SNAP23, Syntaxin4, and vesicle-associated
membrane protein 7 (VAMP7) mediate
trafficking of membrane type 1-matrix
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ABSTRACT Movement through the extracellular matrix (ECM) requires cells to degrade ECM
components, primarily through the action of matrix metalloproteinases (MMPs). Membrane
type 1-matrix metalloproteinase (MT1-MMP) has an essential role in matrix degradation and
cell invasion and localizes to subcellular degradative structures termed invadopodia. Traffick-
ing of MT1-MMP to invadopodia is required for the function of these structures, and here we
examine the role of N-ethylmaleimide-sensitive factor-activating protein receptor (SNARE)-
mediated membrane traffic in the transport of MT1-MMP to invadopodia. During invadopo-
dium formation in MDA-MB-231 human breast cancer cells, increased association of SNAP23,
Syntaxin4, and vesicle-associated membrane protein 7 (VAMP7?) is detected by coimmuno-
precipitation. Blocking the function of these SNAREs perturbs invadopodium-based ECM
degradation and cell invasion. Increased level of SNAP23-Syntaxin4-VAMP7 interaction cor-
relates with decreased Syntaxin4 phosphorylation. These results reveal an important role for
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SNARE-regulated trafficking of MT1-MMP to invadopodia during cellular invasion of ECM.

INTRODUCTION

In tumor cells, the acquisition of an invasive phenotype, which in-
cludes the ability to navigate through an extracellular matrix (ECM),
is a prerequisite for development of metastatic disease. The ECM
compartmentalizes tissues, providing a scaffold for cell adhesion,
and partial degradation of this scaffold and subsequent invasion
into the ECM is a hallmark of tumor progression (Hanahan and
Weinberg, 2011). Cellular invasion into ECM is facilitated by a family
of zinc-dependent proteolytic enzymes known as matrix metallopro-
teinases (MMPs). Expression of MMPs, particularly membrane type
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1-MMP (MT1-MMP), has been linked to aggressive phenotypes in
several cancers, including ovarian, breast, and melanoma (Sodek
et al., 2007; Kondratiev et al., 2008; Perentes et al., 2011). MT1-
MMP degrades components of the ECM (collagens, fibronectin,
laminins; Itoh and Seiki, 2006) in a process that is regulated through
posttranslational modification and intracellular trafficking. Newly
synthesized MT1-MMP is activated through cleavage of its prodo-
main by the Golgi-associated enzyme furin (Sato et al., 2005). Sub-
sequently, MT1-MMP can be localized to the lamellipodia of migrat-
ing cells via interaction with CD44 (Mori et al., 2002) and at
invadopodia via a vesicle-associated membrane protein 7 (VAMP7)—
dependent pathway (Steffen et al., 2008). Invadopodia are actin-
driven membrane protrusions involved in ECM degradation and
tumor cell invasion (Blouw et al., 2008; Clark et al., 2009), and the
goal of the present studly is to elucidate the mechanisms that control
MT1-MMP localization at invadopodia.

Trafficking of cellular material between intracellular compart-
ments and the plasma membrane is dependent upon soluble
N-ethylmaleimide-sensitive factor-activating protein receptors
(SNAREs), a family of membrane proteins that form complexes
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Localization of SNAP23, Syntaxin4, VAMP7, and MT1-MMP at invadopodia. (A) Cells
were plated on 594-labeled gelatin, fixed, permeabilized, and stained for SNAP23, Syntaxin4, or
VAMP7 (green) along with MT1-MMP (blue). (B) Cells transfected with MT1-MMP-FLAG were
plated on 594-labeled gelatin, fixed, permeabilized, and stained for Syntaxin3 (green) and FLAG
epitope (for MT1-MMP, blue). Invadopodia are marked by the colocalization of MT1-MMP and
dark spots of degraded gelatin. Scale bar, 10 pm.

bridging adjacent membranes during membrane fusion. SNAREs
show relatively specific pairing during membrane trafficking, which
allows distinct SNARE complexes to drive specific membrane fusion
events (Pfeffer, 2007). Several studies support a role for SNAREs in
MT1-MMP trafficking, localization, and cell invasion (Miyata et al.,
2004; Steffen et al, 2008; Kean et al., 2009; Williams and
Coppolino, 2011), which complements described roles for SNARES
in cell migration (Proux-Gillardeaux et al., 2005; Tayeb et al., 2005).
Very little is known, however, about the interactions between
SNAREs that facilitate MT1-MMP-mediated invadopodium forma-
tion or how these interactions might be regulated.

