–
wild-type NSF and E329Q-NSF constructs is described elsewhere (Kean et al., 2009a;
Skalski et al., 2010)
2.2 Cell culture and transfection
HeLa cells, HT-1080 cells, MDA-MB-231 cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) (Sigma) supplemented with 10% FBS (Sigma) under
5% CO2 at 37°C. HeLa and HT-1080 cells were transfected with Polyfect (Qiagen)
transfection reagent as described by the manufacturer’s protocol.MDA-MB-231 cells
were transfected with PolyPlus (VWR) as described by the manufacturer’s protocol. Fulllength and cytoplasmic domains of SNARE constructs were expressed for 24-32 hours.
E329QNSF construct was expressed for 12-18 hours. siRNA and shRNA constructs were
expressed for 96 hours total for invasion, migration, and gelatin degradation assays and
for 72 hours to assess knockdown. Co-transfections were performed using a 1:10 molar
ratio of marker pEGFP-N1 plasmid to either tetanus toxin plasmid, shRNA plasmid or
siRNA.
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2.3 Immunofluorescence microscopy
Cells were grown on glass coverslips or plated onto fibronectin-coated (20 µg/ml)
coverslips or 0.2% gelatin-coated coverslips (as described under invadopodia formation),
serum-starved, treated with PMA where indicated, and subsequently fixed and
permeabilized with 2% (w/v) paraformaldehyde in phosphate buffered saline (PBS) and
0.2%

triton

X-100/PBS.

Alternatively,

cells

were

fixed

(4%

(w/v)

paraformaldehyde/PBS) and then permeabilized with 0.2% triton X-100/PBS. Samples
were blocked with 5% (w/v) skimmed milk powder or 5% bovine serum albium in PBS
before staining with primary and secondary antibody, followed by washing and
mounting. Samples were imaged using a 40× or 63× (NA 1.4) lens on a Leica DM-IRE2
inverted microscope with a Leica TCS SP2 system (Leica, Heidelberg, Germany). Images
were captured and 3D reconstructions were performed using Leica Confocal Software
package.
2.4 MT1-MMP cell surface labelling
Cells were grown on glass coverslips, and serum starved for 3 hours in DMEM.
500nM PMA was added to cells to induce trafficking of MT1-MMP to the cell surface..
Cells were washed with ice cold PBS and incubated with 1%BSA/PBS for 30min at 4oC
on ice to prevent internalization of MT1-MMP. Anti-MT1-MMP antibodies (abcam
3644) were added to the cells at 8ug/ml for 1.5hrs.

Cells were rinsed with 0.2M

Glycine/HCL pH2.5 followed by successive rinses with PBS to remove any unbound
antibody, and fixed with 4% paraformaldehyde. After fixation cell were incubated with
AlexaFlour594 secondary for 1 hour. MT1-MMP surface expression was examined
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using the 63X (NA 1.4) lens of a Leica inverted microscope with constant gain and pinhole parameters.
For flow cytometry of cell surface MT1-MMP, HT-1080 cells were transfected
with SNARE constructs and incubated for 21 hours. The cells were then serum starved
for 3 hours to allow internalization of MT1-MMP prior to the addition of 500nM PMA to
induce trafficking of MT1-MMP. After PMA treatment for 10 minutes, the cells were
lifted in ice-cold 5mM EDTA/PBS pH 7.4. From this point all manipulations were done
at 4oC to prevent internalization of cell surface proteins. The cells were labeled with
rabbit anti-MT1-MMP (Abcam, ab3644; a 1/50 dilution in EDTA/PBS with 1% BSA) for
one hour at 4°C, after which they were washed 3 times and labeled with anti-rabbit
AlexaFluor647 secondary antibody. The cells were analyzed using a 3 laser FACSAria
from BD Bioscience. 10,000 cells were counted per sample per experiment.
2.5 MT1-MMP trafficking
Cells were grown on fibronectin coated glass coverslips, and serum starved for 3
hours in DMEM. 500nM PMA was added to cells to induce trafficking of MT1-MMP to
the cell surface. Cells were washed with ice cold PBS and incubated with 1%BSA/PBS
for 20min at 4oC on ice to prevent internalization of MT1-MMP. Anti-MT1-MMP
antibodies were added to the cells at 8ug/ml for 1hr and/or anti-α5 antibodies 5ug/ml.
Cells were rinsed with 0.2M Glycine/HCL pH 5.0 followed by successive rinses with
PBS to remove any unbound antibody, and either fixed and permeabilized with 2% (w/v)
paraformaldehyde/PBS 0.2% triton X-100/PBS or slowly warmed in serum free media to
37°C to monitor internalization. After fixation, cells were incubated with AlexaFlour647
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and/or AlexaFlour594 secondary in 1%BSA/PBS for 1 hour.

MT1-MMP surface

expression was examined using the 63X (NA 1.4) lens of a Leica inverted microscope
with constant gain and pin-hole parameters. Cell surface expression was quantified for
15-25 cells per experiment using ImageJ software. For removal of TIMP-2 from the cell
surface, cells grown on coverlips were washed with 150mM NaCl, and 50mM glycineHCL pH 3.0 (5 min on ice). Cells were then rinsed with PBS and incubated with TIMP-2
antibody for 1hr at 4°C prior to fixation with 4% PFA. After fixation, cells were
incubated with Rhodamine-Phallodin and/or AlexaFlour488 secondary in 1%BSA/PBS
for 1 hour. MT1-MMP surface expression was examined using the 63X (NA 1.4) lens of
a Leica inverted microscope with constant gain and pin-hole parameters.
2.6 Gelatin degradation assay
Gelatin degradation assays were performed as previously described Briefly,
coverslips were coated with a thin layer of 2% gelatin in PBS and dried overnight at 4°C.
The coverslips were then rinsed in PBS and fixed in 0.5% gluteradehyde/PBS for one
half hour. They were then washed and stained with Texas red-X succinimidyl ester
(TRSE) (0.6ul TRSE in 12ml of 0.1M NaHCO3/PBS) for 30 min and washed. The
coverslips were quenched in DMEM for one hour and cells were seeded on them at 30%
confluency and incubated for 24 hours. Degradation areas made by transfected cells were
counted and scored as the percentage of area degraded per cell (either +1 for fully
degraded, +0.5 for partially degraded, and 0 for no degradation).
2.7 Immunoprecipitation
Cyanogen bromide-activated sepharose beads (Sigma) were coated with antibody
as per manufacturer’s instructions. Cells were lysed in 1% NP40, 0.5% NaDOC, 2mM
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EDTA, 10% glycerol, 137mM NaCl, 20mM Tris-HCL pH 8.0, 10mM NaF, 10mM
Na4P2O7, 0.2mM Na3VO4, and protease inhibitor cocktail (Sigma). Lysate was incubated
with antibody bound beads overnight at 4°C, washed 3 times with lysis buffer followed
by 4 washes with 0.1%Tween/PBS. Bound proteins were eluted using 2.5X SDS running
buffer, heated to 100°C. Alternatively, cell lysates were incubated with antibody for 4hrs
followed by ProteinG magnetic bead (New England Bioloabs) addition for 2hrs,
extensively washed and eluted using 2.5X SDS running buffer, heated to 50°C. Proteins
were separated using SDS PAGE and analyzed by Western blotting.
2.8 Cell invasion assay
Cell culture inserts, in 24 well dishes (Costar), were prepared with and without
(control) matrigel. The bottom chamber was coated with 20ug/ml fibronectin and upper
chamber with 0.15 mg/ml Matrigel (BD Biosciences). Cell were transfected with SNARE
constructs for 8 hours, shRNA or siRNA for 72hrs, at which point they were lifted and
seeded onto Matrigel coated, and control (without Matrigel), upper surface in serum free
media (80,000 cells/well). The cells that invaded toward chemoattractant (10% FBS) in
lower chamber and penetrated the Matrigel, were fixed with 4% paraformaldehyde,
stained with DAPI and counted. Cells that did not invade were removed with a cotton
swab prior to fixation of sample. Eight fields of cells per membrane were counted. The
data are presented as the number of cells that invaded through the matrigel divided by the
number of cells that migrated through the control insert (setting mock-treated, GFP
transefected cells, at 100%.)
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2.9 Cell migration assays
Boyden Transwell migration chambers (Costar) were coated with 20ug/ml
fibronectin on the bottom chamber . Transfected cells were counted and 20,000 cells per
well, in serum free media, were added to the top well. Cells were serum-starved for 3
hours and then the lower wells were filled with DMEM/10% FBS and cells were allowed
to migrate overnight or for 6 hrs where indicated. The top and bottom of the membrane
was fixed in 4%PFA, stained with DAPI and mounted on coverslips. 10 fields of cells on
the membrane were counted, per experiment, using fluorescence microscopy. The data is
presented as the number of transfected cells that migrated to the bottom membrane
divided by the number of cells that remain on the top membrane.
2.10 Sucrose-gradient centrifugation
A method was established to isolate endosomal compartments using sucrosegradient centrifugation modified from previous work (AraÃ¹jo et al., 2008). Briefly,
cells were kept on ice, washed three times in ice cold PBS, scrapped and pelleted at
200Xg for 5 minutes. The pellet was resuspended in a homogenization buffer (250mM
Sucrose, 1mM EDTA, 3mM Imidazole), and pelleted at 1,300Xg for 10 minutes. The
pellet was resuspended in the homogenization buffer supplemented with 0.03uM
cycloheximide and passed through a 22gauge needle 5-10 times and pelleted at 2,000Xg
for 10minutes. The postnuclear supernatant (PNS) was then loaded on top of a sucrose
gradient (10-40%) and centrifuged using a SW41 at 100,000xg for 18hours.

All

centrifugation was done at 4°C. 500ul fractions were extracted from the gradient and
100ul was added to 5X SDS running buffer, heated to 100°C. Proteins were separated
using SDS PAGE and analyzed by Western blotting.
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2.11 Invadopodia formation assay
Invadopodia formation was performed as previously described (Artym et al.,
2009). Briefly, coverslips were coated with 50 µg/ml poly-l-lysine (sigma), followed by
0.5% gluteraldehyde (sigma) and inverted on an 80ul drop of unlabeled, Alexa488labled,or Alexa594-labled, incubated with 5mg/ml NaBorohydride (sigma), and washed
extensively with PBS. For immunoprecipitations cell culture plates were coated in a
similar manner with the exception that plates were overlaid with unlabeled 0.2% gelatin.
Transfected, or untransfected cells were cultured on plates or coverslips for indicated
time points. Where indicated cells were treated with PP2 (10µM), β1 integrin inhibitory
(10-30µg/ml) or activation antibodies (20µg/ml) at the time of plating, and subsequently
fixed and permeabilized with 2% (w/v) paraformaldehyde/PBS 0.2% triton X-100/PBS..
For analysis of invadopodia size samples were imaged using a 63X (NA 1.4) lens on a
Leica DM-IRE2 upright microscope with a Leica TCS SP2 system (Leica, Heidelberg,
Germany) and individual areas of degradation were analyzed using ImageJ software
Anaylze Particle program. Scale bars were used to determine the number of pixels per
µM2 and individual invadopodia were measured based on pixel number.
2.12 Biotin cell surface labeling and immunoprecitpitation
Cells cultured on 0.2% gelatin plates were rinsed with ice cold PBS and incubated
with PBS for 10min at 4oC on ice. 10mM EZ-Link Sulfo-NHS-SS-Biotin (Thermo
Scientific) in ddH20 was prepared immediately prior to use. 4ml of 1mM Sulfo-NHSBiotin in PBS was added per plate. Reaction was incubated for 2 hrs on ice. Cell were
washed 3 times with ice cold PBS, lysed, and immunoprecipitated using Streptavidin
beads. Lysate was incubated on beads for 2hrs at 4°C, washed 3 times with lysis buffer.
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Bound proteins were eluted using 2.5X SDS running buffer with β-mercaptoethaonal
(2%v/v) and heated to 100°C. Proteins were separated using SDS PAGE and analyzed by
Western blotting.
2.13 Subcellular fractionation and invadopodia isolation
Purification of an enriched invadopodia cell fraction was performed based on a
previous protocol with modifications (Mueller et al., 1992). Briefly, cells were cultured
for 2.5 hrs on coverslips or plates prepared as described under ‘invadopodia formation’.
Cell membranes and cytoskeleton were stabilized with a buffer containing 10mM MOPS,
pH6.8, 100mM KCL, 2.5mM MgCl2, 0.3 M sucrose, 1mM Na3VO4, 10mM NaF, and
10mM Na4P2O7 (shearing buffer). Cells were placed on ice, then sheared in the same
buffer with the addition of protease inhibitor cocktail (Sigma). Cell bodies were sheared
by gently sweeping a glass pipette rod across the entire surface. Conformation of cell
body removal was determined by phase-contrast microscopy.

Cell bodies were

immediately pelleted and the supernate fraction was obtained with the cell body fraction
and lysed in 1% NP40, 0.5% NaDOC, 2mM EDTA, 10% glycerol, 137mM NaCl, 20mM
Tris-HCL pH 8.0, 10mM NaF, 10mM Na4P2O7, 0.2mM Na3VO4, and protease inhibitor
cocktail. Sheared plates containing nvadopodia embedded into the matrix were washed 3
times with shearing buffer followed by the addition of lysis buffer and vigorously scraped
with a cell scraper. Whole cell lysate was obtained from cells cultured on gelatin plates
and lysed on the plate.
2.14 Statistical Anaylsis
The mean of three experimental repeats was shown (unless otherwise stated) with
error bars representing the standard deviation (except figures 6.2B, 6.3A and E, and
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6.11B which show the standard error of the mean). For all experiments each experimental
group was compared to its respective control, vehicle, or wild type treatment by student’s
t-test with a statistical significance threshold of p=0.05. Treatments that differed
significantly from the control (p<0.05) are indicated by “*” in figures. All statistical
analysis was done using Microsoft Excel.

MT1-MMP is a Key Regulator of Invasion and is Trafficked in a
SNARE-dependent Fashion.
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3.0 MT1-MMP is a Key Regulator of invasion and is trafficked in a SNAREdependent fashion.

3.1 Summary
Cellular remodeling of the extracellular matrix (ECM), an essential component of
many physiological and pathological processes, is dependent upon the trafficking and
secretion of matrix metalloproteinases (MMPs). Invasion through an ECM barrier is a
complex, step-wise process involving cell adhesion, ECM proteolysis by secreted matrix
metalloproteinase (MMPs), and migration of the tumor cell.

Studies indicate that

increased expression of MMP2 and MMP9, also known as gelatinases, and the
membrane-bound membrane type-1 MMP (MT1-MMP) correlates with aggressive forms
of colorectal cancer, breast cancer and melanoma (Zhang et al., 2005: Zucker et al.,
1999). The intracellular mechanisms that regulate these activities are currently subjects of
intensive study and evidence is emerging that trafficking and secretion of MMPs is
central to the control of ECM degradation and cellular invasion
Evidence is emerging that vesicular trafficking of MMPs is a critical factor in the
regulation of ECM remodeling and tumor cell invasion. Membrane traffic between
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intracellular compartments is dependent upon soluble NSF attachment protein receptors
(SNAREs), and there is some evidence that SNAREs contribute to trafficking of MMPs.
Syntaxin 4 has been shown to be involved in cellular invasion and trafficking of MT1MMP (Miyata et al., 2004).
SNARE-mediated membrane traffic has documented roles in cell-ECM
interactions and the present study specifically examines SNARE function in the
trafficking of MT1-MMP during ECM degradation. HT-1080 cells were used to study
MT1-MMP trafficking due to their aggressive invasive behaviour and endogenous
expression of MT1-MMP.

