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ABSTRACT
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Layla Alibabai

Advisor:

University of Guelph, 2020

Dr. Marc G. Coppolino

Tumour cell invasion often involves the formation of invadopodia, filamentous-actin rich
membrane protrusions, that mediate extracellular matrix (ECM) degradation. ECM degradation
is accomplished via the targeted secretion of matrix metalloproteinases (MMPs), primarily
Membrane-Type 1 Matrix Metalloproteinase (MT1-MMP). Previous studies have identified that
the delivery of MT1-MMP to invadopodia in MDA-MB-231 cells involves a soluble Nethylmaleimide sensitive factor attachment protein receptor (SNARE) complex, comprising
Syntaxin 4 (Stx4), Synaptosomal-associated protein 23 (SNAP-23), and vesicle-associated
membrane protein 2 (VAMP2). It remains unclear what mechanisms are responsible for
regulating SNARE activity and complex assembly during invadopodia formation and tumour cell
invasion. This thesis describes studies, using mass-spectrometry-based proteomics and
biochemical approaches, of the novel association of Stress-induced phosphoprotein 1 (STIP1)
with the Stx4-SNAP23-VAMP2 complex. CRISPR/Cas9-mediated knockdown of STIP1
perturbs tumour cell migration and invasion. Taken together, these results indicate that STIP1
associates with the SNAP23 SNARE complex and facilitates tumour cell migration and invasion.
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Table 1.0 Single-guide RNAs (sgRNA) sequences against STIP1. Sense and anti-sense
oligonucleotides are indicated as primers named with H or C, respectively.
gRNA
Primer Name and Sequence
STIP1 gRNA1
STIP1-H-gRNA1
5’
CTACTCCGAAGCTATTAAGC 3’

STIP1 gRNA2

STIP1 gRNA3

STIP1 gRNA4

STIP1 gRNA5

STIP1-C-gRNA1
5’
GCTTAATAGCTTCGGAGTAG

3’

STIP1-H-gRNA2
5’
GCTGGAGCCGACCTT

3’

STIP1-C-gRNA2
5’
AAGGTCGGCTCCAGC
3’
STIP1-H-gRNA3
5’
GGACTCCAGCTGTAAGGAGG 3’
STIP1-C-gRNA3
5’
CCTCCTTACAGCTGGAGTCC
STIP1-H-gRNA4
5’
GTCCTCCTTGGGGTCGATCT

3’
3’

STIP1-C-gRNA4
5’
AGATCGACCCCAAGGAGGAC 3’
STIP1-H-gRNA5
5’
AGAAGCCAAGCGAACCTATG 3’
STIP1-C-gRNA5
5’
CATAGGTTCGCTTGGCTTCT 3’
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Table 2.0 Golden Gate Assembly conditions used to clone STIP1 gRNAs into PX459.
Includes the number of cycles, temperatures, and times used.
Segment
1

Cycles
99

Temperature
37°C
16°C

Time
2 minutes
5 minutes

2
3

1
1

65°C
80°C

15 minutes
20 minutes
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1 Introduction
1.1 Breast Cancer and the Metastatic Cascade
Breast cancer is one of the most frequently diagnosed types of cancer in women
worldwide, with an estimated 2.1 million women impacted per year (Qian et al., 2017). Although
significant advances have been made in early detection, diagnosis, and treatment of breast
cancer, a considerable number of patients suffer poor outcomes, mainly as a result of tumour
metastasis (Qian et al., 2017). In these patients, the leading cause of death is not the primary
tumour, but metastatic disease at distant tissues and organs (Qian et al., 2017). Despite its severe
impact, the mechanisms by which metastasis occurs are poorly understood.
Metastasis is the dissemination of cancer cells from the primary tumour mass to
secondary sites of the body (Weigelt et al., 2005; Paz et al., 2014; Marcom, 2017). The
mechanisms underlying metastasis are complex and the process is inefficient, requiring cells
undergo a series of steps (Figure 1.0). Briefly, these steps include (1) the detachment of cancer
cells from the primary tumour mass, (2) invasion followed by migration into the surrounding
extracellular matrix (ECM) towards blood or lymphatic vessels, (3) intravasation or entry
through the endothelium into the circulatory or lymphatic system, (4) extravasation out of the
capillary endothelium into the surrounding tissue and (5) the establishment of secondary tumours
at distant tissues and organs of the body, such as in the lung, liver, brain, or bone (Weigelt et al.,
2005; Paz et al., 2014; Gomez-Cuadrado et al., 2017) (Figure 1.0). Several steps of the
metastatic cascade involve remodeling of the neighbouring tissue through facilitated interactions
between the cancer cell and its microenvironment (Parekh and Weaver, 2016; Paolillo and
Schinelli, 2019).
1

Figure 1.0: Schematic showing breast cancer metastasis. Initially, cancerous cells dissociate
from the primary tumour mass and invade the basement membrane to migrate through the
surrounding stroma. These steps are followed by intravasation, the entry of cells into the
circulatory system. Next, cancer cells attach to the endothelium, which facilitates their
extravasation into surrounding tissues where they can form secondary tumours most often in the
bones, lungs, liver, or brain (Weigelt et al., 2005; Paz et al., 2014; Gomez-Cuadrado et al.,
2017).
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1.2 The Tumour Microenvironment and ECM Modification
The tumour microenvironment – the environment surrounding a tumour – comprises a
wide variety of cancer and non-malignant cell types, interstitial fluids, and the ECM (Paolillo
and Schinelli, 2019). Several aspects of the metastatic cascade, including invasion, intravasation
and extravasation require modification of the ECM (Parekh and Weaver, 2016; Paolillo and
Schinelli, 2019). The ECM is a dynamic compartment that surrounds cells as part of tissues and
organs, and modulates cell functions such as adhesion, migration, proliferation and
differentiation (Paolillo and Schinelli, 2019). The ECM is an intricate network of several
different macromolecules, including proteoglycans, glycoproteins and polysaccharides (Paolillo
and Schinelli, 2019).
Cells sense and respond to the surrounding ECM components through interactions that
are facilitated by integrins (Price and Thompson, 2002; Paolillo and Schinelli, 2019). Integrins
comprise a large family of transmembrane cell-surface receptors that bind to components of the
ECM (Price and Thompson, 2002). Each integrin receptor is composed of two subunits, α and β,
and each integrin receptor has specific extracellular ligand-binding and intracellular signaling
properties, which contribute to the regulation of cell activities such as proliferation, migration,
and protease secretion and activity (Price and Thompson, 2002). A number of integrins have
been shown to play a role in tumorigenesis by driving malignancy through enhanced ECM
invasion and metastasis (Price and Thompson, 2002). This processes is facilitated by proteolytic
degradation of the ECM, allowing the tumour cell to move through the basement membranes and
endothelia that surround tumours and form part of blood and lymphatic vessels (Price and
Thompson, 2002; Beaty and Condeelis, 2014) (Figure 1.0). Furthermore, proteolytic remodeling
of the stroma allows for the migration of malignant cells through tissues. Some invasive cancer
3

cell types, such as breast cancer, invade and migrate through the ECM via the formation of
invadopodia (Kelly et al., 1998; Beaty and Condeelis, 2014).

1.3 Invadopodia Function
Invadopodia are specialized actin-rich structures that protrude from the membrane of
invasive cancer cells, extending into the ECM by degrading it (Kelly et al., 1998; Price and
Thompson, 2002; Williams et al., 2014) (Figure 2.0). The ability of invadopodia to degrade the
ECM can be attributed to the secretion of proteinases such as matrix metalloproteinases (MMPs),
ADAMs, cathepsin B and others (Beaty and Condeelis, 2014; Revach and Geiger, 2014). Among
these, much attention has been focused on MMPs, proteases that are consistently associated with
invadopodia activity in tumour cells (Revach and Geiger, 2014). MMPs comprise a family of cell
surface or secreted calcium-dependent zinc-containing endopeptidases, which can cleave many
ECM substrates (Kelly et al., 1998; Murphy and Courtneidge, 2011). Among the MMPs
expressed in human cells, membrane-type 1 matrix metalloproteinase (MT1-MMPs) is believed
to play a pivotal role in both invadopodia formation and tumour cell invasion (Williams et al.,
2014).