To examine the roles of SNAREs in the trafficking of MT1-MMP
to invadopodia, we isolated invadopodium-enriched subcellular
fractions and identified SNAREs contained therein. We report that
SNAP23, Syntaxin4, and VAMP?7 localize at invadopodial fractions,
and inhibition of these SNAREs dramatically reduces the amount of
MT1-MMP at invadopodia. We also observed increased interaction
of SNAP23, Syntaxin4, and VAMP7 under conditions in which cells
are forming invadopodia. Of interest, the interaction between Syn-
taxin4 and SNAP23 correlated with decreased phosphorylation of
Syntaxin4. The findings suggest that a regulated membrane traffick-
ing pathway mediated by SNAP23, Syntaxin4, and VAMP7 is
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Overlay required for invadopodium formation and

efficient tumor cell invasion in vitro.

RESULTS

SNAP23 and Syntaxin4 target VAMP7
and MT1-MMP to invadopodia

VAMP7 has been characterized as a vesicle
SNARE involved in the delivery of MT1-
MMP to invadopodia (Steffen et al., 2008),
but the cognate SNAREs responsible for the
docking of MT1-MMP—-containing vesicles
have yetto be described. To identify SNAREs
complexed with VAMP7 during delivery of
MT1-MMP to invadopodia, we fractionated
MDA-MB-231 cells, derived from an inva-
sive human breast tumor and characterized
as forming stable invadopodia in vitro
(Artym et al., 2006; Steffen et al., 2008), and
collected invadopodial structures to deter-
mine SNARE protein content therein. Sub-
cellular fractionation, as described previ-
ously (Mueller et al., 1992, 1999; Bowden
et al., 1999, 2006), allowed isolation of inva-
dopodium-enriched fractions (Supplemen-
tal Figures S1 and S2) containing cortactin,
B1 integrin, MT1-MMP (active form only),
VAMP3, VAMP7, Syntaxin3, Syntaxin4,
SNAP23, and SNAP29 (Supplemental Figure
S3). Roles for both Syntaxin4 and SNAP23 in
the trafficking of MT1-MMP have been de-
scribed (Miyata et al. 2004; Kean et al.,
2009), and we found that these SNAREs
were relatively abundant in invadopodial
fractions compared with VAMP3, Syntaxin3,
or SNAP29. Microscopic analysis revealed
that SNAP23, Syntaxin4, and VAMP7 local-
ize with MT1-MMP (Figure 1A) and F-actin
structures (unpublished data) at sites of gel-
atin degradation. Quantification of colocal-
ization between MT1-MMP and SNAP23,
Syntaxin4, or VAMP7 yielded Pearson’s r=0.91 + 0.08, 0.89 + 0.05,
and 0.94 + 0.10, respectively. Analysis of Syntaxin3 localization
(Figure 1B) revealed that Syntaxin3 does localize to invadopodia
(yellow arrows) but does not colocalize with MT1-MMP (white ar-
rows). Expression of SNAP29 was detected microscopically, but ap-
preciable localization of this SNARE at invadopodia could not be
demonstrated (unpublished data). We thus hypothesized that
VAMP7, Syntaxin4, and SNAP23 might function to deliver MT1-
MMP to invadopodia.

To test the requirement for SNAP23, Syntaxin4, and SNAP23
function in the trafficking of MT1-MMP to invadopodia, we inhibited
these SNAREs by expressing mutant SNARE constructs. These con-
structs exert dominant-negative effects and have been used exten-
sively in several experimental systems to impair membrane traffick-
ing (Hirling et al., 2000; Huang et al., 2001; Collins et al., 2002; Kean
et al., 2009; Williams and Coppolino, 2011). SNAREs lacking their
transmembrane domain—for example, Syntaxindcyto (Syn4C) and
VAMP7cyto (V7C)— form SNARE complexes with cognate SNAREs,
blocking interactions with endogenous membrane-associated
SNARE partners. SNAP23CA9 (S23C) lacks nine C-terminal amino
acids and inhibits SNAP23-mediated traffic by forming nonfunc-
tional complexes with its cellular binding partners.
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FIGURE 2: Inhibition of Syntaxin4 or SNAP23 alters localization of VAMP7 in invadopodia
fractions. (A, D) Representative Western blots of cell body and invadopodial fractions. Cells
were transfected with constructs of SNAP23-full length (S23FL), SNAP23-CA9 (523C), Syntaxin4-
full length (S4FL), Syntaxin4-cytoplasmic domain (S4C), VAMP7-full length (V7FL), or VAMP7-
cytoplasmic domain (V7C). Cells were fractionated 2.5 h after plating on gelatin and probed for
VAMP? (A) or SNAP23 and Syntaxin4 (D) in cell body (cb) or invadopodial (inv) fractions. We
used B1 integrin as a loading control. Quantification of triplicate Western blots showing amount
of VAMP7 (B) or SNAP23 and Syntaxin4 (E) in indicated invadopodial fractions. Asterisks denote
values significantly different from control; p < 0.05. (C) Whole-cell lysates from transiently