Inhibition of VAMP3, SNAP23 or syntaxin-13 using

dominant-negative SNAREs, RNA interference or tetanus toxin impaired trafficking of
membrane type 1 MMP to the cell surface. Consistent with these observations, we found
that blocking the function of these SNAREs reduced the ability of HT-1080 cells to
degrade a gelatin substrate in situ and impaired invasion of HT-1080 cells in vitro. The
results reveal the importance of VAMP3, syntaxin-13 and SNAP23 in the trafficking of
MT1-MMP, and highlight the essential role of MT1-MMP during ECM degradation and
subsequent cellular invasion (not all data is shown; for data on MMP2, MMP9 and ECM
degradation refer to Kean et al. 2009).
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3.2 Results
3.2.1 VAMP3, syntaxin13 and SNAP23 are required for trafficking of MT1-MMP
The tumour promoter PMA (phorbol 12-myristate 13-acetate) was added to
stimulate trafficking of MT1-MMP, as has been previously reported (Zucker et al., 2002).
PMA-induced delivery of MT1-MMP to the cell surface was monitored by antibody
staining of non-permeabilized cells. In cells transfected with VAMP3cyto, Syn13cyto or
SNAP23c∆9, little MT1-MMP was detected on the surface of cells after stimulation with
PMA (Fig.3.1A) (a comprehensive list of all membrane trafficking inhibitors is presented
in Appendix 1). By contrast, cell-surface MT1-MMP was obvious in cells transfected
with full-length constructs (Fig. 3.1A), suggesting that delivery of MT1-MMP to the
plasma membrane is dependent on the activities of VAMP3, syntaxin-13 and SNAP23.
The cause of the clustered appearance of cell-surface MT1-MMP staining is not known.
This pattern is consistent with previous reports (Bravo-Cordero et al., 2007; Ispanovic et
al., 2008; Miyata et al., 2004);and might result from targeted exocytosis. The conditions
for the experiments in Figure 3.1A prevented internalization of externally applied
material, including MT1-MMP antibody, as confirmed by monitoring rhodamine-labeled
transferrin endocytosis in samples. All labeled transferrin that could be detected was
removable by briefly rinsing the cells in an acid wash, indicating that it had not been
endocytically internalized (Fig. 3.1B).
To quantitatively assess the delivery of MT1-MMP to the cell surface, surface
levels of MT1-MMP were measured using flow cytometry. Quantification of mean
fluorescence intensities indicated that the amount of MT1-MMP on the surface of HT1080 cells, after treatment with PMA, was strongly decreased by expression of
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VAMP3cyto, Syn13cyto and SNAP23c∆9, but not their wild-type counterparts (Fig.
3.1C).
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Figure 3.1:Inhibition of VAMP3, syntaxin-13 or SNAP23 impairs trafficking of MT1MMP. (A) HT-1080 cells were transfected with GFP-tagged mutant or full-length
VAMP3, syntaxin-13 or SNAP23 constructs, serum-starved, MT1-MMP was trafficking
was induced with 500 nM PMA. Cells were stained with MT1-MMP antibody at 4°C and
then fixed with 4% PFA and imaged using confocal microscopy. Scale bar: 10 µm. (B)
Samples of cells were incubated with rhodamine-transferrin (30 µg/ml) at 4°C for 1 hour.
Samples were then washed with ice cold PBS (top row) or quickly washed with an acidwash buffer (0.2M glycine/PBS pH 5.0) followed by several PBS washes to remove
extracellular rhodamine-transferrin (bottom row) prior to being fixed with 4% PFA. (C)
Quantification of cell-surface MT1-MMP levels in GFP transfected cells by flow
cytometry. Fluorescence in GFP-positive cells was measured. Means ± s.e.m. are from
three independent experiments in which 10,000 cells per sample per experiment were
measured. (D) Cells transfected with the indicated SNARE constructs were lysed and
equal amounts of protein were analyzed by SDS-PAGE and western blot for expression
of MT1-MMP. Means ± S.E. (error bars) from three independent experiments are shown.
Students t-test was used to determine significant differences. Asterisk denotes a value
significantly different from control cells (p < 0.05).
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In the flow cytometry experiments, only GFP-positive cells were measured,
avoiding collection of data from non-transfected cells. Mock transfection or transfection
of GFP alone did not affect cell-surface levels of MT1-MMP (not shown). For the data in
Fig. 3.1C, Student's t-tests indicated significant differences between mutant SNARE
constructs and the corresponding full-length control (VAMP3cyto, P=0.043; Syn13cyto,
P=0.049; SNAP23c∆9, P=0.015). Expression of the mutant forms of the SNAREs did
not alter total cellular levels of MT1-MMP, as assessed by western blotting of cell lysates
(Fig. 3.1D).
3.2.2 Tetnus-toxin inhibition of VAMP3 and RNAi-mediated downregulation of
syntaxin-13 and SNAP23 impairs matrix degradation
The requirements for SNAP23, syntaxin-13 and VAMP3 function in degradation
of an extracellular matrix were examined using an established gelatin degradation assay
(Hoover et al., 2005; Tague et al., 2004). For these studies, HT-1080 cells were
transfected with the indicated constructs, incubated for appropriate periods, plated on
coverslips coated with fluorescently labeled (Texas red) gelatin, and incubated for 24
hours. The coverslips were then examined to determine the extent of gelatin degradation.
To inhibit VAMP3 function we used a cDNA encoding the catalytic chain of tetanus
toxin (TeTx). This toxin proteolytically cleaves VAMP1, VAMP2 and VAMP3 and has
been used extensively to experimentally inhibit these SNAREs in cellular studies (Fields
et al., 2007; Gaisano et al., 1994; Tayeb et al., 2005). To examine the involvement of
syntaxin-13 and SNAP23 in the degradation of the gelatin matrix by HT-1080 cells, these
SNAREs were targeted using RNAi. HT-1080 cells were transfected with a combination
of GFP and syntaxin-13 siRNA or SNAP23 shRNA for 72 hours.
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Figure 3.2: Inhibition of VAMP3, by tetanus toxin,or with RNAi-mediated
downregulation of syntaxin-13 or SNAP23 decreases gelatin degradation. HT-1080 cells
were co-transfected with (A) pEGFP-N1 and siRNA targeting syntaxin-13 or a nontargeting pool siRNA, or (B) pEGFP-N1 and shRNA against SNAP-23 or PLKO1
shRNA control. After 72 hours, cells were either lysed and analyzed by western blotting
for syntaxin-13 and myosin (A) or SNAP23 and actin (B), or plated on Texas-red-labeled
gelatin and incubated for 24 hours. (C) Cells were transfected as indicated in A and B or
with the catalytic chain of TeTx. Gelatin degradation was quantified by counting the
number of cells able to degrade the gelatin in each sample. Values are presented as a
percentage of GFP-transfected control. Means ± s.e.m. are from three independent
experiments using 50 cells per sample per experiment. Students t-test was used to
determine significant differences. Asterisk denotes a value significantly different from
control cells (p < 0.05).
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Knockdown of syntaxin-13 (Fig. 3.2A) and SNAP23 (Fig 3.2B) was assessed by western
blotting. Degradation of a Texas-red-labeled gelatin matrix was quantified and
knockdown of either syntaxin-13, SNAP23, or inhibition of VAMP3 by tetanus toxin
resulted in significant reduction in the degradation of the gelatin (Fig. 3.2C). Student's ttests indicated significant differences between SNARE inhibitors and the corresponding
full-length or GFP controls (siRNA Syntaxin13, P=0.0027; TeTx, P=0.0068; shRNA
SNAP23, P=0.0007). These experiments were carried out using transient transfection;
thus, the gelatin degradation assays, based on fluorescent micrographs, reflect analyses of
only transfected cells, whereas the western blots represent mixed populations of
transfected and non-transfected cells
3.2.3 Gelatin degradation by HT-1080 cells is mediated primarily through MT1MMP
To assess the contributions that the different MMPs were making to the
degradation of the gelatin matrix, we tested the capacity of the HT-1080 cells to degrade
the matrix in the presence of specific chemical inhibitors of MMP activity, SB-3CT and
SB-3CT pMS (Ikejiri et al., 2005; Krüger et al., 2005). SB-3CT was applied to the cells
at concentrations reported to inhibit MMP2 and MMP9 (13.9 nM for MMP2; 600 nM for
MMP9). A sulfonamido analog of SB-3CT, SB-3CT pMS, was applied at 900 nM, a
concentration that inhibits MMP2, MMP9 and MT1-MMP. Quantification of gelatin
degradation revealed that inhibition of MMP2 or MMP9 had modest effects on gelatin
breakdown, but that inhibition of MT1-MMP produced a strong reduction in gelatin
degradation (Fig. 3.3). Student's t-tests indicated significant differences between MMP
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inhibitors compared to control vector (MMP9, P=0.017; MMP2, P=0.025; MT1-MMP
P=0.004).

*

*

*

Figure 3.3:Gelatin degradation by HT-1080 cells is mediated primarily through MT1MMP. HT-1080 cells were plated on Texas-red-labeled gelatin in the presence of the
indicated inhibitor or DMSO control vehicle and incubated for 24 hours. Gelatin
degradation was then quantified by counting the number of cells able to degrade the
gelatin in each sample. Values are presented as a percentage of GFP-transfected control.
Means ± s.e.m. are from three independent experiments using 50 cells per sample per
experiment. Students t-test was used to determine significant differences. Asterisk
denotes a value significantly different from control cells (p < 0.05).
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3.2.4 VAMP3, syntaxin13 and SNAP23 are required for invasion in HT-1080 cells
Having observed decreased MT1-MMP surface expression and gelatin
degradation caused by inhibition of SNARE function, we next tested whether inhibition
of SNARE function would lead to decreased cell invasion in HT-1080 cells. The ability
of HT-1080 cells to invade was investigated using modified Boyden chambers (Shaw,
2005) containing membranes coated with a laminin rich collagen-derived ECM barrier
(Matrigel) and using fetal bovine serum (FBS) as a chemo-attractant. Compared to
control cells, invasion by cells transfected with siRNA against syntaxin-13, shRNA
against SNAP23, or tetanus toxin, was decreased by approximately 70% (Fig. 3.4A).
Tumour-cell invasion is a multistep process involving cell adhesion, MMP
secretion and cell migration. We determined that the observed deficit in cell invasion
resulting from inhibition of SNAREs was most probably attributable to decreased MMPmediated degradation of the ECM because expression of shRNA SNAP23, siRNA
Syntaxin13, or tetanus toxin, had no significant effect on cell migration as measured by
Transwell migration assays (Fig. 3.4B).
3.3 Discussion
Trafficking of MT1-MMP to the cell surface is important in tumour progression,
not only for its ability to degrade the ECM but also for its ability to activate secreted
MMP2(Hofmann et al., 2000). In the HT-1080 cells used here, we found that MT1-MMP
played a more significant role in the degradation of gelatin than did MMP2 or MMP9.
These observations are consistent with current models describing MT1-MMP as a central
mediator of ECM proteolysis (Hotary et al., 2006; Sabeh et al., 2004). With clearly
measurable influence on the delivery of MT1-MMP to the cell surface, the functions of
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Figure 3.4:Inhibition of VAMP3, syntaxin-13 or SNAP23 impairs HT-1080 cell
invasion. HT-1080 Cells were co-transfected for 72 hours with pEGFP-N1 and siRNA
constructs targeting syntaxin-13 or a non-targeting pool siRNA or with pEGFP-N1 and
shRNA vector targeting SNAP23 or PLKO1 control, Tetx control, or the catalytic chain
of TeTx. (A) cells were harvested and Transwell invasion assays were performed. Cells
invaded through Matrigel towards 10% FBS for 24 hours and were then fixed and
counted. (B) After transfection, cells were collected and Transwell migration assays were
performed. Transfected cells that migrated to the underside of the membrane after 6 hours
were counted. In all graphs, values are presented as a percentage of GFP-transfected
control; means ± S.E. (error bars) from three independent experiments are shown.
Students t-test was used to determine significant differences. Asterisk denotes a value
significantly different from control cells (p < 0.05).
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the SNAREs described in this study might make important contributions to the invasive
capacity of tumour cells in vivo.
The results of the experiments herein are important to consider in developing a
model for the involvement of vesicle-mediated membrane trafficking in tumour-cell
invasion. Several studies have revealed the roles that proteins involved in membrane
trafficking, such as caveolin-1, play in regulating MMP2 and MMP9 activity, tumour cell
invasion in vivo and MT1-MMP-dependent cell migration (Labrecque et al., 2004;
Williams et al., 2004). Interestingly, the observed effects of TeTx suggest that this
enzyme could be used to target SNAREs and impede tumour-cell invasion in vivo. In
some species, SNAP23 is a target for Clostridium botulinum toxin A or E (Banerjee et al.,
2001; Leung et al., 1998) and this fact affords speculation that a related or modified form
of this toxin might be used to modulate tumour cell invasion in humans. Here, we have
specifically targeted SNAP23 (using the SNAP23c∆9 construct) in a manner that mimics
cleavage by C. botulinum toxin A and observed dramatic effects on MT1-MMP cell
surface expression. Knock-down of SNAP23 perturbed both ECM degradation and cell
invasion. Collectively, the findings lend support to the suggestion that these C. botulinum
toxins warrant further study as inhibitors of tumour-cell invasion.
In conclusion, we have demonstrated that the functions of the plasma membrane
SNARE SNAP23, and the endosomal SNAREs VAMP3 and syntaxin-13, are necessary
for the efficient trafficking of MT1-MMP to the surface of HT-1080 cells. Furthermore,
knock-down, or inhibition, of these SNAREs impaired the proteolytic degradation of a
gelatin matrix in situ and cell invasion in vitro. Collectively, these data are consistent
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with a model of invasion in which SNARE-mediated secretion of MMPs, and MT1-MMP
in particular, is required for ECM degradation, which in turn facilitates movement of the
cells. It remains to be determined whether additional SNARE proteins are involved in the
trafficking of MMPs in this system. Future studies will be directed at characterizing the
function of other SNAREs in this context to further elucidate the molecular mechanisms
that control cell invasion.
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Phosphorylation of Membrane-type 1-Matrix Metalloproteinase (MT1MMP) and its Vesicle-associated Membrane Protein 7 (VAMP7)dependent Trafficking Facilitate Cell Invasion and Migration.
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4.0 Phosphorylation of Membrane-type 1-Matrix Metalloproteinase (MT1-MMP)
and its Vesicle-associated Membrane Protein 7 (VAMP7)-dependent Trafficking
Facilitate Cell Invasion and Migration.
4.1 Summary
In multicellular organisms, uncontrolled movement of cells can contribute to
pathological conditions, such as multiple sclerosis and cancer. In highly aggressive
tumours, the expression of matrix metalloproteinases (MMPs) is linked to the capacity of
tumour cells to invade surrounding tissue and current research indicates that the
membrane-anchored membrane type 1-matrix metalloproteinase (MT1-MMP) has a
central role in this process. MT1-MMP is trafficked to the plasma membrane where it
functions to mediate proteolytic degradion of ECM proteins facilitating cell invasion.
The proteolytic activity of MT1-MMP can be attenuated through internalisation.
Endocytosis and trafficking of MT1-MMP are essential for its proper function, and here
we examine the phosphorylation, internalization, and recycling of this enzyme, and the
associated biochemical signaling in HeLa and HT-1080 fibrosarcoma cells. HT-1080
cells were used to study MT1-MMP trafficking due to their aggressive invasive
behaviour and endogenous expression of MT1-MMP. HeLa cell express low levels of
MT1-MMP and were used to observe the localization of mutant MT1-MMP constructs..
Activation of protein kinase C with phorbol 12-myristate 13-acetate resulted in
phosphorylation of endogenous MT1-MMP at Thr567in vivo. Mutation of Thr567 to alanine
(to mimic non-phosphorylated MT1-MMP) reduced internalization of MT1-MMP,
whereas mutation of Thr567 to glutamic acid (to mimic phosphorylation) resulted in
decreased levels of MT1-MMP on the cell surface. The endosomal trafficking and
recycling of MT1-MMP was found to be dependent upon Rab7 and VAMP7, and
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blocking the function of these proteins reduced cell migration and invasion. Intracellular
trafficking of MT1-MMP was observed to be coupled to the trafficking of integrin α5 and
phosphorylation of ERK that coincided with this was dependent on phosphorylation of
MT1-MMP.

Together,

these

results

reveal

important

roles

for

MT1-MMP

phosphorylation and trafficking in both cell signaling and cell invasion.
4.2 Results
4.2.1 PMA Stimulates MT1-MMP Phosphorylation
Phorbol 12-Myristate 13-Acetate (PMA) induces the activation of conventional
(α, β, γ) and novel (η, θ, ε, δ) isoforms of protein kinase C (PKC), and is one of the most
potent and widely used tumour promoters (Griner and Kazanietz, 2007).

When

stimulated by PMA, isoforms of PKC regulate the machinery that controls the
intracellular trafficking and transport of proteins; for example, PKCε stimulates
membrane trafficking through binding of β'COP, a coatomer protein, and regulates the
function of cytoskeletal components (Newton and Messing, 2010 ). We, and others, have
shown that PMA stimulates the trafficking of MT1-MMP to the plasma membrane (Kean
et al., 2009b; Zucker et al., 2002). Trafficking of MT1-MMP occurs rapidly, as cell
surface levels of MT1-MMP transiently increase within 20 minutes of PMA treatment
(Kean et al., 2009b; Zucker et al., 2002). Recently, it was shown using an in vitro kinase
assay that MT1-MMP is phosphorylated in a PKC-dependent manner (Moss NM, 2009).
Here, we tested whether MT1-MMP is phosphorylated in vivo upon PMA treatment, and
examined the effects of this phosphorylation on MT1-MMP trafficking, cell migration
and cell invasion.. HT-1080 cells were treated with PMA, extracted, and MT1-MMP
immunoprecipitates were probed for phospho-Ser/Thr (Figure 4.1A). Phosphorylated,
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endogenous MT1-MMP was detected 10 min after PMA treatment and this increased
significantly within 20 minutes of treatment (Fig. 4.1A).

Extracts from HT-1080 cells

(with or without PMA treatment) were also immunoprecipitated with anti-phosphoSer/Thr and probed for MT1-MMP. In these experiments, an increase in MT1-MMP
phosphorylation was also observed after treatment of cells with PMA (Fig. 4.1B).

To

determine the site of phosphorylation, we mutated the only threonine residue, Thr567, in
the cytoplasmic tail of MT1-MMP to alanine (T567A-MT1-MMP), a site previously
shown to be phosphorylated in vitro (Moss NM, 2009). HT-1080 cells transfected with
GFP-tagged wild-type MT1-MMP (GFP-WT-MT1-MMP) or T567A mutant MT1-MMP
(GFP-T567A-MT1-MMP) were treated with or without PMA, extracted, and GFP-tagged
MT1-MMP was immunoprecipitaed with antibodies to GFP. The immunoprecipitates
were subsequently probed by Western blot for Phospho-Ser/Thr. Fig. 4.1C shows that
the mutation of Thr567 to alanine abolishes the PMA-dependent phosphorylation of
MT1-MMP.
Tissue inhibitor of matrix metalloproteinase-2 (TIMP-2), a member of the TIMP
family of MMP inhibitors, can directly bind and modulate MT1-MMP activity on the cell
surface (Sounni et al., 2003; Strongin). TIMP-2 is expressed in HT-1080 cells and we
examined the possibility that the interaction of MT1-MMP with TIMP-2 could influence
the phosphorylation of MT1-MMP.

Therefore, we removed cell surface-associated

TIMP-2 by acid wash, as described previously (Cho et al., 2008), prior to inducing MT1MMP phosphorylation. Removal of TIMP-2 from the cell surface (Fig. 4.1E) had no
effect on the PMA-induced phosphorylation of MT1-MMP (Fig. 4.1D).
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Figure 4.1: PMA induces phosphorylation of MT1-MMP on Thr567. Serum-starved HT1080 cells were treated with vehicle alone (DMSO) or 500 nm PMA for 0, 10, and 20
min. Cells were then lysed and immunoprecipitated (IP) using antibody against either
MT1-MMP (A and D) or phospho-Ser/Thr. Immunoprecipitated proteins were separated
by SDS-PAGE and analyzed by Western blot. (B) Membranes were probed for MT1MMP (A and D, upper blots; B), stripped, and reprobed for phospho-Ser/Thr (A and D,
lower blots). C, HT-1080 cells were transfected with either wild-type MT1-MMP-GFP
(WT) or T567A-MT1-MMP-GFP (TA) and then serum-starved and treated with vehicle
alone (DMSO) or 500 nm PMA for 0 or 20 min. Membranes were probed for MT1-MMP
(upper blot), stripped, and reprobed for phospho-Ser/Thr (lower blot). D, replicate of A,
using cells in which cell surface TIMP-2 was washed away prior to PMA treatment. E,
immunostaining of cell surface TIMP2 in control cells (top panels) and cells after acid
wash (bottom panels). Cell surface TIMP2 is shown in the left panels (Alexa48871

conjugated secondary antibody), and rhodamine-phalloidin-labeled F-actin is shown in
the right panels.
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4.2.2 Phosphorylation of Thr567 is Required for Trafficking of MT1-MMP
To assess the role of Thr567 phosphorylation in MT1-MMP trafficking, we
introduced a threonine to glutamic acid substitution at amino acid position 567 of MT1MMP (T567E-MT1-MMP).

This substitution produces a form of MT1-MMP that

mimics permanently phosphorylated MT1-MMP and can be compared to the nonphosphorylatable T567A-MT1-MMP. These constructs were transfected into Hela cells,
which express very low levels MT1-MMP, so that distribution and trafficking of the
mutant proteins could be analyzed in the near absence of endogenous protein. Cell
surface levels of GFP-tagged WT-, T567A-, and T567E-MT1-MMP were determined
using antibody labeling at 4°C prior to fixation. Cell surface levels of T567A-MT1MMP were higher than those of WT-MT1-MMP (Fig. 4.2A). Interestingly, expression of
T567E-MT1-MMP resulted in decreased cell surface levels. Equal levels of expression
of the transfected GFP-MT1-MMP constructs were observed via Western blot (data not
shown). Quantification of cell surface MT1-MMP revealed a 59±12% increase in cell
surface MT1-MMP in T567A-MT1-MMP-transfected samples, and a 38.5±6% decrease
in cell surface expression in T567E-MT1-MMP-transfected samples, relative to WTMT1-MMP-transfected controls (Fig.4. 2B).
To test whether the observed changes in cell surface MT1-MMP levels were the
result of altered internalization of MT1-MMP, transfected cells were treated with PMA,
cell surface-labeled with MT1-MMP antibodies at 4°C, and then warmed to 37°C to
allow internalization. Under these conditions, internalized WT-MT1-MMP and T567EMT1-MMP could be detected within 15minutes, while T567A-MT1-MMP remained
abundant on the cell surface and could not be detected in obvious endosomal structures at
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this time point (Fig. 4.3A and B).

Internalization was assessed by monitoring the

presence of MT1-MMP, which had been labeled on the cell surface, within small
vesicular structures that were located more centrally within the cell, away from the Factin network near the edge of the cells (Fig. 4.3). These results are consistent with the
notion that T567A-MT1-MMP is more abundant on the cell surface (Fig. 4.2) because it
is not internalized as efficiently as WT-MT1-MMP (note lack of MT1-MMP-containing
vesicles in sample transfected with T567A-MT1-MMP, compared to sample transfected
with WT-MT1-MMP in Fig. 4.3).

T567E-MT1-MMP appeared to be internalized

efficiently (Fig. 4.3).

4.2.3 Phosphorylation Mutants of MT1-MMP Affect Cell Migration and Invasion
To test the role of phosphorylation of MT1-MMP in cell migration and invasion,
Hela cells were transfected with WT-, T567A-, or T567E-MT1-MMP and analyzed using
transwell migration assays and Matrigel invasion assays. Hela cells were used again here
because of their low endogenous level of MT1-MMP expression, resulting in the fact that
their capacity to invade in vitro is dependent upon transgenic expression of MT1-MMP
(Zhai, 2005). Expression of T567E-MT1-MMP increased both cell migration (by 24%)
and cell invasion (by 63%), compared to WT-MT1-MMP (Fig. 4.4A and B).