1.4 Invadopodia Formation
Current models define invadopodia formation and function in four stages: initiation,
assembly, maturation, and disassembly (Figure 3.0).
Initiation of invadopodia is induced in response to stimulation by growth factors, such as
epidermal growth factor (EGF), transforming growth factor β (TGFβ) and platelet derived
growth factor (PDGF) (Badowski et al., 2008). Growth factor receptor signaling leads to

4

Figure 2.0: Schematic diagram of invadopodia. Invadopodia promote the degradation of the
extracellular matrix (ECM) via (1) the secretion of proteinases such as: Matrix
Metalloproteinases (MMPs) and seprases, and (2) mechanically initiating branched actin
assembly at the cellular membrane. Many signaling proteins localize to invadopodia, influencing
its formation and stability. These include EGFR, and adhesion proteins such as integrins,
scaffold proteins and many other accessory proteins (Beaty and Condeelis, 2014; Revach and
Geiger, 2014).
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intracellular activation of the non-receptor tyrosine kinase Src, which in turn leads to the
phosphorylation of several proteins including tyrosine kinase substrate (Tks5),
phosphatidylinositol 3-kinase (PI3K) and protein kinase C (PKC) (Badowski et al., 2008; Oser et
al., 2009; Jeannot and Besson, 2020). Active Tks5 localizes to phosphatidylinositol 3,4biphosphate-enriched regions of the plasma membrane to initiate the formation of a budding
invadopodium by stimulating scaffold formation (Oser et al., 2009; Beaty and Condeelis, 2014).
Invadopodium assembly is characterized by the generation of branched filamentous actin.
Assembly of the f-actin core structure begins with the recruitment of cortactin, which scaffolds
adaptor proteins Nck1, Nck2, and cofilin (Oser et al., 2009; Jeannot and Besson, 2020). Nck1
then facilitates the recruitment and activation of the Neural Wiskott-Aldrich syndrome protein
(N-WASP) to cortactin. Within the invadopodia core structure, cofilin is responsible for
promoting branched actin formation with the actin-related protein 2/actin-related protein 3
(Arp2/3) complex (Oser et al., 2009; Saykali and El-Sibai, 2014). Normally, cortactin inhibits
cofilin’s activation; however, phosphorylation of cortactin by Tks5 during assembly causes it to
dissociate from cofilin, enabling cofilin to remain active (Jeannot and Besson, 2020). This results
in the formation of Filamentous-actin barbed ends through actin nucleation by N-WASP (Jeannot
and Besson, 2020).
Invadopodium maturation has been linked to the degradation of the surrounding ECM
(Saykali and El-Sibai, 2014). As mentioned above, MMPs have been identified as primary
enzymes in tumour cells involved in invadopodia-based degradation of the ECM (Murphy and
Courtneidge, 2011). Although not fully elucidated, the recruitment of MT1-MMP requires
microtubule-based transport, via kinesin activity, to direct MMP-containing vesicles from the
Golgi to invadopodia sites (Jeannot and Besson, 2020).
6

Figure 3.0: Simplified model of invadopodium formation. (1) Initiation occurs when growth
factor stimulation and ECM-integrin engagement initiates the release and activation of Src from
focal adhesions (not shown). During assembly (2), the actin cytoskeleton undergoes
reorganization through the recruitment of actin polymerization machinery such as Arp2/3
complex (not shown), N-WASP, cortactin and cofilin. Once activated, cortactin dissociates from
cofilin, allowing it to carry out actin-severing to promote actin polymerization. (3) Maturation
occurs when the invadopodia can degrade the ECM by membrane-bound MT1-MMP and
secreted MMP2 and MMP9. (4) Disassembly, although not well understood, is thought to be
triggered by de-activation of cortactin, which induces the release of cofilin from branched Factin, destabilizing the actin branch networks (Oser et al., 2009; Saykali and El-Sibai, 2014;
Jeannot and Besson, 2020).
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Ultimately, the localization of MT1-MMP and other proteases at invadopodia enables effective
proteolytic degradation of the surrounding ECM (Steffen et al., 2008; Murphy and Courtneidge,
2011).
In order to invade the surrounding ECM, tumour cells must repeatedly disassemble
invadopodia and recycle the components to form invadopodia at the leading edge of the cell.
Disassembly of invadopodia is the least understood step of their lifecycle, though research
suggests that disassembly primarily requires dismantling the actin core (Badowski et al., 2008;
Oser et al., 2009; Saykali and El-Sibai, 2014). Several proteins have been implicated in
invadopodia disassembly, including extracellular signal-regulated kinases (ERK), paxillin, and
calpain (Badowski et al., 2008). Phosphorylation of paxillin promotes activation of ERK, which
in turn activates calpain, a protease (Badowski et al., 2008). Calpain is required for the
deactivation of cortactin, a key component responsible for the actin core assembly in
invadopodia (Badowski et al., 2008; Jeannot and Besson, 2020). Once deactivated, cortactin reassociates with cofilin, destabilizing the branched actin networks (Badowski et al., 2008; Jeannot
and Besson, 2020).

1.5 Membrane Trafficking in Invadopodia
Directed vesicle trafficking to and from the plasma membrane facilitates the generation
and function of invadopodia. Targeted delivery of MT1-MMP requires the coordination of
several processes, including vesicle formation, cytoskeletal trafficking, exocytosis and endocytic
recycling. MT1-MMP is synthesized in the endoplasmic reticulum and transported through the
Golgi apparatus, where it is converted to its active mature form through proteolytic cleavage by
furin (Yana and Weiss, 2000). After reaching the plasma membrane, MT1-MMP is endocytosed
8

and recycled back to invadopodia to continue to support degradation and invasion through the
ECM (Yana and Weiss, 2000). Transport vesicles containing MT1-MMP fuse with the plasma
membrane at invadopodia in a manner that is dependent on Soluble N-ethylmaleimide-sensitive
factors attachment protein receptors (SNAREs) (Williams et al., 2014).

1.6 SNARE Structure and Function
SNAREs constitute a family of small proteins ranging from 100-300 amino acids long,
defined by the presence of a conserved SNARE motif made up of 60-70 residues that form
coiled-coils (Brunger, 2005). The SNARE motif, which is important for facilitating interactions
with other SNAREs, is characterized as unstructured until bound to another SNARE, when it
adopts an alpha-helical conformation (Brunger, 2005). There are 36 known SNAREs in humans,
most of which contain one SNARE motif, while some contain two motifs separated by a long
linker sequence (Mehdi and Menon, 2016). Most SNARES also contain a single hydrophobic
transmembrane domain located at the C-terminus of the protein (Brunger, 2005). SNAREs that
do not have this transmembrane domain are anchored to the membrane through post-translational
modification, such as prenylation or palmitoylation (Mehdi and Menon, 2016). In addition to the
SNARE motif and transmembrane domain, some SNAREs also contain a large N-terminal
region, which can span half of the proteins sequence (Dietrich et al., 2003). This N-terminal
domain (NTD) precedes the coiled-coil region but varies in length depending on the subgroup of
the SNARE (Mehdi and Menon, 2016).The remaining sequence is connected to the SNARE
motif by a flexible linker (Figure 4.0) (Dietrich et al., 2003; Mehdi and Menon, 2016).
There are two different ways of classifying SNAREs. The simplest way to classify
SNAREs is based on localization and function, and divides them into two groups, v9