transfected cell samples were probed for VAMP?7.

Inhibition of SNAP23 or Syntaxin4 decreased the amount of
VAMP7 (47.4 £ 11.9 and 46.2 + 12.6%, respectively) in invadopodial
fractions (Figure 2, A and B) without altering total cellular levels of
VAMP7 (Figure 2C). Inhibition of VAMP7 did not significantly alter
the amount of either SNAP23 or Syntaxin4 in invadopodial fractions
(Figure 2D; quantification in Figure 2E). The amount of MT1-MMP
in the invadopodial fractions was also reduced as a result of inhibit-
ing SNAP23 (35 + 5.6%), Syntaxind (42 £ 8.1%), or VAMP7
(40.7 £ 9.7%,; Figure 3A; quantification in Figure 3C). Inhibition of
SNAP23, Syntaxin4, or VAMP7 had no effect on total cellular MT1-
MMP (Figure 3B; actin loading control not shown). Similar reduc-
tions in the amount of MT1-MMP in invadopodial fractions were
also observed as a result of knocking down expression of SNAP23,
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formation

SNARE complex formation has been shown
to change in response to glucose (Kalwat
et al., 2012), protein kinase C (Aquino et al.,
2012) and protein kinase A (Foster et al.,
1998) activity, mast cell degranulation
(Sander et al., 2008), and adherence to ECM
(Skalski et al., 2010). We therefore tested
whether SNARE interactions are altered dur-
ing invadopodium formation. Cells were
plated on 0.2% gelatin to stimulate invado-
podium formation or on poly-L-lysine (PLL)
as control, and SNARE interactions were
biochemically assessed. VAMP7 immuno-
precipitates were found to contain increased
amounts of Syntaxind (149 £+ 11%) and
SNAP23 (153 £ 9%) when cells were forming
invadopodia compared with PLL controls
(Figure 5A; quantification in Figure 5B).
Similarly, syntaxin4 and SNAP23 immuno-
precipitates were found to contain increased
amounts of VAMP7 when cells were forming
invadopodia (169 £ 29 and 160 £ 23%, re-
spectively; Figure 5C; quantification in
Figure 5D).

Because binding of Syntaxin4 to cognate
SNAREs is altered by its phosphorylation
(Foster et al., 1998), we investigated changes
to Syntaxin4 phosphorylation in our system.
Syntaxin4 was immunoprecipitated from cells plated on PLL or
0.2% gelatin and examined for phosphorylation (Figure 5, E and F).
A71.9+10.4% reduction in the amount of phosphorylated Sytnaxin4
was observed in cells during invadopodium formation compared
with PLL control (Figure 5, E and F). Consistent with this, a decrease
in the amount of Syntaxin4 pulled down in anti-phospho-Ser/Thr
immunoprecipitations was observed (Figure 5G). Furthermore, we
found a 49 + 12% increase in the amount of Syntaxin4 in SNAP23
immunoprecipitates from cells forming invadopodia compared with
cells on PLL (Figure 5, H and I). Together the data point to an asso-
ciation between Syntaxin4 and SNAP23, possibly in a VAMP7-con-
taining complex, during invadopodium formation. This association
correlates with decreased phosphorylation of Syntaxin4.