Cells

expressing T567A-MT1-MMP exhibited a decrease in both migration (36% reduction)
and invasion (42% reduction), compared to WT-MT1-MMP (Figure 4.4A and B). The
observed changes to cell migration were consistent whether migration assays we
conducted for 12 hrs (Fig. 4.6B) or 6 hrs (Fig.4. 6C). It is interesting that expression of
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Figure 4.2:Cell surface expression of Thr567-MT1-MMP mutants. HeLa cells were
transfected with wild-type MT1-MMP-GFP (WT), T567A-MT1-MMP-GFP (TA), or
T567E-MT1-MMP-GFP (TE). Cells were grown overnight on fibronectin-coated
coverslips, incubated with MT1-MMP antibody at 4 °C, fixed, permeabilized, and stained
with AlexaFluor647-conjugated secondary antibody and rhodamine-phalloidin. A, cell
surface MT1-MMP, total MT1-MMP-GFP, and the actin cytoskeleton were imaged using
confocal microscopy. z series stacks are shown. Saturation of signal in the GFP panels
was to allow visualization of MT1-MMP-GFP in the peripheral area of cells. Scale bar,
10 µm. B, fluorescence of cell surface MT1-MMP on transfected cells was analyzed in
images represented by those in the far left column of A and quantified using ImageJ.
Images were acquired using consistent acquisition parameters to allow comparison
between samples. Means ± S.E. from three independent experiments in which 10–20
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cells/sample were measured are shown. *, value significantly different from wild-type
cells; p < 0.05.

Figure 4.3: Mutation of Thr567 alters internalization of MT1-MMP. HeLa cells were
transfected with wild-type MT1-MMP-GFP (WT), T567A-MT1-MMP (TA), or T567EMT1-MMP-GFP (TE). Cells were grown overnight on fibronectin-coated coverslips,
serum-starved for 3 h, and treated with PMA for 20 min. Cells were then incubated with
MT1-MMP antibody at 4 °C and slowly warmed to 37 °C for a total of 15 min to allow
internalization of MT1-MMP. After fixation, samples were fixed, permeabilized, stained
using AlexaFluor-647-conjugated secondary antibody and rhodamine-phalloidin, and
then imaged using confocal microscopy. A, images (z series stacks) of cell surface MT1MMP, total MT1-MMP-GFP, and F-actin and overlay for each sample. Saturation of
signal in the GFP panels was to allow visualization of MT1-MMP-GFP in peripheral
areas of cells. Scale bar, 10 µm. B, zoom of selected regions in each overlay panel in A
showing internalized MT1-MMP that had been labeled on the cell surface (blue) colocalized with MT1-MMP-GFP (green) in small vesicular punctae (light blue; refer to
arrows), away from the peripheral membrane (red). The arrows indicate compartments
76

(light blue), in WT and T567E samples only, containing MT1-MMP-GFP that was
labeled on the cell surface, internalized, and no longer closely associated with F-actin
structures at the edge of the cell.

T567A-MT1-MMP reduced migration and invasion, given that expression of this
construct caused an increase in cell surface expression of the MT1-MMP (Fig. 4.2).
These observations suggest that MT1-MMP internalization and trafficking is essential for
this enzyme to promote cell migration and invasion.
4.2.4 MT1-MMP is Recycled Through the Late Endosome in a VAMP7 dependent
manner
To elucidate the pathway through which MT1-MMP is internalized and recycled
in response to PMA-stimulated phosphorylation, we used antibodies to label cell surface
MT1-MMP and subsequently follow its intracellular trafficking. This approach has been
used effectively by others to monitor recycling of MT1-MMP (Wang et al., 2004b). HT1080 cells were used for these experiments to exploit their high level of endogenous
MT1-MMP expression.

MT1-MMP was observed on the surface of cells, without

detecting internal MT1-MMP where GFP-tagged Rab5 served as a marker of the early
endosome (Fig. 4.5A-C). After PMA stimulation under serum-free conditions, MT1MMP was internalized into a Rab5 compartment within 20 min (Fig. 4.5D-F), and 40 min
later some MT1-MMP remained in the Rab5 compartment (Fig. 4.5G,H and J) while
some was localized in a Rab7 compartment (Fig. 4.5G,I,J, and K-M). By 2 hrs, a
substantial portion of MT1-MMP was localized in the Rab7 compartment (Fig. 4.5N-P).
Consistent with the localization of MT1-MMP in the late endosome, the distribution of
MT1-MMP and Rab7 were found to partly overlap with the endosomal SNARE VAMP7
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(Fig.4.6A-D).

This pathway of MT1-MMP trafficking was consistently observed,

including experiments in which cell surface TIMP-2 had been washed away as described
in Fig. 4.1 (data not shown).
Internalized MT1-MMP was not trafficked exclusively into a Rab7 compartment
and some could be detected in a compartment containing the lysosomal marker LAMP-2,
but not Rab7 (Fig. 4.6E-H). This localization might correspond to a population of
internalized MT1-MMP that is targeted for degradation.

The MT1-MMP that is

delivered to the Rab7/VAMP7 compartment does not appear to be destined for
degradation as some of the MT1-MMP co-localizing with Rab7 does do in the absence of
LAMP-2 (Fig. 4.6E-H). Also, we detected MT1-MMP within this compartment up to 4
hrs post-internalization (data not shown). Furthermore, if trafficking was re-stimulated
with PMA, we observed that MT1-MMP recycled back to the plasma membrane as
indicated by decreased signal in the late endosome and increased signal at the plasma
membrane; compare Fig. 4.6D (after internalization) to Fig. 4.6K (after re-stimulation
with PMA). Expression of dominant-negative mutants of VAMP7 (VAMP7C) and Rab7
(Rab7DN) inhibited this trafficking back to the plasma membrane (compare Fig.4.6N to
4.6K and Fig. 4.6T to 4.6Q).

Recycling of MT1-MMP was quantified in these

experiments by measuring the amount of MT1-MMP at the plasma membrane after PMA
treatment to re-stimulate MT1-MMP trafficking out of Rab7 endosomes. Image stacks
like those in Fig. 4.6 were analysed using ImageJ to determine levels of MT1-MMP at
the plasma membrane (dotted outline in Figs. 4.6J, M, P, S) as a percentage of total MT1MMP (Fig. 4.6U). MT1-MMP was never observed to appear at plasma membrane
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uniformly, but rather was delivered to restricted regions of the membrane, possibly at
sites where membrane protrusions are

Figure 4.4: Expression of Thr567-MT1-MMP alters cell migration and invasion. HeLa
cells were transfected with wild-type MT1-MMP-GFP (WT), T567A-MT1-MMP (TA),
or T567E-MT1-MMP-GFP (TE). 16 h after transfection, cells were collected, and
transwell invasion assays (A) or migration assays (B and C) were performed. A, cells
invaded through Matrigel toward 10% FBS for 24 h and were then fixed and counted. B
and C, cells migrated toward 10% FBS for 16 h (B) or 6 h (C), and transfected cells that
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migrated to the underside of the membrane were counted. In A–C, means ± S.E. (error
bars) from three independent experiments are shown. Students t-test was used to
determine significant differences. Asterisk denotes a value significantly different from
control cells (p < 0.05).
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Figure 4.5: PMA induces trafficking of MT1-MMP through Rab5 and Rab7
compartments. HT-1080 cells were transfected with either GFP-Rab5 or GFP-Rab7.
Transfected cells were grown overnight on fibronectin-coated coverslips and serumstarved for 3 h prior to treatment with PMA for 20 min. Cells were then incubated with
MT1-MMP antibody at 4 °C, followed by incubation in serum-free medium at 37 °C for
the indicated time periods to allow internalization of MT1-MMP. Cells were fixed,
permeabilized, and stained using AlexaFluor647-conjugated secondary antibody. MT1MMP localization following internalization was analyzed using confocal microscopy. A–
F, cells transfected with GFP-Rab5 and fixed after treatment with PMA for 20 min to
observe cell surface MT1-MMP (A–C) or after treatment with PMA for 20 min followed
by an additional 20 min in serum-free medium to observe internalization of cell surface
MT1-MMP (D–F). G–J, cells transfected with GFP-Rab5, fixed, and stained using antiRab7 and Alexa-594-conjugated secondary antibody. The cells were treated with PMA
for 20 min followed by an additional 40 min in serum-free medium to monitor
internalization of MT1-MMP. K–P, cells transfected with GFP-Rab7, treated with PMA
for 20 min, and then fixed after MT1-MMP internalization for either 40 min (K–M) or 2
h (N–P). All images are z series stacks, and results are representative of three
independent experiments. Panels with the prime symbol are single confocal slices from
series, and panels with the double prime symbol are magnifications of regions selected in
the single slice panel. Scale bar, 10 µm. The arrows in F, J, M, and P indicate areas of colocalization of Rab protein and MT1-MMP.
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forming. Overall, the results are consistent with a model of MT1-MMP trafficking in
which both VAMP7 and Rab7 are involved in a recycling pathway.
We also examined the endosomal markers Rab8 (Fig. 4.7A-C) and Rab11 (Fig.
4.7D-F), and found no significant overlap of these two markers with internalized MT1MMP. In all experiments with antibody-labelled MT1-MMP, the distribution of the
enzyme closely resembled that of unlabelled endogenous MT1-MMP. As reported by
others (Nyalendo C, 2007; Remacle et al., 2003), there is a large pool of intracellular
MT1-MMP, shown in Fig 4.7G-I co-localizing with the Golgi SNARE VAMP4.
Following PMA treatment, a portion of this MT1-MMP is transported to the cell
periphery, where it no longer co-localizes with VAMP4 (Fig. 4.7J-L). To ensure that
antibody labelling of MT1-MMP was not altering its normal trafficking pattern, we
assessed total MT1-MMP trafficking under identical conditions. Confirming our
observations made with antibody labelled MT1-MMP, staining of total endogenous MT1MMP revealed that, during PMA-induced recycling, MT1-MMP co-localizes first with
Rab5 (Fig. 4.7M-O) and subsequently with Rab7 (Fig. 4.7P-R).
To verify the subcellular compartmentalization of MT1-MMP following PMA
stimulation, we used sucrose-gradient centrifugation to isolate subcellular organelle
fractions.

Figure 4.8A shows that, 30 min post-PMA treatment, MT1-MMP was

abundant in fractions 18-20, which are enriched in Rab5. 2hrs post-PMA treatment,
MT1-MMP is abundant in fractions 14-17, which are enriched in Rab7 (Fig. 4.8B).
These observations are consistent with the distributions of MT1-MMP documented using
confocal microscopy above.
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Figure 4.6: MT1-MMP is trafficked to the late endosome and recycled in a VAMP7dependent manner. HT-1080 cells were transfected with GFP-tagged full-length VAMP7
(GFP-Vamp7FL), VAMP7 cytoplasmic domain (GFP-Vamp7C), wild-type Rab7 (GFPRab7), or CFP-tagged dominant negative Rab7 (CFP-Rab7DN). Transfected cells were
grown overnight on fibronectin-coated coverslips and serum-starved for 3 h prior to
treatment with PMA for 20 min. Cells were then incubated with MT1-MMP antibody at 4
°C followed by incubation in serum-free medium at 37 °C for 2 h to allow internalization
of MT1-MMP and subsequently fixed, permeabilized, and stained with Alexa-647conjugated secondary antibody. A–D, GFP-VAMP7FL-transfected cells, co-stained with
anti-Rab7 and Alexa-594-conjugated secondary antibody. The arrow in D indicates the
compartment where VAMP7, MT1-MMP, and Rab7 co-localize (white). E–H, GFPRab7-transfected cells, co-stained with anti-LAMP-2 and Alexa-594-conjugated
secondary antibody. The arrow in H indicates the compartment where MT1-MMP and
LAMP-2 co-localize (magenta). I–T, 2 h post-MT1-MMP internalization, 500 nm PMA
was added again for 20 min to induce recycling of MT1-MMP to the plasma membrane.
I–K, cells transfected with GFP-VAMP7FL. L–N, cells transfected with GFP-VAMP7C.
O–Q, cells transfected with GFP-Rab7. R–T, cells transfected with CFP-Rab7DN.
Images are z series stacks and are representative of three independent experiments.
Arrows in K and Q indicate MT1-MMP recycled to the plasma membrane; arrows in N
and T indicate MT1-MMP still retained in the endosomal compartment. Panels with the
prime symbol are single confocal slices from series, and panels with the double prime
symbol are magnifications of the regions selected in the single slice panel. Saturation of
signal in the GFP panels was done to allow visualization of GFP-tagged protein in
peripheral areas of cells. Scale bar, 10 µm. U, quantification of MT1-MMP localization at
the plasma membrane was performed on z series stacks using ImageJ. Plasma membrane
MT1-MMP was measured, in non-saturated images, at the cell boundary (dotted outline
in J, M, P, and S) and is represented as a percentage of total MT1-MMP. Measurements
of MT1-MMP intensity were made in a minimum of 10 cells/experimental condition;
means ± S.E. (error bars) from three independent experiments are shown. Students t-test
was used to determine significant differences. Asterisk denotes a value significantly
different from control cells (p < 0.05).
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Figure 4.7: MT1-MMP does not localize to a Rab8 or Rab11 compartment. HT-1080
cells were transfected with GFP-Rab8 (A–C), GFP-Rab11 (D–F), or GFP-VAMP4 (G–L)
or stained for endogenous Rab5 (M–O) or Rab7 (P–R). Cells were grown overnight on
fibronectin-coated coverslips, serum-starved for 3 h, and subsequently stimulated with
PMA for 20 min. A–F, samples were incubated with MT1-MMP antibody at 4 °C
followed by incubation in serum-free medium at 37 °C for 2 h to allow internalization of
MT1-MMP. Cells were then fixed, permeabilized, and stained using AlexaFuor647conjugated secondary antibody. Negligible overlap is observed between MT1-MMP and
Rab8 or Rab11. G–L, after treatment with DMSO alone (G–I) or PMA (J–L), cells were
then fixed, permeabilized, and stained for total MT1-MMP. MT1-MMP partly colocalizes with VAMP4 in perinuclear compartments. After stimulation with PMA, a
portion of MT1-MMP moves out of central compartments to the cell periphery, where it
does not colocalize with VAMP4 (L). M–O, non-transfected samples were treated as in
A–F and subsequently stained with antibodies to MT1-MMP and either Rab5 or Rab7.
Co-localization of MT1-MMP was observed with Rab5 (M–O) and with Rab7. All
images are representative of three independent experiments. Panels with the prime
symbol are single confocal slices from z series stacks, and panels with the double prime
symbol are magnification of regions selected in the single slice panel. Saturation of signal
in some panels was done to allow visualization of protein in peripheral areas of cells.
Scale bar, 10 µm.
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Figure 4.8:MT1-MMP and integrin α5 are internalized into a Rab5 compartment and
trafficked to a Rab7 compartment. HT-1080 cells were serum-starved, treated with 500
nm PMA for 20 min, and then incubated in serum-free medium to allow internalization
for the indicated time periods. Cells were homogenized, loaded onto the top of a
discontinuous sucrose gradient (10–40%), and centrifuged overnight at 100,000 × g using
a swinging bucket rotor. Twenty fractions were collected from the gradient, and the
proteins in each fraction were separated by SDS-PAGE and analyzed by Western blot.
Membranes were probed for MT1-MMP, α5 integrin, and Rab5, Rab7, and/or Rab11.
Internalization was assessed at 30 min (A) and 2 h (B) after PMA stimulation.
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4.2.5 Dominant-negative VAMP7 and Rab7 Impair Cell Migration and Invasion
To determine if perturbation of MT1-MMP trafficking through the late endosome would
have an impact on cell migration and invasion, similar to that caused byexpression of the
T567A-MT1-MMP mutant, we transfected HT-1080 cells with wild-type or dominantnegative constructs for VAMP7 and Rab7, and assessed migration and invasion in vitro.
Inhibition of late endosomal trafficking, through expression of either VAMP7C or
Rab7DN, reduced migration and invasion in transfected cells (Fig. 4.9).

This is

consistent with results observed after transfection of T567A-MT1-MMP and suggests
that trafficking of MT1-MMP is essential for normal function of this enzyme during cell
migration and invasion.
4.2.6 PMA Induces Association and Co-trafficking of MT1-MMP with Integrin α5
and Phosphorylation of ERK
The impaired migration and invasion of cells expressing T567A-MT1-MMP,
VAMP7C, or Rab7DN led us to investigate if PMA treatment was possibly affecting an
association between MT1-MMP and α5 integrin. MT1-MMP has been shown to process a
number of integrins subunits, including α3, α5, and αv (Galvez, 2002; Takino et al., 2004
), and α5β1 has been implicated in cell migration and enhanced cell invasion (McKenzie,
2010; Mierke, 2011). We examined immunoprecipitates of MT1-MMP for the presence
of α5-integrin by Western blot. 20 min after PMA treatment, we detected an increase in
the amount of α5-integrin pulled down with MT1-MMP (Figure 4.10). This observation
suggested the possibility that MT1-MMP and α5 integrin associate and are trafficked
together, and to further investigate this possibility we examined the localization of these
proteins in HT-1080 cells. Cell surface MT1-MMP, as well as intracellular MT1-MMP,
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Figure 4.9: HT-1080 cell invasion and migration are impaired by VAMP7C and
Rab7DN. HT-1080 cells were transfected with GFP-tagged constructs of wild-type
VAMP7 (VAMP7FL), cytoplasmic domain of VAMP 7 (VAMP7C), wild-type Rab7
(Rab7WT), or CFP-tagged dominant negative Rab7 (Rab7D). 14 h after transfection,
cells were collected, and transwell invasion assays (A) or migration assays (B and C)
were performed. A, cells invaded through Matrigel toward 10% FBS for 24 h and were
then fixed and counted. B and C, cells migrated toward 10% FBS for 16 h (B) or 6 h (C),
and transfected cells that migrated to the underside of the membrane were counted. A–C,
mean ± S.E. (error bars) from three independent experiments. Students t-test was used to
determine significant differences. Asterisk denotes a value significantly different from
control cells (p < 0.05).
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Figure 4.10: MT1-MMP associates with α5 integrin in a PMA-dependent manner.
Serum-starved HT-1080 cells were treated with vehicle alone (DMSO) or 500 nm PMA
for 0, 10, and 20 min. Cells were then lysed and immunoprecipitated (IP) using antibody
against MT1-MMP. Immunoprecipitated proteins were separated by SDS-PAGE and
analyzed by Western blot (WB). Membranes were probed for MT1-MMP and α5
integrin. Lysate lanes contain 10% of the quantity of protein used for
immunoprecipitations.
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co-localized with α5 integrin (Fig. 4.11A-D). When internalization and trafficking of cell
surface MT1-MMP and α5 integrin were monitored following PMA treatment, it was
observed that MT1-MMP and α5 co-localize at the cell surface (Fig. 4.11F-H), internalize
together within 20 min (Fig. 4.11J-L), and after 2hrs are observed together in a
compartment consistent with a late endosome (Fig. 4.11M-P). This was confirmed using
sucrose-gradient centrifugation to assess the intracellular localization of MT1-MMP and
α5. 30 min post-PMA treatment, MT1-MMP and α5 integrin were found to be abundant
in fractions 17-20, enriched in Rab5, and 2hrs post-PMA treatment MT1-MMP and α5
integrin were found in fractions 14-17, enriched in Rab7 (Fig. 4.8).
It has previously been demonstrated that ERK phosphorylation is linked with
MT1-MMP-dependent cell migration (Takino et al., 2006) and increased ERK signalling
enhances tumourigenesis (Shin et al., 2010). We therefore analyzed changes to ERK
phosphorylation during PMA-stimulated MT1-MMP phosphorylation and internalization.
In this system, ERK phosphorylation was increased 20 min after PMA treatment (Fig.
4.12A and B), coinciding with MT1-MMP phosphorylation (Fig. 4.1) and internalization
(Fig. 4.3).