Figure 4.0: Schematic diagram of SNARE domain structures. Generally, SNAREs contain a
N-terminal domain, Transmembrane domain (TM) and SNARE motif. Syntaxin contain a
conserved N-terminal domain, Habc-domain, SNARE motif, and TM anchor. SNAP is unique in
containing two SNARE motifs and includes palmitoylation sites indicated by Cysteine (C)
residues for membrane-anchoring. VAMP is the simplest SNARE protein as it only composed of
a short amino-terminal sequence, SNARE motif, and a TM (Brunger, 2005; Hong, 2005).
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and t-SNAREs depending on whether they reside on a vesicle or target membrane, respectively
(Brunger, 2005; Hong, 2005) (Figure 5.0). Members of the Syntaxin (Stx) and Synaptosomalassociated protein-25 (SNAP-25) sub-families are classified as t-SNAREs, while members of the
Vesicle-associated membrane protein (VAMP) family are known as v-SNAREs. Although this
method of classification is quite common, some SNAREs can be found in several membranebound compartments, and thus it is not always the most accurate classification system.
An alternative method of classifying SNAREs is based on their structure. SNAREs can
form complexes containing four SNARE motifs contributed by the participating SNAREs. The
four motifs assemble into a parallel four-helix bundle, driven in part by the many hydrophobic
residues within the helices (Lee et al., 2005). The zero, or polar layer, located in the middle of
the bundle is formed by one arginine (R) and/or three glutamine (Q) side chains, each of which is
contributed by one of the four helices (Lee et al., 2005). This approach to SNARE classification
uses Q/R nomenclature to refer to the residue each SNARE contributes to the zero layer
(Dietrich et al., 2003; Brunger, 2005). Therefore, R-SNAREs contain an arginine residue while
Q-SNAREs contain a glutamine residue at the polar layer. Q-SNAREs can be further classified
into Qa, Qb, and Qc depending on their position within the four-helix bundle. In most instances
of membrane fusion there is one R- residue, often contributed by a SNARE on the vesicle, and
three Q- residues contributed by SNAREs on the target membrane (Lee et al., 2005).
The general mode of action of SNAREs begins with the v-SNARE, along with other
cargo proteins, in a vesicle budded from a donor membrane (Hong, 2005). Once a vesicle has
reached the target membrane tethering and docking may occur (Brunger, 2005; Hong, 2005).
Tethering
11

Figure 5.0: Simplified overview of SNARE-mediated membrane fusion. The vesicle-SNARE
(blue) interacts with the target-SNARE (red) on the plasma membrane. The cognate SNARES
interact bringing both membranes together. Once the trans-SNARE forms it drives membrane
fusion and delivers the targeted cargo. This leads to the formation of a cis-SNARE complex
which can be disassembled by α-soluble N-ethylmaleimide-sensitive factor attachment protein
(α-SNAP) and N-ethylmaleimide-sensitive factor (NSF) (not depicted) (Lee et al., 2005).
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and docking are mediated by tethering factors and SNAREs, positioning the vesicle at a region
of the target compartment where the t-SNARE is located (Hong, 2005). Tethering factors interact
with the vesicle and the target compartment to facilitate the pairing of the v-SNARE with a
cognate t-SNARE (Hong, 2005). The interaction between the v- and t-SNARE on the two
opposing membranes mediates short-range docking of the vesicle to the membrane (Hong,
2005). This is followed by the formation of a trans-SNARE complex, where the SNARE motifs
become highly organized into the four-helical bundle as described above (Malsam et al., 2008).
As a result of the energy released during SNARE complex assembly, the energy barrier created
by the negative charges of the phospholipid head groups in the opposing membranes can be
overcome (Mehdi and Menon, 2016). The trans-SNARE complex thus facilitates the fusion of
the two opposing membranes and becomes a cis-SNARE complex in the target membrane
(Figure 5.0) (Hong, 2005; Mehdi and Menon, 2016). The cis-SNARE complex is disassembled
by the combined action of α-soluble N-ethylmalaimide-sensitive factor attachment protein (αSNAP) and N-ethylmalaimide-sensitive factor (NSF), an ATPase (Hong, 2005). First, α-SNAP
binds to the SNARE complex and recruits NSF, which in turn separates the cis-SNARE complex
through its ATPase activity (Hong, 2005). The resulting free individual SNAREs are unfolded
(Hong, 2005). The t-SNARE is re-organized into a functional t-SNARE to repeat docking and
fusion events, while the v-SNARE is recycled to a donor compartment via retrograde transport
(Hong, 2005).
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1.7 SNARE-mediated Trafficking of MT1-MMP during Invasion
Specific SNAREs have been implicated in the delivery of MT1-MMP to the plasma
membrane during invadopodia formation and tumour cell invasion. A SNARE complex
composed of plasma membrane SNAREs Stx13 and SNAP-23, and an endosomal SNARE,
VAMP3, are involved in the trafficking of MT1-MMP, MMP2 and MMP9 to invadopodia in the
invasive fibrosarcoma cell line, HT-1080 (Kean et al., 2009). Expression of dominant-negative
mutant forms of Stx13 or VAMP3, which can block the function of endogenous SNARE
complexes, perturbs transport of MT1-MMP and secretion of MMP2 and MMP9 (Kean et al.,
2009). In addition, inhibition of Stx4 or VAMP3 via RNA interference or using tetanus toxin,
which cleaves SNAREs blocking complex formation and function, also impairs trafficking of
MT1-MMP, secretion of MMP2 and MMP9, and tumour cell invasion (Kean et al., 2009).
Another SNARE complex comprised of plasma membrane SNAREs Stx4, SNAP-23, and
the endosomal SNARE VAMP7, is involved in trafficking of MT1-MMP to invadopodia in the
invasive adenocarcinoma cell line, MDA-MB-231 (Williams et al., 2014). Increased association
of SNAP23, Stx4, and VAMP7 was detected during invadopodia formation. Partial depletion of
the SNAREs using RNA interference, and inhibition of endogenous SNARE complex formation
with dominant-negative SNARE mutants also reduces MT1-MMP levels at invadopodia and the
degradative ability of tumour cells (Williams et al., 2014).
Unpublished observations from the Coppolino lab suggest that VAMP2 is an additional
vesicular-SNARE involved in MT1-MMP delivery to invadopodia in MDA-MB-231 cells.
Depletion of VAMP2 in MDA-MB-231 cells reduces tumour cell migration and invasion due to
a marked decrease in MT1-MMP delivery to invadopodia (Figure 6.0). The findings support a
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role for VAMP2, along with VAMP7, Stx4 and SNAP23, during tumour cell invasion through
the delivery of MT1-MMP to invadopodia.