SNARE-mediated trafficking of MT1-MMP | 2063
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FIGURE 3: Inhibition of Syntaxin4 or SNAP23 alters localization of MT1-MMP in invadopodial
fractions. (A) Representative Western blots of cell body and invadopodial fractions. Cells were
transfected with constructs of SNAP23-full length (S23FL), SNAP23-CA9 (S23C), Syntaxin4-full
length (S4FL), Syntaxin4-cytoplasmic domain (S4C), VAMP7-full length (V7FL), or VAMP7-
cytoplasmic domain (V7C). Cells were fractionated 2.5 h after plating on gelatin and probed for
MT1-MMP in cell body (cb) or invadopodial (inv) fractions. B1 integrin was used as a loading
control. (C) Quantification of triplicate Western blots showing amount of MT1-MMP in indicated
invadopodial fractions. Asterisks denote values significantly different from control; p < 0.05.

(B) Whole-cell lysates from transiently transfected cell samples were probed for MT1-MMP.

Expression and function of syntaxin4, SNAP23, and VAMP7
are required for invadopodium formation and cell invasion
We next examined the effect of reducing expression of Syntaxin4,
SNAP23, or VAMP7, using RNA interference, on invadopodium-
based gelatin degradation and cell invasion. Knockdown of SNAP23,
Syntaxin4, or VAMP7 altered MT1-MMP localization at F-actin punc-
tae and perturbed invadopodium-based degradation of gelatin
(Figure 6, B and C). MT1-MMP was found to localize at F-actin punc-
tae in control cells (Figure 6, B and C, top), whereas knockdown of
SNAP23, VAMP7, or Syntaxin4 expression reduced the amount of
MT1-MMP in F-actin punctae (Figure 6B). Degradation of gelatin
was also reduced under these conditions (Figure 6C). Similar results
were obtained when knockdown of SNAP23 or Syntaxin4 was re-
peated with different siRNA and shRNA constructs (Figure 6, A-C).
Inhibiting the function of Syntaxin4, SNAP23, or VAMP7, using the
foregoing inhibitory constructs also significantly reduced the per-
centage of cells forming active invadopodia by 48.8 + 9.2, 68.2 £
3.8,and 66.9 £7.7%, respectively (Figure 7A). Quantitatively, knock-
down of Syntaxin4, SNAP23, or VAMP7 reduced the percentage of
cells forming active invadopodia by >50% (Figure 7A). Consistent
with this, inhibiting the function of these SNAREs or knocking down
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cb The effects of SNAP23, Syntaxin4, and
VAMP7 on cell migration were also
assessed, and no significant effect was
observed (Figure 7C). Our results are consis-
tent with an established role for VAMP7
in delivering MT1-MMP to invadopodia
(Steffen et al., 2008) and now define the
cognate SNAREs involved in this process as
Syntaxin4 and SNAP23. Furthermore, this is
the first demonstration of SNARE interac-
tions that are regulated during invadopo-
dium-based degradation of ECM.

DISCUSSION
In the present study, we report that Syn-
taxin4 and SNAP23 associate with VAMP7,
possibly in a complex, and function to de-
liver MT1-MMP to invadopodia during deg-
radation of ECM by MDA-MB-231 breast
tumor cells. It was previously demonstrated
that VAMP7 targets MT1-MMP to invadopo-
dia (Steffen et al., 2008), and our results are
consistent with this, as we observed signifi-
cant reduction in the amount of MT1-MMP
at invadopodia upon inhibition of VAMP7
function. We also demonstrate that SNAP23
and Syntaxin4 colocalize with MT1-MMP at
invadopodia, and inhibition of either of
these SNAREs reduced the amount of both
VAMP7 and MT1-MMP at invadopodia. Traf-
ficking of MT1-MMP is important for ECM
degradation during tumor progression
(Hotary et al., 2003; Sabeh et al., 2004), and
our findings highlight the important contri-
bution that multiple SNARE proteins make to this process.
Movement of tumor cells through an ECM is a complex pro-
cess, and the findings here do not preclude the involvement of
other MMPs. MDA-MB-231 cells express several MMPs, including
MMP-9 (Sneh et al., 2013), and future work will help to character-
ize the possible roles of different MMPs in ECM degradation by
these cells. Current models suggest that MT1-MMP is a central
factor in driving cell invasion in some tumor types (Nakahara
et al., 1997; Sabeh et al., 2004, 2009; Frittoli et al., 2011); how-
ever, it is possible that other MMPs contribute to ECM remodel-
ing at different stages of tumor progression. The system used
here will also be useful for examining the link between estrogen
receptor expression and MMP function during tumor invasion.
MDA-MB-231 cells are estrogen receptor negative and form
prominent invadopodia in an MT1-MMP-dependent manner. It
will be informative to determine whether forced expression of
estrogen receptor in these cells, as described previously (Li et al.,
2013), can reduce their MT1-MMP-mediated invasiveness, pro-
ducing a phenotype similar to the estrogen receptor—positive,
MT1-MMP-negative MCF-7 cell line (Lafleur et al., 2006; Chernov
et al., 2009).