To examine the dependence of ERK phosphorylation on MT1-MMP

phosphorylation, Hela cells were transfected with GFP-tagged WT-, T567A- or T567EMT1-MMP and ERK phosphorylation was measured.

ERK phosphorylation was

dramatically increased in cells transfected with T567E-MT1-MMP, compared to
untransfected control cells or cells transfected with WT- or T567A-MT1-MMP (Fig.
4.12C and D).

These results are consistent with the notion that phosphorylation-

dependent internalization and recycling of MT1-MMP is required for efficient cell
migration and
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Figure 4.11: MT1-MMP co-localizes and traffics with α5 integrin. HT-1080 cells
transfected with GFP-α5 integrin were serum-starved for 3 h, treated with PMA for 20
min, and then incubated with primary α5 integrin and/or MT1-MMP antibody at 4 °C.
Cells were fixed, permeabilized, and stained with AlexaFluor594- and/or AlexaFluor647conjugated secondary antibody. A–D, GFP-α5 integrin, cell surface MT1-MMP, and total
MT1-MMP-mCherry after PMA stimulation. E–H, total GFP-α5 integrin, cell surface
MT1-MMP, and cell surface α5 integrin after PMA stimulation. I–L, total GFP-α5
integrin, internalized MT1-MMP, and internalized α5 integrin after incubation at 37 °C
for 20 min in serum-free medium. M–P, GFP-Rab7, internalized MT1-MMP, and
internalized integrin α5 after incubation at 37 °C for 2 h in serum-free medium. Cotrafficking and compartment localization were assessed using confocal microscopy. The
arrows indicate areas of co-localization. All images are z series stacks, and results are
representative of three independent experiments. Panels with the prime symbol are single
confocal slices from series, and panels with the double prime symbol are magnifications
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of regions selected in the single slice panel. Saturation of signal in some panels was done
to allow visualization of protein in peripheral areas of cells. Scale bar, 10 µm.

Figure 4.12: PMA stimulation or expression of T567E-MT1-MMP increases ERK
phosphorylation. A and B, HT-1080 cells grown on fibronectin were serum-starved for 3
h prior to treatment with vehicle alone (DMSO), treatment with 500 nm PMA for 20 min
(PMA 20 min), or treatment with PMA for 20 min followed by a 15-min incubation in
serum-free medium to allow internalization of MT1-MMP (Internal. 15 min). Cells were
then lysed, and extracted proteins were separated by SDS-PAGE prior to analysis by
Western blot for ERK (A, upper blot) and phospho-ERK (A, lower blot). B, Western
blots from at least three independent experiments were analyzed by ImageJ to quantify
the increase in ERK phosphorylation. C and D, HeLa cells transfected with GFP-tagged
MT1-MMP or mutant MT1-MMP (WT, T567A, or T567E) were grown for 24 h on
fibronectin, serum-starved for 3 h, and lysed, and extracted proteins were separated by
SDS-PAGE and analyzed by Western blot. C, membranes were probed for ERK (upper
blot) and phospho-ERK (lower blot). D, Western blots were analyzed by ImageJ to
quantify the increase in ERK phosphorylation. Means ± S.E. (error bars) from three
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independent experiments are shown. Students t-test was used to determine significant
differences. Asterisk denotes a value significantly different from control cells (p < 0.05).
invasion, possibly because this trafficking is needed for an association with α5 integrin
that contributes to activation of ERK.
4.3 Discussion
Studies on the endocytosis and trafficking of MT1-MMP reveal the importance of
these processes to both cellular invasion and migration (Langlois et al., 2007 ; Moss et
al., 2009 ; Moss NM, 2009; Nyalendo C, 2010; Uekita et al., 2001 ). It has been
established that MT1-MMP is phosphorylated at Tyr573 in a Src-dependent manner and
that this event regulates the endocytosis of MT1-MMP in cells stimulated with epidermal
growth factor (EGF) (Moss NM, 2009; Nyalendo C, 2007). MT1-MMP has also been
shown to be phosphorylated at Thr567 using an in vitro kinase assay (Moss NM, 2009)
and here we observed the phosphorylation of MT1-MMP at Thr567 in a PMA-dependent
manner in vivo. Mutation of Thr567 to alanine (T567A), creating a non-phosphorylatable
form of MT1-MMP, significantly impaired invasion and migration in cells expressing
this mutant, though cell surface levels of this MT1-MMP were increased. Interestingly,
T567E-MT1-MMP (which mimics phosphorylated MT1-MMP) was less abundant on the
cell surface and appeared to be endocytosed faster than WT-MT1-MMP. These results
implicate phosphorylation of Thr567, in addition to that of Tyr573, in regulating
internalization and trafficking of MT1-MMP. The observed phosphorylation of MT1MMP at Thr567 in a PKC-dependent manner is consistent with the presence of a
consensus sequence (TXR) for PKC as predicted from sequence analysis using the web
tool NetPhos (Blom et al., 2004).
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The internalisation of MT1-MMP following PMA stimulation lead to delivery of
the enzyme to a Rab5-containing compartment, followed by transition into a late
endosomal compartment as characterized by the presence of both Rab7 and VAMP7.
Moss et. al (2009) reported a lack of colocalisation between MT1-MMP and Rab7 in the
context of EGF-stimulated Tyr573 phosphorylation, while Remacle et. al. (2003) showed
MT1-MMP localization in the late endosome after PMA treatment, in this case
characterised by Lamp-1.

Collectively, these findings suggest the possibility of

alternative trafficking routes that might be influenced by specific phosphorylation events
on MT1-MMP. We monitored trafficking up to 4 hours post-MT1-MMP internalization
and found that after 1hour the majority of MT1-MMP is localized to a late endosomal
compartment and can be stimulated to recycle back to the plasma membrane. This
suggests that trafficking to the late endosome is not a means of down regulating MT1MMP expression, but rather it is a recycling pathway, allowing for re-delivery of MT1MMP to the plasma membrane. The delivery of MT1-MMP to the plasma membrane
was dependent upon Rab7 and VAMP7 and inhibiting this step using dominant-negative
forms of Rab7 and VAMP7 reduced both invasion and migration, similar to the results
seen in the T567A mutant. To our knowledge, this is the first published report of a role
for Rab7 in a recycling pathway in mammalian cells. While we cannot formally exclude
the possibility that inhibition of Rab7 or VAMP7 might have more general effects on
intracellular trafficking, the results of these experiments do support a model wherein
Rab7 and VAMP7 are involved in trafficking of MT1-MMP during cell migration and
invasion. Consistent with previous studies showing that VAMP7 is required for MT1MMP localization to invadopodia (Steffen et al., 2008), our findings support the notion
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that VAMP7 is a key regulator of MT1-MMP trafficking as we observed dramatic effects
on invasion following its inhibition.
We have found that intracellular trafficking and recycling of MT1-MMP to the
plasma membrane is crucial for this enzyme to promote not only cell invasion but
migration as well. It has been established that MT1-MMP colocalises with integrin and
has a role in processing α3,α5, and αv integrin subunits (Baciu et al., 2003; Galvez, 2002;
Wolf et al., 2003 ). Here, we observed that MT1-MMP co-localizes with α5 and cotraffics with α5β1 to the late endosome, and we then considered the possibility that the
observed decrease in migration and invasion of cells transfected with T567A or
dominant-negative Rab7 and VAMP7 was due, in part, to changes in integrin-MT1-MMP
association.

We assessed the co-localization of MT1-MMP and α5, as well as the

trafficking of α5β1 and found an association between MT1-MMP and α5 that increased
upon PMA stimulation and coincided with the phosphorylation of Thr567. It is thus
possible that phosphorylation of Thr567 results in an increased association between MT1MMP and α5 integrin.

Interestingly, we also observed an increase in ERK

phosphorylation correlating with MT1-MMP phosphorylation and internalization as well
as in T567E mutants; thus, it is reasonable to speculate that MT1-MMP and α5 integrin
may interact to promote ERK activation. There is an established link between ERK and
MT1-MMP; for example, it has been demonstrated that MT1-MMP dependent cell
migration requires ERK activation (Takino et al., 2004 ). The ERK pathway has also
been shown to increase transcription of MT1-MMP (Tanimura et al., 2003).
Furthermore, it has been shown that binding of tissue inhibitor of metalloproteinase-2
(TIMP-2) by MT1-MMP can activate ERK and up-regulate cell migration (D'Alessio S,
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2008). This activation of ERK was found to be dependent on the cytoplasmic tail, but not
the catalytic activity of MT1-MMP, and required the

573

YCQR576 sequence. Tyr573 of

MT1-MMP is phosphorylated in a Src-dependent manner and it is thus possible that this
phosphorylation event could affect ERK activation. It is further plausible that MT1MMP phosphorylation at Thr567 may function in a similar manner through binding of
integrin.
MT1-MMP is one of the best characterised MMPs and has been extensively
studied since its discovery in 1994 (Sato et al., 1994). Overexpression of MT1-MMP has
been shown in vitro and in vivo to promote invasion, migration, and metastasis of tumour
cells (Seiki and Yana, 2003). Nonetheless, the regulation of MT1-MMP activity, as well
as other MMPs, in cancer is complex and not fully understood (Hadler-Olsen et al.,
2010). Much recent research has gone into the development of pharmacological inhibitors
to target MMP synthesis, secretion and activity (Gialeli et al.), and a more detailed
understanding of the molecular mechanisms underlying MMP trafficking will benefit this
effort. The findings here show, for the first time, the in vivo phosphorylation of MT1MMP at Thr567, which is accompanied by a decrease in MT1-MMP cell surface
expression, possibly due to an increase in endocytosis and trafficking. We also highlight
the importance of MT1-MMP trafficking through a late endosome as part of a recycling
pathway rather than a degradative pathway. Moreover, MT1-MMP association with
integrin α5 and subsequent internalization may be a means to upregulate the ERK
pathway and increase cell migration and invasion. Collectively, this work points to the
importance of MT1-MMP phosphorylation in regulating MT1-MMP activity at the cell
surface and the activation of intracellular signalling.
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SNAP23, Syntaxin4-dependent Trafficking of Membrane-type 1Matrix Metalloproteinase (MT1-MMP) and its Vesicle-associated
Membrane Protein 7 (VAMP7) Facilitate Invadopodia Formation and
Cell Invasion
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5.0 SNAP23, Syntaxin4-dependent Trafficking of Membrane-type 1-Matrix
Metalloproteinase (MT1-MMP) and its Vesicle-associated Membrane Protein 7
(VAMP7) Facilitate Invadopodia Formation and Cell Invasion

5.1 Summary
The acquisition of an invasive cell phenotype, which includes the ability to
navigate through an ECM, is a prerequisite for cancer cell metastasis.

The ECM

compartmentalizes tissues and provides a scaffold for cell adhesion, and degradation of,
and cell invasion into, the ECM is a hallmark of tumour progression. The cellular
mechanisms that control ECM degradation are not fully understood and are examined in
the study at hand.
The extracellular matrix (ECM) provides a scaffold for cell adhesion, but also acts
as a barrier, preventing uncontrolled migration. Movement through the ECM require
cells to degrade ECM components and this is, in part, mediated by matrix
metalloproteinases (MMPs). Membrane type 1-matrix metalloproteinase (MT1-MMP)
has an essential role in matrix degradation and cell invasion and has been shown to
localize to subcellular degradative structures termed invadopodia.
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Trafficking of MT1-MMP to invadopodia is required for the function of these
structures, and here we examine the role of SNARE-mediated membrane traffic in the
transport of MT1-MMP to invadopodia in MDA-MB-231 cells. MDA-MB-231 cells are
an invasive breast carcinoma cell line which readily express MT1-MMP and have been
well characterised during the process of invadopodia formation. In the present study, we
examined the role of SNAREs in MT1-MMP localization at invadopodia. We isolated
invadopodia-enriched sub-cellular fractions to identify invadopodial SNAREs. We report
that SNAP23, Syntaxin4, and VAMP7 localize at invadopodia fractions and inhibition of
these SNAREs dramatically reduces the amount of MT1-MMP at invadopodia. Also, we
observe the enrichment of a SNAP23-Syntaxin4-VAMP7 SNARE complex under
conditions in which cells are forming invadopodia. Consistent with this, we found a
decrease in Syntaxin4 phosphoylation associated with increased Syntaxin4-SNAP23
interaction. The findings suggest a specific membrane trafficking pathway, mediated by
a SNAP23-Syntaxin4-VAMP7 complex, contributes to the regulation of invadopodium
formation and cell invasion.

5.2 Results
5.2.1 Isolation of invadopodia
To determine which SNAREs localize to invadopodia we fractionated cells during
formation of invadopodia and isolated invadopodia-enriched fractions.

We utilised

MDA-MB-231 cells, which are derived from an invasive human breast tumour and have
been characterized to form stable invadopodia (Artym et al., 2006; Steffen et al., 2008).
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We employed a modified version of a published fractionation protocol used to identify
proteins that localise to invadopodia (Mueller et al., 1992). This method has been used to
demonstrate the localization of β1 integrin, the serine protease seprase, cortactin, paxillin,
PKCµ (Bowden et al., 1999; Bowden et al., 2006; Mueller et al., 1999) at invadopodia, as
well as to identify proteins through proteomic analysis of sub-cellular membrane
fractions (Linder et al., 2011).
Briefly, cells were plated on gelatin as described for invadopodia formation
assays (Artym et al., 2009) and then sheared to collect cell body/cytosol fractions (cb)
and invadopodia fractions. We verified the isolation of intact invadopodia using confocal
microscopy of the gelatin matrix and probing for MT1-MMP. Microscopic analysis of
the of gelatin matrix after removal of cell bodies showed MT1-MMP-GFP localisation at
sites of matrix degradation in samples of both intact and sheared cells (Fig. 5.1A and B).
The x-z plane images in Figure 1 confirm that invadopodial proteins remain within the
gelatin substrate after shearing.

To verify enrichment of invadopodia proteins,

cellbody/cytosol fractions and invadopodia fractions were subjected to Western blot,
probed for known invadopodia markers, and quantified (Fig. 5.2A and B). Cortactin was
found to be enriched in invadopodial fractions, whereas the Golgi marker giantin was
absent. As well, only active MT1-MMP was detected in the invadopodial fraction (Fig.
5.2A).
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Figure 5.1: Confocal microscopy of invadopodia fractionation. Cells were either fixed
on 594-labeled coverslips (A) or sheared (as described under Experimental Procedures)
followed by fixation of embedded invadopodia (B). Confocal microscopy shows MT1MMP-GFP overlaying areas of invadopodial degradation (dark area, representative as
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invadopodial degradation). Confocal microscopy x-y plane represents invadopodia
protrusions embedded in the gelatin matrix prior to (A) and post (B) shearing.

Figure 5.2: Western blot analysis of cell body and and isolated invadopodium fractions.
(A) Representative blots of giantin, β1 integrin, cortactin, MT1-MMP and actin are
shown. Amounts of proteins in cell body fractions (cb) and invadopodial fractions (inv),
compared to whole cell lysate (w), can be seen. The Golgi resident protein giantin and
Pro-MT1-MMP are only present in the cell body fraction, while cortactin is enriched in
the invadopodium fraction. β1 integrin and active MT1-MMP are found in both
invadopodial and cell body fractions. Actin is present in all fractions and was used as a
loading control. (B) Quantification of protein levels from replicate (3 or more) Western
blots as shown in A. 20 µg of whole cell lysate was used on all blots as an internal
standard.
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5.2.2 SNAP23, Syntaxin4, and VAMP7 localize at Invadopodia with MT1-MMP
To determine which SNAREs localise to invadopodia, invadopodial fractions
were isolated and analyzed for the presence of SNAREs by Western blot. VAMP7 has
been previously characterized as the vesicle SNARE involved in the delivery of MT1MMP to invadopodia (Steffen et al., 2008). Here, we observed Syntaxin4 and SNAP23,
along with VAMP7, localized to invadopodia, while VAMP3 and the Golgi SNARE
GS15 were not (Fig. 5.3A and B).
In invadopodia formation assays (Artym et al., 2009), microscopic analysis
revealed colocalization of SNAP23, Syntaxin4 and VAMP7 with F-actin at areas of
degradation (Fig. 5.4A), consistent with invadopodium formation.

At these sites,

SNAP23, Syntaxin4 and VAMP7 all colocalized with MT1-MMP (Fig. 5.4B). These
results are consistent with a role for these SNAREs in invadopodium formation and
possibly in trafficking of MT1-MMP to invadopodia.
5.2.3 SNAP23 and Syntaxin4 target VAMP7 and MT1-MMP to Invadopodia
Vesicle SNAREs are targeted to specific sites where they form complexes with
target SNAREs, helping to drive membrane fusion and cargo delivery.

Given that

VAMP7 is known to contribute to delivery of MT1-MMP to invadopodia (Steffen et al.,
2008), we hypothesized that VAMP7 forms a complex with SNAP23 and Syntaxin4
during formation of invadopodia, and predicted that inhibiting these SNAREs would
perturb trafficking of MT1-MMP. To inhibit SNARE function, we utilized mutant
SNARE constructs that exert dominant-negative effects and have been used extensively
in several experimental systems to impair membrane trafficking (Collins et al., 2002;
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Hirling et al., 2000; Huang et al., 2001; Kean et al., 2009a; Williams and Coppolino,
2011). SNAREs

Figure 5.3: Localization of SNAREs in cell body and invadopodium fractions. (A)
Western blots of whole cell lysate (w), invadopodial fractions (inv), and cell bodies (cb)
are shown. SNAP23 is enriched in invadopodial fractions; Syntaxin4 and VAMP7 are
present in invadopodial fractions; VAMP3 is detected at a reduced level in invadopodial
fractions. GS15 is only present in the cell body fraction. Integrin and actin are both used
as loading controls. Representative images are shown. (B) Quantification of triplicate
Western blots. 20 µg of whole cell lysate was used on all blots as an internal standard.
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Figure 5.4: Colocalization of SNAP23, Syntaxin4, VAMP7, MT1-MMP, and F-actin at
invadopodia. Cells were plated on 594-labeled gelatin, fixed, permeabilized, and stained
for SNAP23, Syntaxin4 or VAMP7 (green) along with either phalloidin (A) or MT1107

MMP (B) (blue). Invadopodia are marked by the colocalization of F-actin or MT1-MMP
overlaying dark areas of degradation (see arrows in overlay zoom).
lacking their transmembrane domain (e.g. Syntaxin4cyto and VAMP7cyto) form SNARE
complexes with cognate SNAREs, blocking interactions with endogenous SNARE
partners. SNAP23C∆9 lacks nine C-terminal amino acids inhibits SNAP23-mediated
traffic by forming non functional complexes unable to support membrane fusion.
Inhibition of SNAP23 or Syntaxin4 decreased the amount of VAMP7 in the invadopodia
fraction, relative to control (Figure 5.5A). Inhibition of SNAP23 or Syntaxin4 reduced
the amount of MT1-MMP in invadopodia by 35±5.6% and 42±8.1%, respectively (Fig.
5.5B and D).

Inhibition of VAMP7 also reduced the amount of MT1-MMP at

invadopodia by 40.7±9.7% (Fig. 5.5B and D). Inhibition of SNAP23, Syntaxin4 or
VAMP7 had no effect on total cellular MT1-MMP (Fig. 5.5C).
5.2.4 Interaction of SNAP23-Syntaxin4-VAMP7 Is Increased During Invadopodium
Formation
SNARE complex formation has been shown to change in response to glucose
(Kalwat et al., 2012), PKC (Aquino et al., 2012) and PKA (Foster et al., 1998)
phosphorylation, mast cell degranulation (Sander et al., 2008), and adherence to ECM
(Skalski et al., 2010) We therefore tested if SNARE complex formation would be
increased during invadopodium formation.