1.8 SNARE Regulation
SNAREs are subjected to regulation at several levels during their functional life cycle.
These include regulation of gene expression, targeting of SNAREs to their correct compartment,
the assembly and activity of the trans-SNARE complex, and disassembly of the SNARE
complex (Brunger, 2005; Snyder et al., 2006; Malsam et al., 2008). An important level of
SNARE regulation is post-translational modifications, including phosphorylation,
palmitoylation, prenylation, and the interaction with regulatory proteins. This section will focus
on the regulation of SNAREs through accessory proteins.
The Sec1-Munc18 (SM) family of cytoplasmic proteins regulates members of the
Syntaxin sub-family of SNAREs. Syntaxins have an active and inactive conformation. In one
model, Mammalian uncoordinated-18 protein (Munc18) regulates SNARE complex assembly by
interacting with the Stx Habc-domain to promote an open conformation and ensure cognateSNAREs can bind. For example, Munc18c is a SNARE complex regulator that promotes vesiclebased exocytosis of the insulin-related receptor GLUT4, through its influence on Stx4-containing
SNARE complexes. In vitro studies show that in the presence of insulin, Munc18c exerts its
regulatory function by binding to Stx4, triggering the Stx4 to adopt an open formation, enabling
it to bind to VAMP2 on the GLUT4-containing vesicle (Smithers et al., 2008).
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Figure 6.0: Simplified diagram of Stx4-SNAP23-VAMP2/7 complex-mediated MT1-MMP
fusion with the invadopodia target membrane. The vesicle containing either VAMP2 or
VAMP7 and MT1-MMP is trafficked to the invadopodial membrane. VAMP2/7 binds to its
cognate t-SNAREs Stx4 and SNAP23 and forms a trans-SNARE complex. This results in the
fusion of the vesicle and plasma membrane allowing MT1-MMP to localize at the cell surface to
degrade the ECM, while forming a cis-SNARE complex (Williams et al., 2014; Brasher et al.,
2017; Unpublished).
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SNARE complex assembly can also be maintained by molecular chaperone complexes,
such as the co-chaperone cysteine-string protein-α (CSPα) (Sharma et al., 2011). CSPα is a
member of the heat shock protein-40 (Hsp40)-like co-chaperone family, as it contains the
conserved DNA-J domain and forms a chaperone complex with heat shock cognate 70 (Hsc70).
CSPα is typically associated with the membrane of synaptic vesicles in neurons and secretory
granules (Tokhtaeva et al., 2015). In CSPα-knockout mice, synaptic and neuronal degeneration
eventually lead to paralysis and then death. Detailed biochemical studies indicate that, in these
CSPα knockout mice, there is a decrease in levels of the SNARE SNAP-25 in the brain, and a
corresponding decrease in SNARE-complex assembly, because of increased ubiquitination of
SNAP25 and Hsc70 (Sharma et al., 2011). Furthermore, SNAP-25 levels can be rescued by the
exogenous expression of CSPα in KO mice (Sharma et al., 2011). Additionally, pull-down
experiments using wild-type brain samples confirmed that CSPα and Hsc70 bind directly to
SNAP25, preventing its aggregation and enabling it to participate in SNARE-complex formation
and function (Sharma et al., 2011). Taken together, these results suggest that the CSPα cochaperone functions to maintain SNAP25 in a state that is capable of SNARE-complex assembly
during repeated synaptic vesicle cycles (Sharma et al., 2011).

1.9 Regulation of SNARE Complex Formation during Cell Invasion
Due to the important role that the Stx4-SNAP23-VAMP2 complex plays in MT1-MMP
trafficking during invadopodia formation and tumour cell invasion, identifying the mechanisms
that regulate this SNARE complex is of interest because of the potential for therapeutic targeting.
A study of MDA-MB-231 cells found that Munc18c is a positive regulator of Stx4-mediated
trafficking of MT1-MMP to invadopodia during tumour cell invasion (Brasher et al., 2017).
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Microscopic and biochemical analysis showed an association between Munc18c and Stx4 at
invadopodia, and this association is increased during invadopodia formation (Brasher et al.,
2017).
When Munc18c expression was reduced using RNA interference, invadopodia formation
and tumour cell invasion was reduced in vitro, suggesting that the Munc18c-Stx4 interaction is
important for facilitating this process (Brasher et al., 2017). These findings were expanded to
determine the mechanisms behind Munc18c’s regulation on the Stx4-SNAP23-VAMP2 complex
during tumour cell invasion. Plasmid-based expression of an inhibitory peptide, derived from a
portion of the Stx4 N-terminal domain, in MDA-MB-231 cells, reduced the interaction between
endogenous Munc18c and Stx4 (Brasher et al., 2017). The resulting inhibition of SNARE
complex formation led to decreased invadopodia formation and invasion as a result of impaired
MT1-MMP trafficking to invadopodia (Brasher et al., 2017). Taken together, these results
demonstrate the importance of Munc18 as a regulator of Stx4-mediated SNARE complex
function during the delivery of MT1-MMP to invadopodia in tumour cells (Brasher et al., 2017).

1.10 Rational and Thesis Objectives
While it is clear that SNARE complex formation and function are highly regulated in
many physiological processes, there is a limited understanding of the proteins that regulate
SNARE complexes during invadopodia formation and tumour cell invasion. The research herein
aims to investigate the proteins that associate with SNAREs and regulate SNARE complex
formation during tumour cell invasion.
This thesis addresses three main research objectives:
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1.

To assess the interaction of Stx4 and SNAP23 in MDA-MB-231 cells during
invadopodia formation

2.

To identify proteins that interact with SNAP23 in MDA-MB-231 cells using
liquid chromatography and tandem mass spectrometry (LC-MS/MS) analyses.

3.

To characterize the function of a protein candidate by perturbing its expression
and observing the effects on tumour cell migration and invasion.

The studies will help to elucidate mechanisms that regulate SNARE function during
invadopodium-based tumour cell invasion. This topic is being investigated in order to understand
how SNARE-mediated membrane trafficking is controlled during tumour cell invasion, which
could help reveal potential targets for the development of therapeutic strategies against cancer
types that metastasize through invadopodia-based processes.
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2 Materials and Methods
2.1 Cell Culture
MDA-MB-231 human breast adenocarcinoma cells were obtained from the American
Type Culture Collection (Manassas VA) and cultured in Dulbecco’s modified Eagle’s Medium
(DMEM) (HyClone) with 10% bovine calf serum (BCS) (GE Healthcare), and 1%
Penicillin/Streptomycin (PenStrep) (Fisher Scientific) and maintained at 37ºC in 5% CO2 in a
humidified incubator. Cells used were passaged between 5-20 times.

2.2 Western Blot Analysis and Antibodies
Whole cell lysate samples were collected by washing cells twice with 1X phosphatebuffered saline (PBS) and lysed in cold lysis buffer [20 mM Tris (pH 8.0), 137 mM Sodium
chloride (NaCl), 0.5 M Ethylenediaminetetraacetic acid (EDTA) (pH 8.0), 0.5% Sodium
deoxycholate (NaDOC), 0.5% NP-40, 5% glycerol, and 1x protease cocktail (Sigma Aldrich); in
1 mL]. Lysates were then incubated on an end-over-end rotator for 15 min at 4ºC and
subsequently centrifuged at 13,000 rpm for 10 min at 4ºC. Using a Bradford protein assay (Biorad), the lysate volume containing 50 μg protein and 1X Laemelli sample buffer, unless
otherwise indicated, was denatured at 95ºC for 5 min. Samples were separated by SDS-PAGE in
10 or 12% polyacrylamide gels for 90 min at 120 V using 1x Running buffer [10% 10x Running
buffer and 1% SDS] and transferred to a polyvinylidene difluoride (PVDF) membrane (EMD
Millipore) with 0.45 μm pore diameter for 75 min at 100 V using cold transfer buffer [10x
Running buffer and 20% methanol]. Membranes were blocked in 5% (w/v) skim milk 0.02%
Tris-buffered-saline (TBS) solution with 0.004% Tween-20 (TBS-T) for 60 min at room
temperature and incubated with primary anti-SNAP23 (1:1500 ab4114), anti-Syntaxin 4 (1:1000
20

BD-610439), Anti-STIP1 (1:1000 sc-390203), and Anti-GAPDH (1:1000 DSHB hGAPDH-2G7s) overnight at 4ºC rotating end-over-end. Membranes were washed three times for 10 min in
0.02% TBS-T and incubated with horseradish peroxidase (HRP)-conjugated secondary antimouse (1:5000 BR-1706516) or anti-rabbit (1:5000 FS-PI31460) antibodies diluted in 5% (w/v)
skim milk in 0.02% TBS-T for 60 min at room temperature. Membranes were washed 3 times for
10 min each in 0.02% TBS-T and signals were detected with enhanced chemiluminescent HRP
substrate (EMD Millipore) using a ChemiDoc MP imaging system.