Molecular Biology of the Cell
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FIGURE 4: RNA interference (RNAi)-mediated knockdown of SNAP23, Syntaxin4, or VAMP7
reduces MT1-MMP localization in invadopodial fractions. (A) Western blot analysis of SNAP23,
VAMP?7, and Syntaxin4 expression after RNAi-mediated knockdown. Cells were transfected with
shRNA control, shRNA SNAP23, or shRNA VAMP7 constructs or with either siRNA control or
siRNA Syntaxin4. At 48 and 72 h posttransfection, cells were lysed and analyzed for total
SNAP23, VAMP7, or Syntaxin4 by Western blot. Actin or integrin was used as a loading control.
(B) Distribution of MT1-MMP in cell fractions after knockdown of SNARE expression. Cells were
transfected (as in A) for 72 h, followed by cell fractionation 2.5 h after plating on gelatin. Cell
body (cb) and invadopodial (inv) fractions were then prepared and probed for MT1-MMP protein
by Western blot. B1 integrin was used as a loading control. (C) Quantification of triplicate
Western blots showing amount of MT1-MMP in indicated invadopodial fractions. Asterisks

denote values significantly different from control; p < 0.05.

The results here suggest that the interaction of Syntaxin4,
SNAP23, and VAMP7 contributes to the development of invadopo-
dia into ECM-degrading structures and that changes to SNARE-
mediated exocytosis might contribute to an invasive phenotype.
The association of Syntaxin4, SNAP23, and VAMP7 was increased
when MDA-MB-231 cells were plated on gelatin, and this represents
a different SNARE complex from the VAMP3-Syntaxin13-SNAP23
complex induced in Chinese hamster ovary cells plated on fibronec-
tin (Skalski et al., 2010). In addition, the functions of Syntaxin4,
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taxin4 phosphorylation. We thus speculate
that dephosphorylation of Syntaxin4 might
facilitate its association with SNAP23 and
contribute to the regulation of MT1-MMP
trafficking during invadopodium formation.
Previous studies showed that phosphoryla-
tion of Syntaxin4 can regulate exocytic
events (Fu et al., 2005) and decrease the in-
teraction of Syntaxin4 with SNAP23 in plate-
lets (Chung et al., 2000). The findings here
now suggest a role for phosphorylation of
Syntaxin4 in regulating similar interactions
during MT1-MMP-mediated degradation of
ECM by tumor cells. Identification of the
specific sites of phosphorylation on Syn-
taxin4 in these conditions will provide impor-
tant clues for further investigation.

Previously we (Williams and Coppolino,
2011) and others (Steffen et al., 2008)
showed that MT1-MMP localizes to a late
endosomal compartment, marked by
VAMP7, which contributes to the recycling
of MT1-MMP to membrane protrusions
rather than its down-regulation. This path-
way involves a novel role for Rab7 in the re-
cycling of MT1-MMP (Williams and Cop-
polino, 2011). Here we propose a possible
mechanism for the delivery of MT1-MMP to
invadopodia that is mediated through inter-
action of SNAP23-Syntaxin4-VAMP7 (Figure
8), and future studies are planned to address
the role of Rab7 in this MT1-MMP trafficking
pathway.