Cells were plated on 0.2% gelatin to

stimulate invadopodium formation, or on poly-L-lysine (PLL) as control, and SNARE
complex formation was biochemically assessed.

Under these conditions, VAMP7

immunoprecipitates were found to contain Syntaxin4 and SNAP23 at increased amounts
in cells forming invadopodia (Fig. 5.6A).
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Since binding of Syntaxin4 to cognate SNAREs is altered by its phosphorylation
(Foster et al., 1998), we investigated changes to Syntaxin4 phosphorylation in our

109

Figure 5.5: Inhibition of Syntaxin4 or SNAP23 alters localization of VAMP7 and MT1MMP in invadopodia fractions. (A and B) Representative Western blots of cell body and
invadopodial fractions. Cells were transfected with GFP-tagged constructs of SNAP23full-length (S23FL), SNAP23-C∆9-truncation (S23C), Syntaxin4-full-length (S4FL),
Syntaxin4-cytoplasmic domain (S4C), VAMP7-full-length (V7FL), or VAMPcytoplasmic domain (V7C). (A and B) Cells were fractioned 2.5hrs after plating on
gelatin and probed for VAMP7 (A) or MT1-MMP (B) in cell body (cb) or invadopodial
fractions (inv). Integrin was used as a loading control. (C) Whole cell lysates from
transfected cells were probed for total MT1-MMP. (D) Quantification of Western blots
from three replicate experiments. Means ± S.E. (error bars) from three independent
experiments are shown. Students t-test was used to determine significant differences.
Asterisk denotes a value significantly different from control cells (p < 0.05).
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system.

Syntaxin4 was immunoprecipitated from cells plated on poly-l-lysine or 0.2%

gelatin and examined for phosphorylation (Fig. 5.6B and C). A 82±10.4% reduction in
phosphorylated Sytnaxin4 was observed in cells during invadopodium formation
compared to control (Fig. 5.6C). Consistent with this, a decrease in the amount of
Syntaxin4 pulled down in anti-phospho-Ser/Thre immunoprecipitations was also
observed (Fig. 5.6D). Furthermore, we found a 49±12% increase in the amount of
Syntaxin4 in SNAP23 immunoprecipitates from cells during invadopodium formation
compared to control (Fig. 5.6E and F). Together, this data indicates an important role for
SNARE complex formation during invadopodia formation.
5.2.5 Inhibition of Syntaxin4, SNAP23 or VAMP7 Impairs Invadopodia formation
and Invasion.
We next examined the effect that inhibition of Syntaxin4, SNAP23 or VAMP7
had on invadopodium-based degradation and cell invasion. Inhibition of Syntaxin4,
SNAP23 or VAMP7, as described above, significantly reduced the percentage of cells
degrading gelatin by 52±9.2%, 31.8±3.8%, and 33.1±7.7%, respectively (Fig. 5.7A).
Similar results were seen using a matrigel invasion assay to assess invasion (Fig.5.7B).
Consistent with these findings, inhibition of MT1-MMP produced similar results,
reducing both invadopodium-based degradation and cell invasion by greater than 60%
(Fig. 5.7A and B). Our results are consistent with an established role for VAMP7 in
delivering MT1-MMP to invadopodia (Steffen et al., 2008) and now define the cognate
SNAREs, Syntaxin4 and SNAP23, involved in this process. Furthermore, this is the first
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Figure 5.6: Alterations to SNARE complex formation during invadopodium formation.
Cells were plated on poly-l-lysine (PLL, control) or gelatin (invadopodium formation,
IVF) for 2.5hrs, collected, lysed, and analyzed by immunoprecipitation-SDS-PAGEWestern blot. (A) VAMP7 immunoprecipitates were probed for SNAP23, Syntaxin4,
and VAMP7. (B) Syntaxin4 immunoprecipitates were probed for Phospho-Ser/Thre,
stripped and re-probed for Syntaxin4. (C) Quantification of the proportion of
immunoprecipitated Syntaxin4 that was phosphorylated in B (using triplicate samples).
(D) Immunoprecipitations using phospho-Ser/Thre antibody were probed for Syntaxin4.
(E) SNAP23 immunoprecipitates were probed for Syntaxin4. (F) Quantification of the
amount of Syntaxin4 that was immunoprecipitated with SNAP23 in E (using triplicate
samples). In C and F, asterisk denotes values significantly different from control cells (p
< 0.05). Students t-test was used to determine significant differences.
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Figure 5.7: Inhibition of SNAP23, Syntaxin4, VAMP7 and MT1-MMP perturb
invadopodium formation and invasion. Cells were transfected with GFP-tagged
constructs of SNAPFL, SNAP23C∆9, Syntaxin4FL, or Syntaxin4cyto, or subjected to
MT1-MMP inhibition and plated on Alexa594-labeled gelatin for 3 hrs. (A) Cells with
F-actin punctae overlaying black spots of matrix degradation were counted as cells
forming invadopodia. Total cell count of invadopodia forming cells versus nonforming
cells is represented as a percentage of control (GFP-transfected ) cells (set at 100%). (B)
Cells were serum-starved for 2 hrs, lifted, counted and subjected to matrigel transwell
invasion assays. Cells invaded through matrigel towards 10% FBS for 20 hours and were
then fixed and counted. Mean +/- SEM from 3 independent experiments are shown.
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Students t-test was used to determine significant differences. Asterisk denotes a value
significantly different from control cells (p < 0.05).
demonstration of the formation of a SNARE complex that is regulated during
invadopodium-based degradation of ECM.
5.3 Discussion
In the present study we report that Syntaxin4 and SNAP23 form a complex with
VAMP7 that functions to deliver MT1-MMP to invadopodia during degradation of ECM.
It has been previously demonstrated that VAMP7 targets MT1-MMP to invadopodia
(Steffen et al., 2008), and our results are consistent with this as we observed a significant
reduction in the amount of MT1-MMP at invadopodia upon inhibition of VAMP7
function.

We found that SNAP23 and Syntaxin4 colocalize with MT1-MMP at

invadopodia and inhibition of either of these SNAREs significantly reduced the amount
of VAMP7 and MT1-MMP at invadopodia. Trafficking of MT1-MMP is important for
ECM degradation during tumour progression (Hotary et al., 2003; Sabeh et al., 2004),
and our findings highlight the important contribution that the function of SNARE
proteins makes to this process.
The results here suggest that an increase in the complex formed by Syntaxin4,
SNAP23 and VAMP7 contributes to the development of invadopodia into ECMdegrading structures, and further suggests that changes to SNARE-mediated exocytosis
might contribute to an invasive phenotype. The complex of Syntaxin4, SNAP23 and
VAMP7was increased when MDA-MB-231 cells were plated on gelatin, and is different
than the complex of VAMP3-Syntaxin13 and SNAP23 that we previously observed to
form in Chinese hamster ovary cells plated on fibronectin (Skalski et al., 2010). This
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points to potential differences in regulated SNARE complex formation dependent on cell
type and ECM substrate
Regulation of exocytosis through alteration of SNARE complex formation has
been described in other systems (Foster et al., 1998; Polgar et al., 2003; Sander et al.,
2008), and it is reasonable to speculate that SNARE complex formation is altered during
the invasion process.

This notion is supported by our finding that an increase in

Syntaxin4-SNAP23 interaction correlates with a decrease in Syntaxin4 phosphorylation.
We thus propose that dephosphorylation of Syntaxin4 facilitates it association with
SNAP23 and contributes to the regulation of MT1-MMP trafficking during
invadopodium formation.
It has recently been reported that MT1-MMP localises to lipid raft domains at
invadapodia (Grass et al., 2012). Also, it has been demonstrated that during mast cell
exocytosis Syntaxin4 is able to associate with lipid rafts by binding to SNAP23 (Puri and
Roche, 2006).

It is possible that MT1-MMP is targeted to lipid raft domains at

invadopodia through SNAP23-Syntaxin4 complex formation.

Dephosphorylation of

Syntaxin4, leading to enhanced SNAP23-Syntaxin4 interaction, may represent an
important regulatory step in invadopodia formation. It has been suggested by others that
phosphatases have an important role in invadopodia formation (Murphy and Courtneidge,
2011), but few have been characterised in this context, and this is an important area for
future investigations. Collectively, the work we present here identifies an important
SNARE complex that is regulated during cell invasion and elucidates a role for this
complex in trafficking of MT1-MMP during degradation of ECM.
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6.0 SNARE-dependent Interaction of Src, EGF receptor and β1 integrin Regulates
Invadopodium Formation and Tumour Cell Invasion

6.1 Summary
Acquisition of an invasive phenotype is prerequisite for tumour metastasis.
Degradation of the extracellular matrix (ECM) and subsequent invasion by tumour cells
is mediated, in part, through subcellular structures called invadopodia. Invadopodia are
actin-driven, membrane protrusions that contain both ECM adhesive receptors (integrins)
and ECM-degrading proteolytic enzymes (matrix metalloproteinases, MMPs). These
structures have been studied in cancer cells in 2D and 3D cell culture microenvironments
and evidence from in vivo studies supports their physiological importance (Soriano et al.,
1991) and role in tumour progression (Clark et al., 2009).
Invadopodia are actin-dependent structures and remodelling of the actin-based
cytoskeleton, regulated by Arp2/3 and N-WASP (neural Wiskott-Aldrich syndrome
protein), is required for their formation (Yamaguchi eta l., 2005). Src kinase has been
shown to regulate cytoskeletal remodelling during invadopodium formation through
phosphorylation of cortactin and Tyr kinase substrate with five SH3 domains (TKS5),
proteins with established roles in invadopodium formation. Cortactin has been well
studied in this context, and is known to modulate the actin cytoskeleton in association
with Arp2/3 and N-WASP (Artym et al., 2006). Dephosphorylation of Src at Tyr527 and
subsequent autophosphorylation at Tyr 418 is required for this process, freeing the Src
homology 3 and 2 domains (SH3 and SH2) to bind to and facilitate phosphorylation of
cortactin. Overexpression of Src frequently occurs in tumors and a goal of the current
117

study is to better understand how Src activity is regulated during invadopodium
formation.
Integrins and growth factor receptors also have putative roles in invadopodium
function. αvβ3 and β1 integrins have been found in invadopodia and antibody-induced
activation of β1 integrin increases ECM degradation (Mueller and Chen, 1991). it is
proposed that integrins contribute to invadopodium structure and function; however, their
role in the formation of invadopodia has not been defined. Invadopodium formation can
also be stimulated through epidermal growth factor (EGF) and platelet-derived growth
factor (PDGF) receptor tyrosine kinases (RTKs) (Eckert et al., 2011)
Src-dependent cytoskeletal rearrangements are required to form invadopodia,
and here we identify an association between Src, epidermal growth factor receptor
(EGFR), and β1 integrin that facilitates invadopodium formation. The association of Src,
EGFR, and β1 integrin is dependent upon membrane traffic mediated by Syntaxin-13 and
SNAP23, as were invadopodium-based matrix degradation and cell invasion. Inhibition
of SNARE function impaired the delivery of Src and EGFR to forming invadopodia, as
well as the β1 integrin-dependent activation of Src and phosphorylation of EGFR on Tyr845. Antibody-based inhibition of β1 integrin perturbed invadopodium function, while
activation of β1 integrin increased invadopodium formation and cell invasion. Inhibition
of β1 integrin increased an association between β1 integrin and SNAP23, while reducing
Syntaxin-13-SNAP23 interaction. The results suggest that SNARE-dependent trafficking
is regulated in part by β1 integrin and is required for delivery of Src and EGFR to sites of
invadopodium formation in support of tumour cell invasion.
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6.2 Results
6.2.1 SNARE-mediated trafficking of Src is required early during invadopodium
formation.
Previous studies have implicated SNARE-mediated trafficking (for example of
MT1-MMP) in the process of tumour cell invasion (Steffen et al., 2008; Williams and
Coppolino, 2011). To define the function of SNAREs during the invasion process, we
examined the formation of invadopodia using a standard invadopodia formation assay
(Artym et al., 2009).

MDA-MB-231 cells, derived from an invasive human breast

tumour, form mature, ECM-degrading invadopodia within 3-6hrs of plating on gelatin.
To assess the role of SNARE-mediated membrane trafficking in this process, we
inhibited SNARE function by transiently transfecting cells with a dominant-negative
form (E329Q-NSF) (Gonon et al., 2005; Skalski et al., 2011) of the enzyme Nethylmaleimide-sensitive factor (NSF), an ATPase required for the activity of SNAREs.
Expression of E329Q-NSF in cells reduced invadopodium-based degradation of gelatin
by 93.6 3.05% (Fig. 6.1A).
To characterize SNARE function at the initial stages of invadopodium formation,
we examined components of invadopodia shortly after plating cells on gelatin. Within 40
min of plating, control cells contain obvious actin punctae at the ventral membrane (Fig.
6.1B). These actin punctae contain Src and cortactin, two factors known to be involved
in the formation of invadopodia (Fig. 6.1B). Since Src-mediated phosphorylation of
cortactin can initiate actin polymerisation and invadopodia formation (Tehrani et al.,
2007), we speculated that localization of Src might be perturbed in E329Q-NSFexpressing cells. In control cells, Src localises to distinct peri-nuclear compartments as
well as at the plasma
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Figure 6.1: SNARE-mediated membrane trafficking is required for invadopodium
formation and Src trafficking. MDA-MB-231 cells were transfected with either E329QNSF or pcDNA3.1. (A) Cells were cultured on coverslips coated with Alexa594-labeled
gelatin for 5 hours fixed, permeabilized, stained with anti-NSF antibody and phalloidin,
and F-actin-containing invadopodia were counted using a microscope. Means +/- SEM
from 3 independent experiments in which 100 cells per sample were assessed are shown.
Asterisk denotes a value significantly different from wild-type cells; p < 0.05. (B) Cells
were serum starved, plated on gelatin-coated coverslips, fixed, permeabilized, and stained
using anti-Src or anti-cortactin antibodies, followed by Alexa594-conjugated secondary
antibody and Alexa488-phalloidin. Single confocal slices of the ventral surface of cells
are shown. Src co-localises with F-actin at the cell periphery at 20 and 40 mins.
Actin/Src punctae are seen in the centre of the cell at 40min. At 40min, cortactin is also
seen at F-actin punctae (bottom row). (C) Total Src localization in untransfected cells and
cells transfected with E329Q-NSF for 12 hours, and plated on gelatin for 40min. Src is
absent from the cell periphery (marked by F-actin staining) in cells expressing E329QNSF, compared to control cells. Scale bar = 10 µm.
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membrane; when SNARE-mediated membrane trafficking is inhibited, Src localization is
confined to the peri-nuclear compartment (Fig. 6.1C), possibly explaining the decreased
invadopodia formation observed in E329Q-NSF cells. Furthermore, cells expressing
E329Q-NSF failed to form actin-containing punctae (Fig. 6.2A and B). In an effort to
restore invadopodium formation, we co-transfected either wild-type Src (Src-WT) or a
membrane targeted Src (Src-CAAX) along with E329Q-NSF and analyzed the formation
of actin-cortactin-containing punctae and cortactin localisation.

In control cells, an

average of six punctae/cell can be observed 40 min after plating on gelatin (Fig. 6.2A and
B). As previously, E329Q-NSF-expressing cells failed to form actin-cortactin-containing
punctae (Fig. 6.2A and B). Expression of Src-CAAX, but not Src-WT, restored the
formation of actin-cortactin-containing punctae in cells expressing E329Q-NSF (Fig.
6.2A and B). It was noted that Src-CAAX expression altered the distribution of actin
punctae, which tend to form directly below the nucleus in control cells (see Fig. 6.2A) but
were observed to form in the periphery of Src-CAAX-expressing cells. These findings
suggest that trafficking of Src to the plasma membrane is required for the normal
formation of invadopodia.

6.2.2 SNAP23 and Syntaxin-13 regulate invadopodia formation
In order to determine which SNARE proteins were mediating Src trafficking and
actin-cortactin punctae formation, we transfected cells with inhibitory SNARE
constructs. The cytoplasmic domain of membrane-anchored SNARE (e.g. Syntaxin-13),
lacking its transmembrane domain, can form complexes with endogenous SNAREs,
blocking interactions with membrane-anchored SNARE partners and exerting a
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Figure 6.2: Membrane-targeted Src restores invadopodia formation. MDA-MB-231
were co-transfected with Src-WT or Src-CAAX, and/or E329Q-NSF. Cells were serum
starved, plated, on gelatin for 40min, fixed, permeabilized, and stained for NSF, cortactin
and F-actin. (A) Cells positive for transfected NSF are shown in the first column, and
invadopodia are shown by the co-localization of F-actin and cortactin. E329Q-NSFexpressing cells (upper left cell in top panels) contain fewer F-actin/cortactin punctae
than control cells (right-most cell in top panels). Expression of SrcCAAX, but not
SrcWT, restores the fromatin of F-actin/cortactin-containing punctae. All images are
single confocal slices of the ventral surface. Scale bar = 10µm. (B) Quantification of the
number of F-actin/cortactin punctae/cell. Means +/- SEM from 3 independent
experiments in which 30-50 cells per sample were counted are shown. Students t-test
was used to determine significant differences. Asterisk denotes a value significantly
different from control cells (p < 0.05).
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dominant-negative effect (Collins et al., 2002). A form of SNAP23 lacking its C-terminal
nine amino acids (SNAP23C∆9) forms non functional complexes, which are unable to
support membrane fusion, and inhibits SNAP23-mediated traffic (Huang et al., 2001).
These SNARE constructs have been used extensively to inhibit membrane trafficking in
several experimental systems (Collins et al., 2002; Hirling et al., 2000; Huang et al.,
2001; Kean et al., 2009a; Mallard et al., 2002; Polgar et al., 2002; Scott et al., 2003;
Skalski et al., 2010; Williams and Coppolino, 2011; Xu et al., 2002). Inhibition of either
Syntaxin-13 or SNAP23 significantly reduced the formation of actin-cortactin-containing
punctae (Fig. 6.3 A, B and C); whereas inhibition of SNAREs VAMP3 or GS15 had no
effect. Expression of Src-CAAX, but not Src-WT, restored actin-cortactin-containing
punctae in cells expressing either SNAP23C∆9 or Syntaxin-13cyto (Fig. 6.3A, B and C).
This was further confirmed by SNARE knock-down using siRNA against Syntaxin13 and
shRNA against SNAP23 (Fig. 6.3D and E). Knock-down of SNAP23 and Syntaxin-13
significantly reduced actin-cortactin containing punctae, which was restored by
expression of Src-CAAX, but not Src-WT.

6.2.3 Src phosphorylates EGFR in a SNARE-dependent manner
Initiation of invadopodium formation has been shown to involve signaling through
growth factor receptors, including the epidermal growth factor receptor (EGFR) (Mader
et al., 2011), a known target for Src-mediated phosphorylation.