2.3 Co-immunoprecipitation
Cells were seeded onto 5 cm plates coated with either 50 μg/mL Poly-L-lysine (PLL)
(Sigma Aldrich) in 1X PBS as a control or plates further coated with 0.5% Glutaraldehyde
(Sigma Aldrich), and 0.2% gelatin in 1x PBS and incubated for 4 h. After incubation, cells were
washed twice with 1X PBS and lysed in cold lysis buffer, 1 mL. Lysates were then incubated on
an end-over-end rotator for 15 min at 4°C and subsequently centrifuged at 13,000 rpm for 10
minutes at 4°C. Lysates were quantified by Bradford protein assay and protein (500 μg) was
incubated with Protein-G Magnetic Beads (Bio-Rad), 25 μL, pre-coupled with antibody, 1 μg in
0.02% Tween in 1X PBS, 100 μL. Immunoprecipitations were carried out overnight at 4°C
rotating end-over-end. Beads were collected using a magnetic stand, and the supernatant was
discarded. The beads were washed three times at room temperature with 1X PBS and eluted at
95°C for 20 min in 2.5X Laemelli sample buffer. Whole cell lysates were made as mentioned
above as 10-15% input controls. Proteins were separated using SDS-PAGE and analyzed using
Western blotting as previously described. Samples were collected in triplicate for Western
blotting analysis and collected in singlet and triplicate replicates for proteomic analyses.
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2.4 Co-Immunoprecipitation Sample Preparation for LC-MS/MS
To analyze proteins co-immunoprecipitated with SNAP23 by LC-MS/MS,
immunoprecipitations were performed as described above. The precipitate obtained in the coimmunoprecipitation experiment were washed twice with 1X PBS. The magnetic beads were
collected by centrifugation at 3,000 rpm for 3 min at room temperature and digested for 90 min
with digestion buffer [8M Urea, 100 M Tris (pH 8.0), 1 M DTT, Trypsin protease + LysC], 1
mL. The sample was then alkylated with alkylation buffer [8 M Urea, 10 mM Tris (pH 8.0), 5
mM IAA, 1 mL) by incubation at room temperature for 10 min in the dark. Finally, dilution
buffer [8 M Urea, 100 M Tris (pH 8.0)], 200 μL, was added and the sample was incubated at
room temperature overnight. The reaction was terminated by adding 10% (v/v) trifluoroacetic
acid (TFA) (50 μg) were loaded onto a Stop-And-Go Extraction (STAGE) tips (consisting of
three layers of C18) that was preconditioned with 100% acetonitrile (ACN). After the samples
were loaded, the STAGE-tips were washed with 100% ACN, 100 μL; Buffer B [80% ACN and
0.5% acetic acid], 50 μL; Buffer A [2% ACN, 0.1% TFA, 0.5% Acetic acid], 200 μL; and eluted
in Buffer B, 50 μL, using a 0.22 μm filtered syringe, drop-by-drop into a 0.2 mL strip tube. The
eluent was dried for 30-40 min using a Speedvac at 40ºC(Muselius et al., 2020).

2.5 LC-MS/MS
Samples were resuspended in buffer A (0.1% TFA), 12 mL. Fractions (6 mL) of each
sample were then injected into a Nanoflow liquid chromatography on an Ultimate 3000 LC
System (Thermofisher Scientific) through a nanoelectrospray flex-iron source (Thermofisher
Scientific). Samples were loaded onto a 5 mm m-precolumn (Thermofisher Scientific) with 300
mm C18 PepMap100 beads. Peptides were separated in a 15 cm column with 75 mm inner
22

diameter with 2 μm reversed-phase silica beads and were electrosprayed directly into the mass
spectrometer using a 4%-30% ACN linear gradient in 0.1% formic acid at a constant flow, of
200 nl/min, for 45 min. The column was cleaned with 95% ACN and then equilibrated. The
Orbitrap Fusion Lumos Mass spectrometer was operated by switching automatically between
one fill scan and MS/MS scans of the most abundant peaks in a cycle time of 3 sec. The Fusion
Lumos analyzer acquired full scan MS1 with a resolution of 120,000 and scan rage of 400 m/z,
maximum injection time was 50 ms and automatic gain control was 4e5. Fragment ion scan was
done using Quadrupole isolation in the Orbitrap with a window of 1.6 m/z and 30 eV HCD
fragmentation energy. Resolution was set to 30,000 with a maximum ion injection time of 50 ms
and gain control of 5e4(Muselius et al., 2020).

2.6 Processing of Raw Data
Raw files of all replicates were analyzed together using MaxQuant software (1.6.0.26.).
The obtained peak list was derived with the Andromeda built-in search engine against the Homo
sapiens reference proteome from Uniprot (http://uniprot.org). Several parameters were set for the
search including strict trypsin specificity, seven amino acid minimum peptide length, fixed
modification of carbamidomethylation of cysteine, variable modifications for N-acetylation of
proteins and oxidation of methionine, and a limit of up to two missed cleavages. All identified
proteins were filtered using a target-decoy approach at a false discovery rate of 1%. The
Relative, label-free quantification (LFQ) value of proteins were obtained from the MaxLFQ
algorithm from MaxQuant using a ratio count of 1 and higher (Muselius et al., 2020)
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2.7 Bioinformatics
MaxQuant-processed data was further analyzed using Perseus (1.6.2.2). All hits of
contaminants, hits to the reverse database, and proteins identified with modified peptides were
eliminated. Next LFQ values were converted to a log scale (log2), and only those proteins present
minimum in three of the four gelatin sample set and absent from a minimum of three of the four
PLL sample set were used for further analysis. Potential targets were then searched for any
associations with cancer or cell trafficking using Uniprot as mentioned previously, and protein
networks were visualized using STRING (http://string-db.org)(Muselius et al., 2020).

2.8 CRISPR/Cas9 gRNA Design
To disrupt STIP1 expression in MDA-MB-231 cells, five STIP1-specific single-guide
RNAs (sgRNA) were designed based on their efficiency score and predicted specificity using the
STIP1 genetic sequence from https://blast.ncbi.nlm.nih.gov/ using the online tool
http://crispor.tefor.net/ and http://www.e-crisp.org/E-CRISP/. The sgRNA sequences and the
targeted sites are shown in Table 1.

2.9 sgRNA Golden Gate Cloning into PX459
Each of the custom sgRNA oligonucleotides were obtained from (Millipore Sigma) and
were cloned into the CRISPR-Cas9 pSpCAS9(BB)-2A-Puro (PX459) Plasmid (Figure 7.0)
(Addgene) using Golden Gate cloning. Each sgRNA sequence was obtained as two
oligonucleotides in sense and anti-sense orientation (Table 1) with a CACC sequence added to
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Figure 7.0: Schematic representation of PX459 plasmid construct and gRNA cloning. The
plasmid contains an AmpR bacterial selection marker, a PurR eukaryotic selection marker, a
single guide RNA (sgRNA) expression cassette consisting of the U6 promoter (not shown), and
sgRNA scaffold sequence flanked by BbsI sites, and Cas9 from S. pyogenes. Each sgRNA
sequence is cloned into the plasmid through the addition of a CACC sequence and an AAAC
sequence added to the 5’ flanking sequence forward and reverse sgRNA, respectively.
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the 5’ flanking sequence of all sense oligonucleotides and an AAAC sequence added to the 5’
flanking sequence of the anti-sense oligonucleotide. Both sense and anti-sense oligonucleotides
were reconstituted in 12.5 μM duplexing buffer (IDT), combined (1:1), and duplexed by heating
to 94°C for 2 min and then left to cool at room temperature for 60 min. To clone the duplexed
oligonucleotides into the PX459 plasmid, the following were combined: 100 ng miniprepped
PX459 plasmid, 50 μM duplexed oligonucleotide, 10 mM adenosine triphosphate, 10X Buffer G,
0.5 μM BbsI (10 U/μL), 0.5 μM T4 Ligase (5 U/μL) and nuclease-free water. The mixture was
incubated in a thermocycler as shown in Table 2. After the reaction was complete additional
BbsI (10 U/μL) enzyme, 1 μL was added to each reaction mixture and incubated at 37°C for 60
min and then inactivated at 65°C for 20 min. Reactions were transformed into chemically
competent DH5α Escherichia coli (E. coli) cells. Each Golden Gate Assembly reaction was
combined with a 50 μL aliquot of E. coli and incubated on ice for 30 min, heat shocked at 42°C
for 1.15 min, and then incubated on ice for 3.5 min. Following this, Lysogeny Broth (LB), 800
μL, was added and the cells were incubated at 220-260 rpm at 37°C for 60 min. An aliquot (250
μL) of the suspension was plated on LB + ampicillin (50μg/mL) plates. Several ampicillinresistant bacterial colonies were selected and sequenced at the Genomic Facility of the Advanced
Analysis Centre at the University of Guelph with the forward primer pSpCas9-H-9050- 5’
TTCCAGGGGGAAACGCCTG 3’. Plasmids that contained the correct gRNA sequence were
then used for further experiments (Wensing et al., 2019).
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2.10 CRISPR/Cas9 Transfection in MDA-MB-231 Cells
Cells were transfected with JetPrime PolyPlus (VWR) transfection reagent as described
by the manufacturer’s protocol. All PX459 constructs were expressed transiently for 48 h to
assess knockdown and 72 h to assess migration and invasion.