We therefore

hypothesised that changes to Src-catalyzed phosphorylation of EGFR may explain the
observed deficit in invadopodium formation in cells in which SNARE function was
blocked. When serum-starved cells were plated on gelatin, Src and EGFR were observed
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Figure 6.3: SNAP23 and Syntaxin-13 are required for Src-dependent invadopodium
formation. Cells were co-transfected with Src-WT or Src-CAAX and/or GFPSNAP23FL/C∆9 or GFP-Syntaxin-13FL/cyto for 20 hrs or siRNA Sytanxin-13, siRNA
control, shRNA SNAP23, and shRNA control for 96hrs. Cells were serum starved
overnight followed by culturing on gelatin coated coverslips for 40min in serum free
media. Cells were fixed, permeabilized, and stained for anti-cortactin and actin
(phalloidin). (A) Quantification of the number of actin/cortactin punctae demonstrate that
either SNAP23C∆9 and Syntaxin-13cyto impair invadopodia formation and this is
rescued by Src-CAAX but not Src-WT. Means +/- SEM from 3 independent experiments
in which 30-50 cells per sample were counted for actin/cortactin punctae are shown.
Asterisk detonates a value significantly different from wild-type cells; p < 0.05. (B and
C) Cells expressing Src-WT or Src-CAAX and/or GFP-SNAP23FL/C∆9 or GFPSyntaxin-13FL/cyto are represented in the first column in grey. Invadopodia formation is
represented by co-localization of actin (green) and cortactin (red) in the overlay (yellow).
SNAP23C∆9 and Syntaxin-13cyto cells lack actin/cortactin punctae compared to control
cells. In cells co-transfected with either SNAP23C∆9 or Syntaxin-13cyto and Src-CAAX
actin/cortactin punctae formation (yellow punctae in overlay) was readily visualized but
this was not seen in those co-transfected with SrcWT. All images are a single slice of the
ventral surface; representative images are shown. Scale bar = 10µm. (D) Knock-down of
SNAP23 and Syntaxin-13 at 48 and 72 hrs post transfection; integrin and actin were used
as loading controls. (E) Quantification of the number of actin-cortactin-containing
punctae in cells transfected as indicated. Means ± S.E. (error bars) from three
independent experiments are shown. Students t-test was used to determine significant
differences. Asterisk denotes a value significantly different from control cells (p < 0.05).
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to colocalize at the ventral membrane of cells 20min after plating; by 40min Src, EGFR
and actin were colocalized together at immature invadopodia (Fig. 6.4A). As well,
EGFR phosphorylation on Tyr845 was detected in these actin punctae (Fig 6.4B). Srcmediated phosphorylation of EGFR on Tyr845 has previously been shown to regulate
proliferation and transformation of breast cancer cells (Mueller et al., 2012; Sato et al.,
2003), so we assessed if Src was mediating EGFR phosphorylation on Tyr845.
Phosphorylation of EGFR 40 min after plating was detectable by Western blot using
phopsho-Tyr845-specific antibody (Fig. 6.4C), and inhibition of Src activity using the Src
inhibitor PP2 decreased this phosphorylation. Expression of either SNAP23C∆9 or
Syntaxin-13cyto decreased EGFR phosphorylation on Tyr845 (Fig. 6.4D).

This is

consistent with a requirement for trafficking of Src to the plasma membrane in order to
phosphorylate EGFR, during the formation of invadopodia.
6.2.4 Src and EGFR traffic in a Syntaxin-13 compartment
Observations that Syntaxin-13cyto and SNAP23C∆9 reduced the formation of
actin-cortactin-containing punctae and decreased EGFR phosphorylation led to the
hypothesis that these SNAREs are involved in the trafficking of Src to sites where EGFR
is located at the plasma membrane. Syntaxin-13 is a SNARE involved in the endosomal
recycling of plasma membrane receptors and SNAP23 is a target SNARE functioning at
the plasma membrane. Thus, it is possible that trafficking of membrane-associated Src
occurs through a Syntaxin-13 compartment. Syntaxin-13 colocalizes with Src and EGFR
at ventral punctae 30min after plating on gelatin (Fig. 6.5A). In cells transfected with
Syntaxin-13cyto, Src and EGFR colocalize, but this colocalization is confined to larger
compartments rather than smaller dispersed punctae seen in cells
128

Figure 6.4: EGFR localizes at invadopodia and is phosphorylated in a SNAREdependent manner. Serum-starved MDA-MB-231 cells were plated on gelatin for the
indicated times, fixed, permeabilized, and stained for (A) EGFR, Src, and F-actin , or (B)
EGFR-Tyr845 and F-actin. Confocal images of the ventral cell membrane are shown. At
20 min, EGFR (red) and Src (green) colocalize at the ventral surface prior to F-actin core
formation. EGFR and Src colocalize with ventral F-actin cores (cyan punctae) at 40 min
(white in overlay). (B) pEGFR-845 (red) co-localizes with F-actin punctae (green) 40
mins after plating on gelatin. Arrows point to areas of colocalization. Scale bar = 10µm.
(C and D) Immunoblot analysis of pEGFR-Tyr845 and pSrc Tyr418. Cells were treated
with 10µM PP2 for 40min, or transfected (for 20hrs) with GFP-tagged constructs of
SNAP23FL, SNAP23C∆9, Syntaxin-13FL, and Syntaxin-13cyto, and then lysed at the
indicated times. Membranes were probed for Y845-EGFR and Y418-Src (lower panels),
stripped and re-probed for EGFR and Src (upper panels).
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transfected with full-length Syntaxin-13 (Syntaxin-13FL; compare top right overlay to
bottom right overlay in Fig. 6.5A).
The distributions of Src and EGFR suggested that Src and EGFR might co-traffic
to the plasma membrane, possibly as a complex.

Co-immunoprecipitations were

performed and an association between Src and EGFR was detected that was independent
of Src activity (Fig. 6.5B). The association between Src and EGFR was also detected in
immunoprecipitates from cells transfected with Syntaxin-13FL or Syntaxin-13cyto (Fig.
6.5C). A reduction in cell surface EGFR was observed in cells transfected with Syntaxin13cyto compared to either control (GFP) cells or cells transfected with Syntaxin-13FL
(Fig. 6.5D), confirming that the trafficking of the EGF receptor to the plasma membrane
was perturbed by inhibiting SNARE function. These findings suggest that Src and EGFR
associate, independently of Src activity, prior to being trafficked to sites of invadopodium
formation.

6.2.5 β1-integrin activity effects the interaction between SNAP23 and Syntaxin-13
The effect that inhibition of Syntaxin-13 had on the trafficking of Src and EGFR
to the plasma membrane suggested that SNAP23 might be the target SNARE for
Syntaxin-13 docking. Consistent with this, we observed that, at 30min post-plating on
gelatin, SNAP23 and Syntaxin-13 colocalize with actin punctae (Fig. 6.6A).

Co-

immunoprecipitation experiments revealed an interaction between SNAP23 and
Syntaxin-13 at 20min and 40min post-plating (Figure 6.6B).
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Figure 6.5: Syntaxin-13 is involved in the trafficking of Src and EGFR. MDA-MB-231
cells were transfected with GFP-Syntaxin-13FL or GFP-Syntaxin-13cyto, serum-starved
and plated on gelatin. Where indicated, cells were treated with PP2 at the time of cell
plating. (A) Cells were fixed, permeabilized, and stained for EGFR, and Src.
Distributions of GFP-Syntaxin-13FL or GFP-Syntaxin-cyto, Src (red) and EGFR (cyan)
are shown in confocal micrographs; arrows point to areas of colocalization. Scale bar =
10µm. (B and C) Immunoprecipitates of Src were immunoblotted for Src and EGFR
under specified conditions. Cells treated with PP2, or cells transfected with either GFPSyntaxin-13FL or GFP-Syntaxin-13cyto were lysed 40 min after plating on gelatin. (C)
Immunoprecipitates of cell surface proteins; 20µg of total cell lysate prior to
immunoprecipitation (left panel) and immunoprecipitates (right panel) were blotted and
probed for EGFR. (D) Cell lysates from control, transfected and treated (PP2, β1
antibody inhibition) samples were subjected to SDS-PAGE-Western blot. Membranes
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were probed for Y418-Src and Y845-EGFR, stripped and re-probed for total Src and
EGFR.
Given recent findings that β1 integrins can affect trafficking of EGFR (Caswell et
al., 2008; Onodera et al., 2012) and invadopodia formation (Destaing et al., 2010), we
hypothesized that β1 integrin might be influencing the association of Syntaxin-13 and
SNAP23. To test this, we inhibited β1 integrin by treating cells with the blocking
antibody AIIB2 and then immuoprecipitaed Syntaxin-13 from cell lysates. A reduction
in the amount of SNAP23 co-immunoprecipiating with Syntaxin-13 was observed when
β1 integrin was inhibited (Fig. 6.6C) indicating that β1 integrin activity is influencing
SNARE complex formation. Next, we examined the possibility of an interaction between
SNAP23 and β1 integrin, which may function to promote SNARE complex assembly. β1
integrin was found to co-immunoprecipitate with SNAP23 at 20min and 40min after
plating on gelatin matrix (Fig. 6.6D). To determine if this interaction was dependent on
β1 integrin activation, cells were treated with antibody AIIB2 or the activating antibody
P4G11 during plating on gelatin. An increase in the amount of β1 integrin pulled down
with SNAP23 was observed in samples in which β1 integrin had been inhibited, while a
decrease in this association was detected in samples in which β1 integrin had been
activated (Fig. 6.6E). This observation, along with the observed decrease in association
between SNAP23 and Syntaxin-13 when β1 integrin was inhibited, suggests that
activation of β1 integrin allows SNAP23 to form a SNARE complex with cognate
SNARE Syntaxin-13. This could facilitate the targeting of Syntaxin-13 to locations of
activated integrin.
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6.2.6 β1-integrin promotes Src-mediated phosphorylation of EGFR
To assess the impact of β1 integrin inhibition on EGFR phosphorylation, we
treated cells with antibody AIIB2 and found that this did not affect the amount of EGFR
co-immuopreciptiated with Src (Fig. 6.6F) but did reduce Src phosphorylation on Tyr418
and the phosphorylation of EGFR on Tyr845 (Fig. 6.6G). These observations reveal that
β1 integrin function is necessary for activation of Src and phosphorylation of EGFR, but
not for the association of Src and EGFR. These results are consistent with a model
wherein Src and EGFR are trafficked, as part of a complex, to the plasma membrane
where Src can be activated and phosphorylate EGFR.

In this model, β1 integrin has a

role in supporting the phosphorylation of EGFR by Src, possibly by binding the SrcEGFR complex at the plasma membrane.

6.2.7 Src and EGFR associate with β1 integrin in a SNARE-dependent fashion.
β1 integrin could associate with Src-EGFR in a complex and to test this
possibility EGFR was immunoprecipitated from cells and the co-immunoprecipitation of
β1 integrin and Src was assessed (Fig. 6.7A and B).

Src was readily co-

immunoprecipitated with EGFR from cells prior to plating (0min), as well as 20 and 40
mins post-plating. β1 integrin was detected in association with EGFR 40 min after
plating (Fig. 6.6A). The formation of this Src-EGFR-β1 integrin complex was dependent
upon SNARE-mediated trafficking, as the amount of β1 integrin co-immunoprecipitated
with Src and EGFR was reduced in lysate from cells transfected with either SNAP23C∆9
or Syntaxin-13cyto (Fig. 6.7B). Reciprocally, when Src was immunoprecipitated and
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analyzed for β1 integrin, similar results were obtained (Fig. 6.7C). It was also observed
that the Src-EGFR-β1 integrin complex forms sooner after plating (being detectable by

Figure 6.6: Interaction between SNAP23 and Syntaxin-13 is stimulated by β1 integrin.
(A) Cells were transfected with GFP-Syntaxin-13FL, plated on gelatin for 30min, fixed,
permeabilized, stained with anti-SNAP23 antibodies and Alexa647-phalloidin, and
analyzed by confocal microscopy. Arrows point to areas of colocalization between
Syntaxin-13 and F-actin. Scale bar = 10µm. (B-F) Immunoprecipitates from extracts of
cells treated as indicated. (B) SNAP23 was immunoprecipitated at indicated times and
probed for Syntaxin-13. (C) Syntaxin-13 was immunoprecipitated from control cells or
cells treated with β1 integrin inhibitory antibody.
(D and E) SNAP23
immunoprecipitates probed for β1 integrin under specified conditions. (F) Src
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immunoprecipitates from cells plated on gelatin for 40 mins under specified conditions
and probed for EGFR. 20µg of control cell lysate was loaded onto the first lane in B-F.
(G) Total cell lysate from control cells, or cells plated on gelatin in the presence of β1
integrin inhibitory antibodies, were probed for Y845-EGFR and Y418-Src, stripped and
re-probed for EGFR and Src.
20 mins.) in the presence of serum (Fig. 6.7D). This is possibly due to increased turnover
of focal adhesions and EGFR at the plasma membrane in the presence of growth factors.
Consistent with results obtained in the absence of serum (Fig. 6.6G), a reduction
in the phosphorylation of EGFR at Tyr845 and of Src at Tyr418 was observed when
either β1 integrin or Src was inhibited (Fig. 6.7E). The results suggest a role for β1
integrin in regulating the phosphorylation of EGFR by Src, possibly by binding the SrcEGFR complex at the plasma membrane.

Microscopic analysis of the intracellular

distribution of Src, EGFR, and β1 integrin revealed localizations of these proteins that
were consistent with the results of the immunopecipitations above. Single confocal slices
showing the distributions of EGFR, Src and β1 integrin at the base of the cell are
presented in Figure 6.7F. At 20 min post-plating Src and EGFR co-localise at small
punctae with β1 integrin, this is consistent with low detection of β1 integrin in EGFR and
Src immunoprecipitates at 20min (Fig. 6.7A and C). By 40min Src and EGFR readily
colocalise with β1 integrin at larger punctae (Fig. 6.7F; bottom right overlay). The colocalization of F-actin with EGFR and β1 integrin at ventral punctae was obvious at 30
and 40 min after plating (Fig. 6.7G). Interestingly, at 30 min post-plating co-localization
of EGFR and β1 integrin with F-actin can be seen as ring-shaped structures (Fig. 6.7G
top right overlay; yellow arrows) as opposed to the more distinct punctae seen at 40 mins
(Fig. 6.7G bottom right; white arrows).
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The localizations of Src, EGFR, and β1 integrin, prior to and during actin core
formation, suggest a role for this complex at an early stage of invadopodium formation.
We assessed this by inhibiting Src using PP2, and by inhibiting β1 integrin using
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Figure 6.7: Src, EGFR and β1 integrin interact during formation of invadopodia. Serumstarved MDA-MB-231 cells were plated on gelatin (40 min unless indicated otherwise)
and then (in A-E) extracted for immunoprecipitation. (A) EGFR immunoprecipitates
were probed for Src, EGFR and β1 integrin. (B) EGFR immunoprecipitaes from cells
transfected with GFP-tagged constructs of SNAP23FL, SNAP23C∆9, Syntaxin-13FL, or
Syntaxin-13cyto were probed for Src, EGFR, and β1 integrin. (C) Src immunoprecitiates
probed for EGFR, Src and β1 integrin. (D and E) Cells were grown in medium containing
10% FBS prior to plating on gelatin under conditions indicated.
(D) Src
immunoprecipitates were probed for EGFR and β1 integrin. (E) Phospho-Tyr
immunoprecipitates were probed for Y845-EGFR and Y418-Src. 20µg of control cell
lysate was loaded onto the first lane of A-E. (F and G) Serum-starved cells were plated
on gelatin, fixed, permeabilized, stained for Src, EGFR, β1 integrin and F-actin, and
examined by confocal microscopy. Single slices (and zoom of slice) from the ventral
membrane are shown. (F) β1 integrin (cyan) colocalizes with Src (green) and EGFR
(red) at 20, 30, and 40 mins (white in overlay). (G) β1 integrin (green) colocalises with
F-actin (cyan) and EGFR (red) during F-actin core formation (white in overlay). Arrows
point to areas of colocalization. Scale bar = 10µm.
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antibody AIIB2.

Both treatments reduced the number of actin-cortactin-containing

punctae that formed within 40 min of plating cells on gelatin compared to untreated
control (Fig. 6.8A). Quantification revealed this reduction to be significant in both cases
(Fig. 6.8B). Together, the results are consistent with a role for a Src-EGFR-β1 integrin
complex at an early step in the formation of invadopodia.

6.2.8 Inhibition of Src or SNARE-mediated membrane trafficking, but not β1
integrin, decreases invadopodium-based matrix degradation
We next examined the effect that inhibiting or activating β1 integrin had on
matrix degradation using a quantitative, fluorescent matrix degradation assay (Artym et
al., 2009). Activation of β1 integrin (using antibody P4G11) produced an increase in the
percentage of cells with invadopodium matrix degradation (154±10%), whereas β1
integrin inhibition (using antibody AIIB2) produced no significant change in matrix
degradation (113±12%) compared to controls (Fig. 6.9A). We also quantified matrix
degradation after inhibition of Src, SNAP23, Syntaxin-13, or knock-down of SNAP23
and Syntaxin-13. These treatments reduced matrix degradation by over 75% (Fig. 6.9A).
Consistent with a role for β1 integrin function in invadopodium formation, these findings
suggest that activation of β1 integrin can stimulate invadopodium-based matrix
degradation. Furthermore, it is apparent that mature invadopodia, capable of measurable
matrix degradation, cannot form in the absence of Src activity or SNARE-mediated
membrane traffic, but can occur when β1 integrin function is inhibited.
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Figure 6.8: Inhibition of β1 integrin or Src impairs invadopodium initiation. MDA-MB231 cells were serum-starved, plated on gelatin with/without PP2 or β1 integrin inhibitory
antibody (AIIB2) for 40 min, fixed, permeabilized, and stained for F-actin and cortactin.
(A) Cortactin (green) and F-actin (red) colocalize at punctae in control cells. Cortactin
and F-actin colocalize at cell pheriphery with minimal punctae (yellow) at the ventral
membrane when β1 integrin is inhibited. No colocalization is seen with F-actin and
cortactin when Src is inhibibited (PP2). Arrows point to areas of colocalization. Scale
bar = 10µm. (B) Quantification of the number of actin/cortactin-containing punctae
during Src inhibition (PP2) or β1 integrin inhibition (antibody AIIB2). Means +/- SEM
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from 3 independent experiments in which 20-30 cells per sample were analyzed are
shown. Asterisk denotes a value significantly different from control cells; p < 0.05.
6.2.9 Inhibition of β1 integrin alters invadopodium formation but allows matrix
degradation
The observation that inhibition of β1 integrin reduced the number of actincortactin-containing punctae, yet did not impair matrix degradation, prompted us to
analyse the possibility that inhibition of β1 integrin induced a non-invadopodium-based
form of matrix degradation. In fact, we observed that actin-containing invadopodia did
form in cells wherein β1 integrin had been inhibited, but these structures formed at later
time points, were larger, and were distributed differently within cells than invadopodia in
control cells. 6 hr after plating, control cells (Fig. 6.9B, top row) had formed active
invadopodia at the ventral membrane, beneath the nucleus.

Cells treated with β1

integrin-inhibiting antibody (Fig. 6.9B, middle row) form larger invadopodia at
peripheral areas of the ventral membrane.