2.11 Boyden Chamber Cell Migration and Matrigel Invasion Assays
The bottom of 8 μm diameter Boyden Transwell inserts (Corning) were coated with
fibronectin, 20 μg/mL +1X PBS. The upper chamber of inserts used for invasion were also
coated with Matrigel, 0.15 mg/mL (BD Biosciences). Cells transfected with PX459 constructs
were then serum starved for 24 h and then 200,000 cells were added to the top of the well, in
serum-free medium. Transwells were then placed into a companion plate filled with
DMEM+10% FBS (Fetal Bovine Serum) +1X PenStrep and incubated for 20 h or 24 h, for
migration or invasion assays, respectively. Both sides of the membrane were then fixed in 4%
Paraformaldehyde (PFA) for 20 min, washed with 150 mM glycine + 1X PBS for 10 min,
stained with Hoechst for 5 min, and then mounted on coverslips with DAIKO (Sigma). Ten
pictures were taken of each membrane, per experiment, using the Nikon Eclipse Ti Epifluorescent microscope. The data is presented as the number of transfected cells that migrated to
the bottom membrane divided by the number of parental (control) MDA-MB-231 cells that
migrated.

2.12 Data Analysis
In all graphs the mean of at least three experimental replicates is shown, as percentage of
control, with error bars representing the standard deviation. Western blot densitometry analysis
was performed using Image J software (National Institutes of Health, Bethesda, MD). Blots were
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scanned using the Bio-Rad GelDoc and the region of interest was defined as the minimum area
that contained the entire band in the row using the rectangle tool. The pixel density was
measured for the region of interest, and this process was repeated using the same rectangle for all
treatments. For all experiments each treatment condition was compared to the respective control
group by Student’s t-test, with a statistically significant threshold of p = 0.05. Treatments that
differed significantly from the control (p < 0.05) or (p < 0.01) are indicated by one or two
asterisks in the figures, respectively. Statistical analysis for all experiments was completed using
Microsoft Excel. Graphs were made using GraphPad Prism 8.3 (GraphPad Software, La Jolla,
CA).
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3 Results