Src and EGFR both localize to the

invadopodia formed in β1 integrin-inhibited cells (Fig 6.9B, bottom row). Increasing
concentrations of β1 integrin-inhibiting antibody were used, to the point that cell
spreading was inhibited, but we still observed the formation of degradative invadopodia
(not shown). The size of invadopodia formed in cells treated with AIIB2 was found to be
significantly larger than in control cells or cells treated with P4G11 (Fig. 6.9C). These
observations suggest that an alternative pathway for invadopodium formation can operate
when β1 integrin activity is inhibited
Since Src did localize to active invadopodia when β1 integrin was inhibited, we
hypothesised that it was acting to promote invadopodia formation through an integrin
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other than β1. Src is known to bind directly to the tail of integrin β3 (Arias-Salgado et
al., 2003), and we therefore assessed β3 and β1 integrin localization at invadopodia. In
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Figure 6.9: Inhibition of SNAREs, Src or β1 integrin alters invadopodium formation.
(A) Cells, untransfected or transfected with GFP-tagged constructs of SNAPFL,
SNAP23C∆9, Syntaxin-13FL, Syntaxin-13cyto, shRNA control, shRNA SNAP23,
siRNA control, or siRNA Syntaxin-13, were plated on Alexa594-labeled gelatin.
Samples were treated with PP2 or β1 integrin antibodies (inhibitory AIIB2, or activating
PG411) for 3 hrs where indicated. (A) Cells with F-actin punctae overlaying black spots
of matrix degradation were counted as cells forming active degradative invadopodia.
Means +/- SEM from 3 independent experiments in which 100 cells per sample were
counted are shown. (B) Cells were treated with β1 integrin inhibitory antibody (AIIB2),
plated on gelatin, fixed, permeabilized, and stained for Src, EGFR or F-actin as indicated.
Confocal images of ventral membrane are shown. Src (green) and F-actin (cyan)
colocalize in control cells and cells treated with AIIB2 (light blue in overlay). Src
(green) and EGFR (cyan) also colocalize in cells treated with AIIB2 (bottom row). (C)
Aggregate size of invadopodium-based degradation of matrix in individual cells was
quantified using ImageJ software. Means +/- SEM from 3 independent experiments in
which 10-20 cells per sample were measured are shown. Students t-test was used to
determine significant differences. Asterisk denotes a value significantly different from
control cells (p < 0.05).
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control cells, β1 integrin localizes predominantly with actively degrading invadopodia
(Fig. 6.10A, top row) unlike β3 integrin, which although found at active invadopodia
predominantly localized to sites of matrix degradation without F-actin core structures
(Fig. 6.10B, top row). This localization may indicate more mature invadopodia that are
possibly being disassembled (Artym et al., 2006). Activation of β1 integrin resulted in a
similar phenotype to control cells (Fig. 6.10A, middle row), with the exception that β3
integrin was more readily observed at active invadopodia containing actin cores (Fig.
6.10B, middle row). Inhibition of β1 dramatically changed the cell phenotype, as β1
integrin no longer localized to active invadopodia (Fig. 6.10A, bottom row), while β3
integrin showed robust localization at large, actin-containing invadopodia that were
actively degrading matrix (Fig. 6.10B, bottom row). Thus, invadopodium formation can
occur when β1 integrin is inhibited; however, this process is altered, with β3-integrin
localized at enlarged invadopodia that have a distribution distinct from that of control
cells.

6.2.10 Inhibition of β1 integrin, Src or SNAREs impairs invasion.
We next used a standard Matrigel invasion assay to quantify cell invasion and
examine the function of β1 integrin, Src and SNAREs in this process (Fig. 6.10C).
Activation of β1 integrin, using antibody P4G11, increased invasion by 29±8.7%, while
inhibition of β1 integrin, using antibody AIIB2, reduced invasion by 89.4±4.5%. Src
inhibition, using the inhibitor PP2, reduced cell invasion by 64.4±10.2%. Inhibition of
145

either SNAP23 or Syntaxin-13 reduced invasion by 79±4.5% and 67 ±6.8%, respectively.
This was further confirmed with knock-down of SNAP23 and Syntaxin-13 which showed
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Figure 6.10: Inhibition of β1 integrin alters integrin localization at invadopodia and
impairs cell invasion. Serum-starved MDA-MB-231 cells were plated on Alexa594labeled gelatin, with or without β1 integrin-inhibiting (AIIB2) or activating (PG411)
antibodies. Cells were then fixed, permeabilized, and stained for F-actin, β1 integrin or
anti-β3 integrin. Ventral membrane surfaces were imaged using confocal microscopy.
(A) β1 integrin (green) colocalizes with F-actin (cyan) in control cells (top row) and
during β1 activation (middle row). Colocalization appears light blue in overlay. β1
integrin does not colocalize with F-actin when β1 integrin is inhibited (bottom row). (B)
β3 integrin (green) colocalizes with F-actin and areas of matrix degradation in control
cells (top row) and during β1 activation (middle row); note light blue in overlay images.
Strong colocalization of β3 integrin with F-actin is observed when β1 integrin is
inhibited (bottom row). Arrows point to areas of colocalization of proteins, with dark
spots representing areas of gelatin degradation. Scale bar = 10µm. (C) Cells were
transfected with GFP-tagged constructs of SNAP23, SNAP23C∆9, Syntaxin-13FL,
Syntaxin-13cyto, or shRNA control, shRNA SNAP23, siRNA control, or siRNA
Syntaxin-13serum-starved for 2 hrs and then analyzed by transwell invasion assays. β1
integrin inhibitory (AIIB2) or activating antibodies (at 10µg/ml), or PP2 (10µM) were
added as indicated. Cells invaded through matrigel towards 10% FBS for 18 hours and
were then fixed and counted.
Means ± S.E. (error bars) from three independent
experiments are shown. Students t-test was used to determine significant differences.
Asterisk denotes a value significantly different from control cells (p < 0.05).
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similar results. Similarly, knockdown of β1 integrin expression by shRNA (Fig. 6.11A)
also significantly reduced the number of actin-cortactin containing punctae (Fig. 6.11B
and C), invadopodia formation (Fig. 6.11D) and cell invasion (Fig. 6.11E). The observed
differences in invadopodium formation between antibody-based inhibition of β1 integrin
and knockdown of β1 integrin expression (compare Fig. 6.9A and Fig. 6.11D) may be the
result of long-term disruption of β1 integrin signalling in the knockdown cells. Together,
these observations suggest that invadopodium-based degradation can occur when β1
integrin is inhibited; however, in this case invadopodia appear to form at sites of β3
integrin-mediated ECM contact, lack proper organization and are unable to facilitate
invasion. The results highlight the importance of β1 integrin in regulating Src-EGFR
activity during invadopodium formation and tumour cell invasion.

6.3 Discussion
In tumour cells, the aquisition of an invasive phenotype leads to partial
degradation of the ECM and the ability to move into surrounding tissue. Invadopodia
have been identified as key structures in tumour cells that facilitate the degradation of the
ECM (Linder, 2007; Weaver, 2008) and here we have identified a SNARE-mediated
trafficking pathway that facilitates the formation of invadopodia, assisted by the
interaction of β1 integrin with a Src-EGFR-containing complex. We propose a model
wherein β1 integrin activity facilitates the co-trafficking of Src and EGFR, regulated
through a SNARE complex containing Syntaxin13 and SNAP23, to sites of cell-ECM
attachment. Src and EGFR associate with β1 integrin, resulting in Src activation and
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Figure 6.11: Knockdown of β1 integrin impairs invadopodium formation and cell
invasion. (A) Western blot from lysates of cells transfected for 96hrs with control
shRNA or β1 integrin shRNA was probed for β1 integin and actin. (B) Quantification of
the number of actin/cortactin-containing punctae from cells transfected with either
control shRNA or β1 integrin shRNA. Means +/- SEM from 3 independent experiments
in which 20-30 cells per sample were counted are shown. (C) Cells transfected with
control shRNA or β1 integrin shRNA were palted on gelatin, fixed, permeabilized, and
stained for F-actin and cortactin. Cortactin (green) and F-ctin (red) colocalize at punctae
in control cells, not β1 integrin-targeted cells. Arrows point to areas of colocalization.
Scale bar = 10µm. (D-F) Cells were plated on Alexa488-labeled gelatin for 3 hrs (D,F)
or subjected to transwell invasion assays for 18hrs, fixed, and counted (E). The
percentage of control shRNA and β1 integrin shRNA cells forming active invadopodia
was determined. Means ± S.E. (error bars) from three independent experiments are
shown. Students t-test was used to determine significant differences. Asterisk denotes a
value significantly different from control cells (p < 0.05).
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subsequent phosphorylation of EGFR, stabilizing these sites for further protein
recruitment, actin core stabilisation, and invadopodium maturation.
Our results are consistent with growing evidence that stimulation of growth
factors receptors, such as PDGFR, MET, and EGFR, induce invadopodium or podosome
formation (Eckert et al., 2011; Mader et al., 2011; Rajadurai et al., 2012) through
signalling pathways involving Src and PKC.

Src is known to promote invadopodium

and podosome formation by stimulating assembly of the F-actin core (Destaing et al.,
2008) and has been shown to phosphorylate cortactin to enhance actin filament assembly
(Tehrani et al., 2007). There is also much evidence that integrins, including αvβ3 and β1
integrins, function at invadopodia (Desai et al., 2008; Destaing et al., 2010; Mueller and
Chen, 1991; Nakahara et al., 1998); however, the role of integrins in invadopodium
formation has not been thoroughly characterized. In the current study, we have observed
Src localization at newly formed invadopodia and determined that the early stages of
invadopodium formation are dependent on β1 integrin activation and SNARE-mediated
membrane trafficking of a Src-EGFR complex to sites of cell-ECM interaction.
We have identified an EGFR-Src-β1 integrin complex that associates with
assembling F-actin core structures at the ventral cell membrane during the early stages of
invadopodium formation. Inhibition of SNARE-mediated membrane trafficking reduced
the interaction between EGFR-Src and β1 integrin, decreasing the phosphorylation of
EGFR, and impairing the formation of invadopodia at early time points. These results
suggest that the association of EGFR, Src, and β1 integrin has an important role in
stabilizing early invadopodium formation. Src activity in this context is dependent upon
localization at the plasma membrane and we found that inhibition of Src, Syntaxin-13, or
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SNAP-23 perturbed phosphorylation of EGFR, without altering the association of Src
with EGFR, as well as invadopodium formation, matrix degradation and cell invasion.
The results are consistent with our model and clearly indicate the importance of Src
translocation to the plasma membrane during the formation of invadopodia.
During the trafficking of Src and EGFR, SNAP23 formed a complex with
Syntaxin-13 and these SNAREs colocalised at sites of actin core formation. Formation of
this complex was impaired by inhibition of β1 integrin and SNAP23 was found to
associate with β1 integrin, in a manner that was enhanced upon β1 integrin inhibition.
From this, we propose that inactive β1 integrin interacts with SNAP23 and prevents
SNARE complex formation. Upon β1 integrin activation, SNAP23 is released and is
then able to bind Syntaxin-13.
The observation that inhibition of β1 integrin drastically reduced cell invasion,
while only delaying the formation of invadopodia and allowing matrix degradation to
proceed is intriguing. When β1 integrin was inhibited, enlarged invadopodia formed that
contained Src and β3 integrin. These invadopodia were found at peripheral sites of
contact with the ECM, rather than underneath the nucleus, a pattern similar to that in cells
in which membrane-targeted Src was expressed.

It has been reported that Src can

directly bind the tail of β3 integrin (Arias-Salgado et al., 2003) and this may account for
the actin core formation and matrix degradation at these sites. Under control conditions,
we did find some β3 localized to invadopodia, indicating that there is a role for β3integrin in invadopodium formation, but in the cells used here this appears to occur
predominantly through β1 integrin. We postulate that when β1 integrin is inhibited
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components of invadopodia (including Src and EGFR) bind to β3-integrin, but that this
results in invadopodia lacking the capacity to fully mature and support cell invasion.
β1 integrin knockdown produced a significant reduction in the formation of both
actin-cortactin-containing cores and

mature invadopodia. The difference in

invadopodium formation between short term (antibody-based) inhibition of β1 integrin
and long term knockdown of β1 expression suggests that prolonged inhibition of β1
integrin signalling has additional downstream effects on invadopodium formation. β1
integrin is known to regulate signaling pathways involving PI3K/AKT (Velling et al.,
2004), FAK (Wennerberg et al., 2000), as well as Src (Meng and Lowell, 1998) .
Furthermore, β1 integrin has also been shown to modulate expression of E-cadherin
(Serio, 2012), and integrins α6 and β4 (Huck et al., 2010). Alterations to the activity of
any of these pathways could contribute to the changes in invadopodium formation and
function observed when β1 integrin expression is suppressed. Overall, the results suggest
an important role for β1 integrin in the localisation, organisation and function of
invadopodia.
EGFR is over-expressed in a several invasive cancers, and its activation has been
shown to stimulate tumour invasion and dissemination (Biscardi et al., 2000; Garouniatis
et al., 2012; Kim and Muller, 1999). Tyr 845 is the only tyrosine residue in the activation
loop of EGFR (Jorissen et al., 2003) and it was recently demonstrated that high levels of
pEGFR-Tyr845 can be found in some metastatic cancers (Aquino et al., 2012). Small
molecule inhibitors and monoclonal antibodies against EGFR that block ligand- induced
EGFR autophosphorylation have been developed for therapeutic use (Dai et al., 2005;
O'Donovan and Crown, 2007; von Minckwitz et al., 2005), but our findings here,
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performed in the absence of growth factors, suggest an important role for EGFR signaling
independent of EGF binding in tumour cell invasion. Phosphorylation of EGFR at
Tyr845 can be stimulated by Src and β1 integrin activity at sites of ECM attachment,
possibly through the binding of a Src-EGFR complex by β1 integrin to promote Src
activation at the plasma membrane. Phosphorylation of EGFR on Tyr845 can lead to
phosphorylation of p38MAPK and downstream target Gab1 (Mueller et al., 2012). Taken
together with the recent study by Rajadurai et al.(Rajadurai et al., 2012), showing that
Gab1 directly interacts with cortactin to promote F-actin core formation, it is possible that
integrin-induced activation of Src results in Src-mediated phosphorylation of EGFR and
cortactin to regulate the Gab1-cortactin interaction and subsequent F-actin remodelling
during invadopodium formation. This possibility is currently under investigation.
Collectively, the data presented here demonstrate for the first time an essential
role SNARE-mediated traffic in the formation of invadopodia during tumour cell
invasion. This traffic is required for the transport of Src and EGFR to sites of cell-ECM
contact containing active β1 integrin. Furthermore, while it is well established that Src
has a key role in invadopodium formation through phosphorylation of cortactin, we
report that Src is also required for the phosphorylation of EGFR. Our results not only
provide insight into the molecular mechanisms of the early stages of cell invasion
through ECM, but also suggest that the interaction between Src, EGFR and β1 integrin is
a possible target for the development of therapies against malignancies with high Src and
EGFR expression.
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7.0 General Discussion and Future Directions
The results of the current studies demonstrate the important role of SNAREmediated membrane trafficking during cell invasion and invadopodium formation. Key
cargo proteins have been identified that are transported to the plasma membrane,
contribute to the formation of invadopodia, and function to facilitate tumour cell
invasion. MT1-MMP was identified as crucial cargo being required for cell invasion in
two different breast carcinoma cell lines. Initial studies further determined that SNAREs
(SNAP23, Syntaxin13, and VAMP3) are involved in MT1-MMP delivery to the plasma
membrane. Also, we have advanced our understanding of how MT1-MMP is recycled to
the plasma membrane, and it is now clear that this occurs through a late endosomal route
involving VAMP7 and Rab7. Trafficking of MT1-MMP specifically to invadopodia was
also investigated and discovered to occur similarly through a VAMP7-mediated route
involving the t-SNAREs SNAP23 and Syntaxin4. Furthermore, we have identified the
involvement of SNARE-mediated trafficking in the transport of Src and EGFR to
invadopodia supporting the formation of these structures.
Previous investigations of SNARE function in MT1-MMP trafficking identified
the involvement of SNAP23, Syntaxin13 and VAMP3. Inhibition of these SNAREs was
found to reduce total MT1-MMP at the plasma membrane during PMA-induced
exocytosis. MT1-MMP was determined to be the primary protease involved in ECM
degradation and cell invasion, and inhibition of MT1-MMP activity or its trafficking to
the plasma membrane impaired ECM degradation and cell invasion. This study did not
examine the co-localisation of either SNAP23, Syntaxin13 or VAMP3 with MT1-MMP.
MT1-MMP has been shown to traffic from the trans-Golgi to the plasma membrane in a
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Rab8-dependent manner (Bravo-Cordero et al., 2007) and VAMP3 has an established
role in trans-Golgi to plasma membrane traffic (Hu et al., 2007). Thus, it is possible that
newly synthesised MT1-MMP is targeted to the plasma membrane through a
VAMP3/Rab8-dependent pathway. Investigation into this would be of interest and help to
determine if MT1-MMP is delivered to the plasma membrane in a VAMP3-mediated
pathway involving SNAP23 and/or Syntaxin13.
Our investigation into MT1-MMP endocytosis and recycling sought to
characterise how MT1-MMP expression at the cell surface is regulated. The cytoplasmic
tail of MT1-MMP has a well studied role in regulating endocytosis of the enzyme.
Previous studies have focused on large deletions within the cytoplasmic tail, or to the
Tyr573 residue, which has been shown to be phosphorylated in a Src-dependent manner
(Moss et al., 2009a; Uekita et al., 2001). Here, we focused on the less well characterized
Thr567 phosphorylation site, which has been shown to be phosphorylated by PKC in vitro
(Moss NM, 2009).

We have demonstrated for the first time that PMA-stimulated

activation of PKC leads to phosphorylation of MT1-MMP at Thr567 in vivo, facilitating
MT1-MMP endocytosis.

MT1-MMP was endocytosed, as expected, into an early

endosome marked by Rab5. What was intriguing was that trafficking did not occur
through the well characterized recycling pathways of Rab4 or Rab11 but rather utilized a
late endosomal compartment containing VAMP7 and Rab7. Localisation at the late
endosome was not a means of down-regulation, via traffic to the lysosome, but instead
MT1-MMP was recycled to the plasma membrane. Inhibition of VAMP7 or Rab7
perturbed delivery of MT1-MMP to the plasma membrane. Distinct colocalisation of
MT1-MMP with VAMP7 and Rab7 at the plasma membrane during recycling was also
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observed, suggesting that VAMP7 and Rab7 are involved in exocytosis at the plasma
membrane.
The recycling of MT1-MMP is essential for invasion and our findings reveal that
MT1-MMP endocytosis is not a mechanism of down-regulation, but rather a mechanism
to control localization that facilitates invasion.

MT1-MMP was not uniformly

exocytosed at the plasma membrane, but was relocalized to distinct plasma membrane
locations, often areas of membrane protrusion. These observations suggest the existence
of plasma membrane microdomains to which MT1-MMP is specifically targeted.
Signaling lipids (such as PIP2) have been reported to control cytoskeletal rearrangements
and vesicle traffic to specific cholesterol rich microdomains of membranes.

These

microdomains may also exist on vesicles, targeting the formation of actin comet tails in
support of actin-mediated vesicle trafficking (Rozelle et al., 2000). Interestingly,
cholesterol rich microdomains have been characterised on late endosomes, suggesting
that sorting of receptors and proteins into these compartmental domains facilitates
recycling back to the plasma membrane (Sobo et al., 2007). Thus, it is possible that
MT1-MMP is targeted to microdomains on VAMP7/Rab7 endosomes regulating MT1MMP recycling to the plasma membrane.
We describe an association between MT1-MMP and α5 integrin that is increased
upon phosphorylation of MT1-MMP on Thr567. This phosphorylation of MT1-MMP and
association with α5 integrin coincided with an increase in ERK activation.MT1-MMP
expression has been linked to an increase in ERK activation although the mechanism
through which this occurred was not described (D'Alessio S, 2008). Interestingly, it has
been demonstrated that MT1-MMP-mediated ERK activation is dependent on cell
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adhesion to ECM (Gingras et al., 2001). MT1-MMP increased ERK phosphorylation
when cells were plated on gelatin, but not when cells were in suspension or plated on an
integrin independent substrate (poly-l-lysine) (Gingras et al., 2001). Taking our findings
into account along with those of others, it is possible that MT1-MMP may activate ERK
through an association with integrin. We observed that MT1-MMP and integrin are
endocytosed

together, and predict that this functions to activate ERK and remove

integrin from the cell surface facilitating migration and invasion. The findings suggest a
potential role for integrin in regulating MT1-MMP activity but further research is needed
to support this. We have not assessed the effects of MT1-MMP phosphorylation mutants
on integrin binding and it will be important to examine whether the MT1-MMP-integrin
association is dependent on MT1-MMP phosphorylation. Future investigations can also
be aimed at determining if disruption of the MT1-MMP-integrin association impairs ERK
activation.
MT1-MMP is also phosphorylated at Tyr573, and was found to bind the µ2 subunit
of adaptor protein 2, a component of the clathrin coat, through the LLY573 motif and
dependent onTyr573 phosphorylation (Uekita et al., 2001). Inhibition of this binding
using a T573A mutant perturbed endocytosis and cell motility (Uekita et al., 2001). The
mechanisms behind the enhanced endocytosis of Thr567 phosphorylated MT1-MMP has
not yet been addressed, although it is possible that p-Thr567 MT1-MMP binds directly to
coat components, in a manner similar to p-Tyr573, facilitating endocytosis. It is also
plausible that MT1-MMP endocytosis is a result of its interaction with integrin.
Caveolin-1, a membrane protein that acts as the main structural component of membrane
caveolae, interacts with integrin has been shown to mediate α5β1 integrin endocytosis,
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along with its ligand fibronectin, contributing to remodeling of the ECM (Shi and Sottile,
2008). Remodeling of the ECM is important for migrating carcinoma cells, creating
tracks for collective cell migration and invasion (Wolf et al., 2007). Given our results,
along with those of others, it is possible to propose a model whereby MT1-MMP
localises at the leading edge of a cell where integrin is engaged with the fibronectin
matrix, mediates fibronectin proteolysis, and, upon phosphorylation, is endocytosed
along with integrin and fibronectin creating tracks for cell migration.
We found that PKC-mediated phosphorylation of MT1-MMP on Thr567resulted in
endocytosis through a late endosomal pathway, whereas others found that Src- mediated
phosphorylation at Tyr573 resulted in endocytosis through an early endosomal pathway
back to the trans-Golgi (Moss et al., 2009a).