3.1 Stx4-SNAP23 interaction is enhanced during invadopodia formation
Previous research in the Coppolino lab has shown that Stx4, SNAP23, and VAMP2
interact to mediate MT1-MMP delivery to invadopodia (Williams et al., 2014; Unpublished). To
determine whether this SNARE complex can be isolated for further interactome analysis, coimmunoprecipitation experiments were performed. MDA-MB-231 cells were seeded onto plates
coated with gelatin, an ECM analogue used to promote invadopodia formation, or poly-L-lysine
(PLL), a non-ECM substrate used as a control. Cells were lysed in situ and SNAP23 was
immunoprecipitated using an anti-SNAP23 antibody. Eluates were subjected to SDS-PAGE and
Western blot analyses for SNAP23 and Stx4. SNAP23 was immunoprecipitated and Stx4 was
co-immunoprecipitated (Figure 8.0A). Analysis of SNAP23 immunoprecipitates determined that
the amount of Stx4 associated with SNAP23 was 23.7 ± 3.4% higher in samples plated on gelatin
compared to the PLL control (Figure 8.0A); (Figure 8.0B). These results are consistent with
previous findings that the SNAP23-Stx4 association increases significantly during invadopodia
formation (Kean et al., 2009; Williams et al., 2014).
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Figure 8.0: Increased Stx-4-SNAP23 association during invadopodium formation in MDAMB-231 cells. MDA-MB-231 cells were seeded onto either gelatin (gel) or poly-L-lysine (PLL)
coated plates for four hours. Cells were lysed, immunoprecipitated with an anti-SNAP23
antibody and analyzed with SDS-PAGE and Western blot. (A) SNAP23 immunoprecpitates were
probed for SNAP23 and Stx4. 15% of the lysate used for immunoprecipitation (IP) was loaded
into the input lane. B + a, beads plus antibodies (B) Densitometry of the amount of Stx4 coimmunoprecipitated relative to SNAP23 as shown in A. Quantitation of the amount of Stx4 coimmunoprecipitated with SNAP23 normalized to cells plated on PLL. In all graphs, values are
presented as percentage of PLL control; means ± S.D. (error bars) from three independent
experiments are shown. Asterisk denotes values significantly different from control (*, p < 0.05).
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3.2 STIP1 associates with SNAP23 during tumour cell invasion in MDA-MB231 cells
To identify proteins that associate with SNAP23 during ECM degradation, we analyzed
by LC-MS/MS the proteins co-immunoprecipitated with SNAP23, from MDA-MB-231 cells
during invadopodia formation (gelatin) or control (PLL). Over 150 protein interactors were
identified using this approach. The identified SNAP23 interactors included cytoskeletal proteins,
chaperones, ribosome-binding proteins, translation-related proteins, cell-cycle proteins, and
endocytosis-related proteins (Figure 9.0A).
Analyses were conducted on protein candidates that were present in a minimum of three
of the four gelatin samples and absent from a minimum of three of the four PLL sample sets.
This approach identified ten proteins as interactors of SNAP23 enriched during cell invasion, one
of which is the molecular co-chaperone, STIP1 the focus of further study in this thesis (Figure
9.0B).
To confirm the SNAP23 and STIP1 interaction detected by MS, co-immunoprecipitation
and western blot analyses were performed. MDA-MB-231 cells were seeded onto gelatin plates
to promote invadopodia formation, for 4 h. Cells were then lysed and SNAP23 was
immunoprecipitated using an anti-SNAP23 antibody. Immunoprecipitates were subjected to
SDS-PAGE and Western blot analyses. The results revealed immunoprecipitation of SNAP23
and co-immunoprecipitation of Stx4 and STIP1 (Figure 10.0). Taken together, these results
suggest that SNAP23 and STIP1 associate during invadopodia formation.
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Figure 9.0: Proteins immunoprecipitated by anti-SNAP23 antibody from MDA-MB-231
lysates as detected by LC-MS/MS. (A) Pie chart illustrating the different types of unfiltered
interactor proteins. (B) Fold-enrichment results of filtered interactors relative to SNAP23 LabelFree Quantification (LFQ) intensities. Filtered proteins were those found in minimum three out
of four gelatin (gel) replicates and absent in minimum three out of four of the poly-L-lysine
(PLL) replicates.
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Figure 10.0: STIP1 co-immunoprecpitates with SNAP23. MDA-MB-231 cells were seeded
onto gelatin (gel) coated plates for 4 h. Cells were lysed, immunoprecipitated with an antiSNAP23 antibody and analyzed with SDS-PAGE and western blot. SNAP23 immunoprecipitates
were probed for SNAP23, Stx4 and STIP1. 10% of the lysate used for immunoprecipitation (IP)
was loaded into the input lane. b + L, beads plus lysate; b + a, beads plus antibody. The
presented data represents three biological replicates.
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3.3 CRISPR/Cas9-mediated knockdown of STIP1 in MDA-MB-231
To explore the influence of STIP1 on MDA-MB-231 invasiveness, knockdown of STIP1
gene expression was performed using a CRISPR/Cas9 system (Figure 7.0). Five different
CRISPR/Cas9 plasmids were constructed with five different gRNA primers (Table 1.0) directed
towards STIP1, which would disrupt STIP1 expression via non-homologous end-joining (NHEJ)
repair inaccuracies. The oligonucleotides for each of the gRNAs were designed, synthesized and
cloned into the PX459 vector (Figure 7.0). The gene editing activity of each gRNA was
analysed with transient expression of either PX459 Empty, gRNA1-gRNA5 or no plasmid
(Figure 11.0A). Cells were then lysed, and Western blot analysis was performed with antibodies
against STIP1 and GAPDH, as a loading control. Expression of STIP1 was reduced by
approximately 56 ± 32.1%, 58 ± 10.7%, 69 ± 9.9%, 79 ± 14.9% and 51 ± 12.1% relative to
parental STIP1 expression for gRNA5, gRNA4, gRNA3, gRNA2 and gRNA1, respectively
(Figure 11.0).
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Figure 11.0: CRISPR/Cas9-mediated knockdown of STIP1. STIP1 was knocked down in
MDA-MB231 cells using CRISPR/Cas9-mediated gene editing using five different guide RNAs
(gRNA1-gRNA5). (A) Parental cells transfected with gRNA1-5 or Empty PX459 were seeded
onto gelatin (gel) coated plates for 4 h. Cells were lysed, analyzed with SDS-PAGE and Western
blots were probed for SNAP23, Stx4 and STIP1. (B) Densitometry of STIP1 knockdown relative
to the loading control (GAPDH). In the graph, values are presented as a percentage of parental
control; means ± S.D. (error bars) from three independent experiments are shown. Asterisks
denote values significantly different compared to the parental control (*, p < 0.05).
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3.4 Knockdown of STIP1 decreases tumour cell migration and invasion
STIP1 plays an important role in promoting metastasis (Walsh et al., 2011; Huang et al.,
2018). Here, the role of STIP1 during tumour cell migration and invasion was examined in vitro.
MDA-MB-231 cells were subjected to Transwell migration and Matrigel invasion assays, using
standard Boyden chambers, after transfection with PX459 gRNA1-gRNA5, empty PX459
(control), or untreated (parental). Knockdown of STIP1 decreased tumour cell migration by 78 ±
6.5%, 71 ± 9.2%, 50 ± 38.2%, 61 ± 9.6%, 32 ±14.7% for gRNA1-gRNA5, respectively, when
compared to the non-transfected control cells (Figure 12.0A). Cell invasion was also decreased
after STIP1 knockdown by 79 ± 15.1%, 75 ± 17.2%, 77 ± 13.9%, 79 ± 11.8%, 66 ± 14.7% for
gRNA1-gRNA5, respectively, when compared to the control cells (Figure 12.0B). Taken
together, these results suggest that STIP1 facilitates cell migration and invasion.
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Figure 12.0: CRISR/Cas9-mediated knockdown of STIP1 impairs tumour cell migration and
invasion. MDA-MB-231 cells were transfected for 48 h with PX459 gRNA1-5 constructs
targeting STIP1, PX459 Empty vector (control), or untreated (parental). (A) Cells were lifted and
Transwell migration assays were performed. Transfected cells that migrated to the underside of
the membrane after 20 h were fixed and then counted. (B) After transfection, cells were collected
and Transwell invasion assays were performed. Cells that invaded after 24 h were fixed and
counted. In all graphs, values are presented as a percentage of parental control; means ± S.E. (error
bars) from three independent experiments are shown. Asterisks denote values significantly
different compared to the parental control (*, p < 0.05 and ** p > 0.01).
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4 Discussion
Advances in the fields of molecular and cancer biology over the past decades have
identified several treatment methods, such as radiation or chemotherapy, that can shrink or
attenuate metastatic tumour growth (Qian et al., 2017). Despite this, no treatment has been
developed to metastasis (Qian et al., 2017). Accordingly, identification of the mechanisms that
are unique to the metastatic process, including tumour cell invasion and its regulation, have the
potential not only to reveal new prognostic markers but also to provide opportunities for the
development of targeted therapeutic strategies. Metastatic cancer cells must penetrate through
several physical barriers to escape the primary tumour, gain entry into the blood stream, and
colonize other tissues and organs (Weigelt et al., 2005; Paz et al., 2014; Gomez-Cuadrado et al.,
2017). Many invasive cancer cells traverse those barriers by forming invadopodia (Desai et al.,
2008). The discovery of a role for the Stx4-SNAP23-VAMP2 SNARE complex in localizing
matrix-degrading proteases to invadopodia has provided one mechanism to investigate as a
potentially interesting therapeutic target (Williams et al., 2014; Unpublished). The studies
described here characterize the potential role of the co-chaperone, STIP1, as a novel interactor of
the Stx4-SNAP23-VAMP2 complex, and potential facilitator of tumour cell migration and
invasion in MDA-MB-231 cells.
The first objective of this research confirmed the involvement of a SNAP23-Stx4
containing SNARE complex in invadopodia-based tumour cell invasion, as previously observed
(Williams et al., 2014; Unpublished). Immunoprecipitation of endogenous SNAP23 from cell
lysates revealed a significantly higher amount of Stx4 associated with SNAP23 during cell
interaction with ECM, compared to cells plated on PLL (Figure 8.0B). As with previous
observations in the Coppolino Lab, this observation is consistent with a model in which SNARE38