MT1-MMP

is endocytosed through

clathrin-mediated and caveolin-mediated pathways and Tyr573 has been characterised as
being required for clathrin-mediated endocytosis; thus, it is possible that MT1-MMP may
associate with caveolin through Thr567. The distinct trafficking patterns of MT1-MMP
induced by alternative phosphorylation is intriguing and brings about the possibility of
different trafficking pathways for specific cell processes, regulated by phosphorylation. It
might be possible to compare Tyr573 and Thr567 phospho-mutants to assess their impact
on endosomal localisation and recycling of MT1-MMP and determine if they cause
MT1-MMP to be targeted to different membrane domains or different subcellular
structures (such as focal adhesions and invadopodia) during cell spreading, migration and
invasion. Also, it would be of interest to identify the SNARE-mediated membrane
trafficking pathways involved in the recycling of Tyr573-phosphorylated MT1-MMP and
assess possible interactions with integrin.
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During completion of this work there was data published identifying VAMP7 as
the v-SNARE involved in targeting MT1-MMP to invadopodia (Steffen et al., 2008).
Our results had shown that VAMP7 directs MT1-MMP recycling, however, at this point
we had not assessed invadopodial localization. We did determine, through biochemical
means, that invadopodia were enriched in the t-SNARE SNAP23, making it a likely
binding partner for VAMP7. As well, SNAP23 has a well documented association with
t-SNARE Syntaxin4 in several cell types (Lee et al., 2005), and we found Syntaxin4 also
localised to invadopodia. Inhibition of either Sytntaxin4 or SNAP23 reduced not only
MT1-MMP localisation at invadopodia but also VAMP7. This strongly suggests that
SNAP23-Syntaxin4-VAMP7 function to deliver MT1-MMP to invadopodia.

A

particularly interesting finding was that the association of SNAP23-Syntaxin4-VAMP7
was enriched under conditions specific to invadopodium maturation.

This further

suggests that specific SNARE-mediated membrane trafficking events are differentially
regulated during invadopodium formation, facilitating cell invasion. In this context, the
matter of SNARE complex regulation was addressed by assessing the phosphorylation
state of Syntaxin4. Syntaxin4 phosphorylation has been previously demonstrated both in
vitro (Chung et al., 2000; Foster et al., 1998; Risinger and Bennett, 1999) and in vivo
(Pombo et al., 2001).

We found a decrease in Syntaxin4 phosphorylation under

conditions favouring invadopodium maturation. This is the first example of a SNARE
phosphorylation event that is regulated during invadopodium formation, and suggests that
malignant cells may up-regulate specific SNARE-mediated pathways to target invasionrelated components for localised ECM degradation.
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The current study did not identify the protein kinase involved in Syntaxin4
phosphorylation or the phosphatase involved in dephosphorylation. To date, the precise
location of Syntaxin4 phosphorylation has not been addressed beyond identifying
phosphorylation occurs within its regulatory domain (Pombo et al., 2001). Also, the
phosphatase(s) responsible for the dephosphorylation of Syntaxin4 has not been
identified. It would be of interest to determine which protein kinase phosphorylates and
which phosphatase dephosphorylates Syntaxin4,and how this affects invadopodium
formation. It would also be interesting to determine if the recently identified Syntaxin4
binding partner gelsolin (Kalwat et al., 2012)is affected by Syntaxin4 dephosphorylation
during invadopodium formation. Gelsolin is an actin-modifying protein and has an
identified role in invadopodium maturation (Crowley et al., 2009). Gelsolin binds to
Syntaxin4, perturbing SNARE complex formation, and determining if gelsolin-Syntaxin4
binding occurs during invadopodium formation or is dependent upon Syntaxin4
phosphorylation state is an important point for future investigation. It is tempting to
speculate that Syntaxin4 dephosphorylation may result in destabilisation of a gelsolinSyntaxin4 complex, thereby regulating not only membrane fusion but also actin dynamics
at invadopodia sites.
We have demonstrated VAMP7-mediated and Rab7-mediated recycling of MT1MMP, but have not linked these events to invadopodium formation. Given that MT1MMP is delivered to invadopodia in a VAMP7-dependent manner, it is possible that a
VAMP7/Rab7 pathway is the primary method of MT1-MMP delivery to invadopodia. It
has been demonstrated during invadopodium formation that lamellipodial proteins such
as cortactin are relocalized to centrally located ventral sites, increasing the number of F162

actin punctae (Crowley et al., 2009). It will be important to determine if MT1-MMP
undergoes similar targeting during invadopodium formation and if Rab7 is also involved.
Figures 7.1 and 7.2 represent the contributions that this research has added to the model
of MT1-MMP trafficking.
To further address the role of SNARE-mediated membrane trafficking during
invadopodia formation, we utilized a mutant NSF construct (E329QNSF) to perturb all
SNARE-mediated membrane trafficking events. E329Q-NSF lacks ATPase activity,
impairing the disassembly of SNARE complexes. Impairing membrane trafficking in this
manner during invadopodium formation resulted in a loss of actin/cortactin-containing
punctae. These punctae form during the assembly of invadopodia, prior to MT1-MMP
localisation, indicating a role for SNARE-mediated membrane trafficking events during
invadopodium assembly and stabilisation. Using inhibitory, cytoplasmic, SNARE
domains, we determined that SNAP23 and Syntaxin13 were mediating the formation of
actin/cortactin-containing punctae through the trafficking of Src and EGFR to sites of
active β1 integrin. We also identified an association between Src-EGFR-β1 integrin that
was regulated by SNAP23 and Syntaxin13. We showed for the first time the localisation
and phosphorylation of Tyr845-EGFR at invadopodia, and determined that this event was
dependent on β1 integrin activity. Also, our findings demonstrate for the first time a role
for β1 integrin in mediating membrane trafficking through a novel SNAP23-β1 integrin
interaction. We provide evidence that β1-integrin activation facilitates SNARE-mediated
membrane trafficking, along with activation of Src and EGFR to support invadopodium
formation and invasion.
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We found that antibody based inhibition of β1 integrin resulted in large,
mislocalised, β3 integrin-containing invadopodia, whereas knock-down of β1 integrin
abolished invadopodium formation.

The observed differences between β1 integrin

inhibition and knockdown may be due to differences in short-term versus long-term
alterations in β1 integrin signaling, respectively.

β1 integrin is known to regulate

signaling pathways, including those mediated by PI3K/AKT (Velling et al., 2004), FAK
(Wennerberg et al., 2000), and Src (Meng and Lowell, 1998) . Tumours deficient in β1
integrin show a reduction in the phosphorylation of Src, FAK, p130Cas, and paxillin
(Huck et al., 2010). β1 integrin has also been shown to regulate the expression of the
transcription faction GLI1, facilitating cancer cell proliferation (Goel et al., 2010), and is
associated with E-cadherin loss contributing to an invasive phenotype (Serio, 2012).
Also, β1 integrin-deficient tumours display downregulation of both α6 and β4 (Huck et
al., 2010), and are associated with a poor prognosis in cases of breast cancer (Nakahara et
al., 1998). Thus, long term reduction in β1 activity has pleiotropic effects. The difference
between short term inhibition of β1 integrin signaling and long term knockdown provides
insight into the role of β1 integrin in invadopodium formation, and suggests β1 integrin
acutely impinges upon invadopodium formation. Collectively, our studies suggest that
β1 integrin plays an important role in the localisation and organisation of invadopodia.
While β3 integrin and β1 integrin were both found to localize to invadopodia, our
study did not address the role of β3 integrin in invadopodium formation. Large β3
integrin containing invadopodia were found as a result of β1 integrin inhibition indicating
that β3 integrin has a role during invadopodium formation. This is an important area for
future study, as both β3 and β1 integrin have been shown to associate with MT1-MMP.
164

Future work is planned to determine whether this association occurs at invadopodia and
to what extent it promotes invadopodium formation.
We have observed Src localization at all stages of invadopodium formation and
disassembly. Invadopodium disassembly is not well characterised, and it is of interest to
determine what role Src has in this process. Also, we observed ring shaped formations,
consisting of integrin, EGFR and Src, at early time points of invadopodium formation,
followed by F-actin punctae formation. Ring formation during podosome assembly has
been described and has a role in stabilization, but this has not been characterized during
invadopodium formation (Linder, 2007). Our observation of these structures during
invadopodium formation suggests that rings may form during invadopodium assembly to
stabilise their formation. If this is indeed the case, it would be mechanistically novel and
these structures might contain proteins predicted to be involved in their stabilization, such
as vinculin. Work to address this is currently being planned.
An important limitation of these studies described here is the use of twodimensional substrates. On two-dimensional substrates, invadopodium form under the
cell, often below the nucleus, and are restricted to growth within extremely thin matrices.
This limits the size of invadopodia and possibly alters their formation compared to a
three-dimensional environment.

Recently, a new assay was described allowing for

invadopodium elongation in a two-dimensional environment by placing cells on a matrixcoated porous membrane. Using this technique, lamellipodial proteins (α-actinin, VASP,
and mDia2), were found to localise at invadopodia and stimulate their elongation
(Schoumacher et al., 2010). Cells invading through three-dimensional collagen gels
reveal complex properties of the leading edge. Cell-ECM contacts at the leading edge
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lead to fine protrusions, similar in size to invadopodia, and are sites of adhesion and
ECM degradation (Furmaniak-Kazmierczak et al., 2007; Wolf et al., 2007).

This

suggests that invadopodia form at the leading edge of the cell during three-dimensional
cell invasion and may be more tightly linked to lamellipodia formation than previously
indicated through experimentation in two-dimensional systems.

Figure 7.3 and 7.4

represent how our findings might fit into two-dimensional or three-dimensional models
of invasion.
Research presented here has elucidated novel binding partners for, and posttranslational modifications to, SNAREs that contribute to MT1-MMP trafficking during
tumour cell invasion. An important area for future study will be to assess the role of
SNAREs in normal cell invasion. Various cells of the immune system express MT1MMP and form podosomes to degrade the ECM (Murphy and Courtneidge, 2011).
Investigation into SNARE-mediated trafficking of MT1-MMP in these cells would
highlight similarities and differences compared to tumour cell invasion, revealing if
similar mechanisms underlie these types of invasion. It would also be of interest to
determine if normal, non-invasive cells form SNAP23-Syntaxin4-VAMP7 complexes
and assess the effects of inhibiting this complex. Investigation of normal cell invasion, as
well as non-invasive cells, will highlight possible alternative membrane trafficking
pathways used by tumour cells during invasion.
We have described the first role for Rab7 in exocytosis, and defined a role for
SNAREs in various stages of invadopodium formation. Application of these results goes
beyond enhancing our knowledge of the basic mechanisms of ECM remodeling and cell
invasion, and could inform the development of therapeutic strategies for management of
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highly aggressive carcinomas.

MT1-MMP has been extensively studied since its

discovery in 1994, and much research has gone into developing pharmacological
inhibitors to target its activity. To date, these inhibitors have been largely unsuccessful,
and in some patients musculoskeletal side effects have been induced (Overall and
Kleifeld, 2006). Insight into the pathways regulated by the cytoplasmic tail of MT1MMP during cell migration and invasion could provide new therapeutic targets for
anticancer treatment. In this context, if further investigation into the MT1-MMP-integrin
interaction reveals a mechanism of sustained ERK activation, then targeting this
interaction could represent a potential therapy. Another possible target is the VAMP7Syntaxin4-SNAP23 meditated trafficking pathway. Since a complex containing these
SNAREs was found to be enriched in cells forming invadopodia, and invadopodia
directly correlate with cell invasiveness, targeting this complex may reduce invasion with
minimal effects to normal cells.
In primary breast cancers, the presence of EGFR is the most important variable
for prediction of overall patient survival (Sainsbury et al., 1987).

Small molecule

inhibitors and monoclonal antibodies against EGFR have been developed for therapy, but
to date the results have not been positive (O'Donovan and Crown, 2007).

These

inhibitors function to block ligand- induced EGFR autophosphorylation (Dai et al., 2005;
von Minckwitz et al., 2005). Our findings suggest an important role for EGFR signaling
independent of EGF binding in tumour cell invasion. We found that phosphorylation of
EGFR at Tyr845 was stimulated by Src and β1 integrin activity at sites of ECM
attachment, and inhibition of β1 integrin activity dramatically reduced Tyr845
phosphorylation and cell invasion. Tyr 845 is the only tyrosine residue in the activation
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loop of EGFR (Jorissen et al., 2003) and it was recently demonstrated that high levels of
pEGFR-Tyr845 can be found in some metastatic cancers. It has also been shown that
patients with tumours positive for pEGFR-Tyr845 have poor prognoses and low survival
rates (Aquino et al., 2012).

Thus, targeting β1 integrin activity using inhibitory

antibodies may prove to be an effective strategy against tumours expressing high levels
of EGFR and Src. Overall, our studies offer new insight into the role of SNAREmediated membrane trafficking during tumour cell invasion, highlight key cargo
transported during this process, and indicate possible targets for future development of
therapies against invasive carcinomas.
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Figure 7.1. Pre-research model of MT1-MMP trafficking during two-dimensional cell
invasion. MT1-MMP is trafficked to the plasma membrane through a Rab8-dependent
biosynthetic secretion. Syntaxin4 has a role in MT1-MMP localisation at the plasma
membrane. MT1-MMP trafficking undergoes various endocytic pathways routing MT1MMP back to the Golgi or through a Rab11 peri-nuclear compartment.
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Figure 7.2. Post-research model of MT1-MMP trafficking during two-dimensional cell
invasion. MT1-MMP is trafficked to invadopodia in a VAMP7-dependent manor
involving the t-SNARE complex formation of SNAP23 and Syntaxin4. VAMP3 may
play a role in the biosynthetic secretion of MT1-MMP while Syntaxin13 may function to
recycle MT1-MMP back to the plasma membrane through a peri-nuclear compartment.
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i)

ii)

Figure 7.3. Model of Membrane trafficking during two-dimensional cell invasion. i) Src
and EGFR are targeted to sites of β1 integrin activation and EGFR is phosphorylated on
Tyr845. Src and EGFR activities promote actin core formation. MT1-MMP is trafficked
From lamellipodia to invadopodia promoting invadopodium-based degradation. ii)
SNARE-mediated membrane trafficking event A is facilitated by Syntaxin13 and
SNAP23, delivering Src and EGFR, and event B is facilitated by Syntaxin4, SNAP23 and
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VAMP7, delivering MT1-MMP.
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Figure 7.4. Proposed model of membrane trafficking during three-dimensional cell
invasion. The leading edge is composed of multiple small invadopodium like
protrusions. Src and EGFR are targeted to newly formed protrusions through Syntaxin13
and SNAP23 (not depicted). MT1-MMP is targeted to protrusion through SNAP23,
Syntaxin4, and VAMP7 (not depicted) facilitating degradation and elongation of
protrusion. MT1-MMP and integrin are endocytosed at protrusions undergoing
disassembly, facilitating migration, and MT1-MMP is recycled to newly formed
protrusions for degradation (as indicated by purple arrows).
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Appendix 1
Table 1.1: Table of SNAREs researched and rational for those studied
SNARE

Rational

SNAP23

Previous research demonstrated that inhibition of SNAP23
reduced gelatin degradation.

VAMP3

Previous research demonstrated that inhibition of SNAP23
reduced gelatin degradation.

Syntaxin13

Previous research demonstrated that inhibition of SNAP23
reduced gelatin degradation.

VAMP7

Screening of MT1-MMP localization post-internalization using
Rab4, Rab11, Rab8, and Rab7 indicated that MT1-MMP was
localised to a late endosome. VAMP7 is a late endosomal
SNARE and as such its role in MT1-MMP traffic was assessed

Syntaxin4

Previous published research indicated a role for Syntaxin4 in
MT1-MMP trafficking. Syntaxin4 is known to form a function
SNARE complex with SNAP23 and VAMP7 and as such was
addressed as a VAMP7 binding partner.

Table 1.2: List of Inhibitors Utilised in Impair Membrane Trafficking
Membrane
Trafficking Protein

Localization

GS15-vesicle/RSNARE

Medial
Apparatus

Inhibitor(s) used
Golgi GS15cytotransmembrane
domain deletion

VAMP3- vesicle/R- Recycling
VAMP3cytoEndosome- Plasma transmembrane
SNARE
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Effect of Inhibitor
-forms
a
nonfunctional complex
with GS15 cognate
SNARE partners
-functions
as
a
competitive
inhibitor impairing
gogli trafficking
-forms
a
nonfunctional complex
withVAMP3

Membrane

domain deletion

cognate
SNARE
partners
-functions
as
a
competitive
inhibitor impairing
exocytosis

-cleaves VAMP1, 2
and 3 impairing
Tetnus-toxin light exocytosis
chain-A(light) chain
zinc endopeptidase
Syntaxin13target/Qa SNARE

Recycling
Syntaxin13cytoEndosome- Plasma transmembrane
Membrane
domain deletion

siRNA Syntaxin13

SNAP23-target/Qbc
SNARE

Syntaxin4-target/Qa
SNARE

Plasma membrane- SNAP23C∆9Recycling
deletion of 9 Cterminal
amino
endosome
acids

Plasma membrane

-forms
a
nonfunctional complex
withVAMP3
cognate
SNARE
partners
-functions
as
a
competitive
inhibitor impairing
exocytosis

-knocks
down
protein expression
of Syntaxin13
-forms
a
nonfunctional complex
with
SNAP23
cognate
SNARE
partners
-functions
as
a
competitive
inhibitor impairing
exocytosis

shRNA SNAP23

-construct knocks
down
SNAP23
protein expression

Syntaxin4cytotransmembrane
domain deletion

-forms
a
nonfunctional complex
with
Syntaxin4
cognate
SNARE
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partners
-functions
as
a
competitive
inhibitor impairing
exocytosis
siRNA Syntaxin4

VAMP7-vesicle/RSNARE

Late Endosome

VAMP7cytotransmembrane
domain deletion

shRNA VAMP7

-knocks
Syntaxin4
expression

down
protein

-forms
a
nonfunctional complex
with
VAMP7
cognate
SNARE
partners
-functions
as
a
competitive
inhibitor impairing
exocytosis
-construct knocks
down
VAMP7
protein expression

Rab7

Late Endosome

Rab7dominant
negative mutant that
does not bind to
GTP

-mutant
is
in
inactive state, GDPbound,
which
inhibits activation of
endogenous Rab7
by binding Rab7
GEFs

NSF

Cytosolic

E329Q-NSF

-lacks
ATPase
activity impairing
all SNARE complex
dissassembly
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