mediated membrane trafficking of MT1-MMP to the plasma membrane is necessary for ECM
degradation during tumour cell invasion (Kean et al., 2009; Williams et al., 2014).
The next objective was to identify proteins that interact with the SNAP23-containing
complex during invadopodia formation. Immunoprecipitates of SNAP23 from cells forming
invadopodia were analyzed by mass spectrometry, and binding partners were compared between
invading cells and those plated on PLL. This experiment yielded over 150 interactors including
cytoskeletal proteins, chaperone proteins, ribosome-binding proteins, translation-related proteins,
cell-cycle proteins, and endocytosis-related proteins (Figure 9.0A). The criterion for selecting
proteins for further analyses was defined as those found in a minimum of three out of four
gelatin replicates and absent in a minimum of three out of four of the PLL replicates, as these
proteins may function in a manner that correlates with their ECM-dependent association with
SNAP23 or a SNAP23-containing complex (Figure 9.0B). This analysis identified ten proteins
as SNAP23 interactors, including STIP1 (Figure 9.0B). Co-immunoprecipitations analyses
confirmed the interaction between endogenous STIP1 and SNAP23 in MDA-MB-231 cells
(Figure 10.0).
STIP1, a 63 kDa protein, is a co-chaperone that mediates the coordinated function of the
molecular chaperones heat shock protein (Hsp) Hsp70 and Hsp90 during protein folding. The
chaperone complex of STIP1, Hsp70, and Hsp90 plays an important role in cancer progression
by controlling events involved in the folding and maturation of transcription factors, steroid
hormone receptors, signaling proteins, cell-cycle regulators and kinases (Huang et al., 2018).
There is increasing evidence that STIP1 is involved in cancer pathogenesis. STIP1 is overexpressed in colon, hepatocellular, ovarian, and endometrial cancers (Sun et al., 2007; Kubota et
al., 2010; Tsai et al., 2012). Upregulation of both STIP1 and MMP9 are positively correlated
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with pathogenesis of endometriosis, with overexpression observed in both epithelial and stomal
cells (Walsh et al., 2011; Huang et al., 2018). Moreover, the knockdown of STIP1 expression in
pancreatic cancer cells reduces tumour invasiveness through downregulation of MMPs (Walsh et
al., 2011).
In light of these findings, and STIP1’s association with a SNARE complex involved in
MT1-MMP-based invasion, this thesis focused on determining the role of STIP1 in tumour cell
migration and invasion in MDA-MB-231 cells. To define STIP1s function during MDA-MB-231
cell migration and invasion, CRISPR/Cas9-mediated knockdown of STIP1 was performed. There
was some variability in the degree of STIP1 knockdown in these experiments (Figure 11.0), and
this could be due to transfection efficiency of the CRISPR plasmids. Similar to other cancer cell
lines, MDA-MB-231 cells contain an abnormal number of chromosomes (Walsh et al., 2011). As
a result, it may prove difficult to ensure consistent knockdown of STIP1 in these cells. To
mitigate this variability, future experiments could include the generation of stable cell lines to
create a population of clonal cells displaying a consistent STIP1 knockdown, or knockdown
analysis on cell lines derived from tumour explants.
Compared to the control cells, STIP1 knockdown cells had a significant decrease in both
tumour cell migration and invasion (Figure 12.0A and 12.0B). These results are consistent with
previous research of STIP1 knockdown in other invasive cancer cell types such as pancreatic
carcinoma, hepatocellular carcinoma, ovarian cancer, and osteosarcoma, where RNA
interference of STIP1 expression also led to a reduction in tumour cell invasion (Walsh et al.,
2011; Huang et al., 2018; Wang et al., 2020).
While a growing body of evidence supports the notion that STIP1 is associated with
tumour metastasis, the specific molecular mechanisms by which STIP1 facilitates invasion are
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not well understood. In studies of pancreatic cancer cells, it was postulated that reduced invasion
resulting from STIP1 knockdown may be a result of down regulation of MMP2 (Walsh et al.,
2011). In addition, both serum and tissue samples from patients with endometriosis showed a
positive association between STIP1 and MMP9 levels, with a proposed mechanism of STIP1
acting as a transcription activator that binds to the MMP9 promoter to enhance expression (Wang
et al., 2018). STIP1 knockdown in osteosarcoma cells reduces the expression of MMP2 and
MMP9 (Wang et al., 2020). STIP1 may facilitate tumour cell invasion through the activation of
several signaling pathways important in regulating cancer development, progression, tumour
invasion and migration such as ERK1/2, Wingless-related integration site (Wnt) /ß-catenin,
Signal transducer and activator of transcription 3 (STAT3) and Janus kinase 2 (JAK2) (Huang et
al., 2018; Wang et al., 2018, 2020). Whether STIP1 promotes tumour progression through either
of these pathways in breast cancer remains unknown.
Based on the results outlined in this thesis, it is hypothesized that STIP1 supports tumour
cell invasion in MDA-MB-231 cells by regulating SNAP23-mediated membrane trafficking.
SNAP23-mediated membrane trafficking is required for the delivery of MT1-MMP during
invadopodium-based degradation of the ECM in invasive tumour cells (Kean et al., 2009;
Williams et al., 2014). It is well established in other physiological contexts that SNARE function
is modulated by regulators and or co-chaperones. CSPα, a presynaptic co-chaperone, forms a
complex with Hsp40 and Hsp70, and promotes efficient SNARE complex formation during
neurotransmission by regulating SNAP25 (Sharma et al., 2011). SNAP25 is released from the
cis-SNARE complex as a misfolded conformer, the CSPα-Hsp70 complex refolds SNAP25 into
a competent SNAP25, preventing its degradation and increasing SNARE-complex formation
(Sharma et al., 2011). Given that SNAP23 is a homolog of SNAP25, and that STIP1 forms a
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chaperone complex with Hsp70, it is possible that SNAP23s function is regulated by STIP1
through a mechanism similar to that of SNAP25 and CSPα-Hsp70 (Brunger, 2005; Walsh et al.,
2011; Huang et al., 2018). Future research could be aimed at determining the specific
mechanism by which STIP1 regulates SNAP23 function.

5 Conclusions and Future Directions
In summary, this thesis demonstrates that STIP1 associates with a SNAP23-containing
SNARE complex in MDA-MB-231 cells during invadopodia formation. This was shown through
mass spectrometry analysis of SNAP23 immunoprecipitates, and co-immunoprecipitation of
SNA23 and STIP1. It was also demonstrated that CRISPR/Cas9-mediated knockdown of STIP1
substantially reduces the migration and invasion of human breast cancer cells in vitro. This
suggests that STIP1’s interaction with SNAP23 is involved in facilitating tumour cell migration
and invasion in breast cancer cells.
There is still much to learn about the function of STIP1 in cancer pathogenesis and how
this might involve STIP1’s association with SNAP23. It will be important to elucidate the nature
of STIP1’s interaction with SNAP23, such as if it binds to SNAP23 directly, or requires another
binding partner. This can be investigated using a pull-down binding assay which enables direct
and quantitative analysis of protein interactions in vitro between two purified proteins (Lapetina
and Gil-Henn, 2017). In this assay, SNAP23 the bait protein, is immobilized on beads whereas
STIP1 the prey protein, is kept in solution (Lapetina and Gil-Henn, 2017). The concentration of
SNAP23 is kept constant, whereas the concentration of the STIP1 is increased until binding
saturation is achieved. The fractions of bound STIP1 are analysed using SDS-PAGE and
Coomassie staining (Lapetina and Gil-Henn, 2017). If increasing amounts of STIP1 are detected,
42

this can be interpreted as the proteins binding directly and are not facilitated by the presence of
other proteins and could determine the affinity between the two proteins (Lapetina and Gil-Henn,
2017).
It will also be important to determine whether and how STIP1 might affect SNAP23
function. It can be investigated how STIP1 influences Stx4-SNAP23-VAMP2 SNARE complex
formation by co-immunoprecipitation analysis of SNAREs in cells expressing STIP1 and
compare these to STIP1 knockdown cells. If STIP1 influences SNARE complex formation, such
an approach might reveal important differences. Biotin surface labeling of MT1-MMP could also
be performed to investigate whether STIP1 regulates SNAP23-mediated trafficking of this
enzyme during invadopodia formation. Using this approach, cell-surface proteins, including
MT1-MMP, are labelled with biotin, purified with streptavidin-agarose beads, and analyzed with
SDS-PAGE and Western blot. It has been previously demonstrated that the Stx4-SNAP23VAMP2 SNARE complex is involved in the delivery of MT1-MMP to invadopodia (Kean et al.,
2009; Williams et al., 2014). If a significant reduction in cell-surface levels of MT1-MMP
results from reduced STIP1 expression, this could implicate STIP1 as a regulator of SNAP23mediated trafficking of MT1-MMP. Taken together, these experiments would help elucidate the
function of the STIP1-SNAP23 association during tumour cell invasion in MDA-MB-231 cells.
Although migration and invasion are not the only factors responsible for tumour
pathogenesis, they are a major factor behind treatment failures in cancer patients (Qian et al.,
2017). The identification of an association between STIP1 and SNAP23, and a role for STIP1 in
tumour cell invasion in vitro supports an evolving notion that STIP1 facilitates tumour
progression. The findings here add to a body of fundamental knowledge that could help in the
development of novel approaches to combat the metastatic behaviour of some cancers.
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