It was also reported that MT1-MMP localizes to lipid raft domains
at invadopodia (Grass et al., 2012). In addition, it has been demon-
strated that during mast cell exocytosis, Syntaxin4 is able to associ-
ate with lipid rafts by binding to SNAP23 (Puri and Roche, 2006). It
is possible that MT1-MMP is targeted to lipid raft domains at inva-
dopodia through the formation of a SNAP23-Syntaxin4—containing
complex. Dephosphorylation of Syntaxin4, leading to enhanced
SNAP23-Syntaxin4 interaction, may therefore represent an impor-
tant regulatory step in the formation of invadopodia. It has been

SNARE-mediated trafficking of MT1-MMP | 2065
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FIGURE 5: Alterations to SNARE complex formation during invadopodium formation. Cells
were plated on PLL (control) or gelatin (invadopodium formation [IVF]) for 2.5 h, collected, lysed,
and analyzed by immunoprecipitation/SDS-PAGE/Western blot. (A) VAMP7 immunoprecipitates
were probed for SNAP23, Syntaxin4, and VAMP7. (B) Quantification of the amount of Syntaxin4
or SNAP23 that was immunoprecipitated with VAMP7 in A. (C) Syntaxin4 and SNAP23
immunoprecipitates were probed for VAMP7 and Syntaxin4 or SNAP23. (D) Quantification

of the amount of VAMP7 that was immunoprecipitated with SNAP23 or Syntaxin4 in C.

(E) Syntaxin4 immunoprecipitates were probed for phospho-Ser/Thr, stripped, and reprobed
for Syntaxin4. (F) Quantification of the proportion of immunoprecipitated Syntaxin4 that was
phosphorylated in E. (G) Immunoprecipitations using phospho-Ser/Thr antibody were probed
for Syntaxin4. (H) SNAP23 immunoprecipitates were probed for Syntaxin4. (I) Quantification of
the amount of Syntaxin4 that was immunoprecipitated with SNAP23 in H. In B, D, F, and |,
triplicate experiments were analyzed; asterisks denote values significantly different from control
cells (p < 0.05).

tant SNARE interactions that are regulated
during cell invasion and elucidates roles for
the involved SNAREs in trafficking of MT1-
MMP during degradation of ECM.

MATERIALS AND METHODS
Reagents and cDNA constructs

All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO) or Fisher Scientific
(Nepean, ON, Canada) unless otherwise
indicated. The MMP inhibitor SB-3CT
pPMS was purchased from EMD Chemicals
(Gibbstown, NJ). Antibodies to the following
proteins were obtained from the indicated
suppliers:  MT1-MMP, SNAP23, VAMP7,
SNAP29 and actin (ab3644, ab3340,
ab36195, ab138500, ab3280; Abcam,
Toronto, Canada); phospho-Ser/Thr,
Syntaxind, and Giantin (610281, 610439,
610960; BD Biosciences, Mississauga,
Canada); B1 (P4C10; Developmental Studies
Hybridoma Bank, lowa City, IA); GS15
(PRB114C; Cederlane, Burlington, Canada);
VAMP3 (PA1-767A; Fisher Scientific); and
Syntaxin2 and Syntaxin3 (ANR-008, ANR-
005; Alomone Labs, Jerusalem, Israel). All
secondary antibodies and Alexa Fluor
647-labeled phalloidin were purchased from
Invitrogen (Burlington, Canada). Generation
of MT1-MMP-GFP, GFP-SNAP23FL, GFP-
SNAP23CA9, GFP-SyntaxindFL, GFP-Syn-
taxindcyto, GFP-VAMP7FL, and GFP-VAMP-
7cyto is described elsewhere (Kean et al.,
2009; Skalski et al., 2010; Williams and
Coppolino, 2011). MT1-MMP-FLAG con-
struct was generated through PCR and
cloned into pcDNA3.1(-). Primers: forward,
5-TATAAAGAATTCGGTGGTCTCGGACCA
TGTC-3’; reverse, 5-ATAAAAAAGCTTTTAT-
TATTTATCATCATCATCTTTATAATCCCGC
GGAACCTTGTCCAGCAGGGAAC-3".
shRNAs against SNAP23 (144931 and
144789) and VAMP7 and siRNAs against
Syntaxin4  (ON-TARGETplus SMARTpool
L-016256-00 and ON-TARGETplus siRNA
J-016256-06) were purchased from Fisher
Scientific.

Cell culture and transfection
MDA-MB-231 cells were cultured in DMEM
(Sigma-Aldrich) supplemented with 10% fe-
tal bovine serum (FBS; Sigma-Aldrich) under
5% CO, at 37°C. Cells were transfected with
PolyPlus transfection reagent (VWR Interna-
tiona, Mississauga, Canada) as described by
the manufacturer’s protocol. All transfected
constructs were expressed for 18-24 h.

suggested that phosphatases have important roles in invadopodium ~ Immunofluorescence microscopy
formation (Murphy and Courtneidge, 2011), but few have been well  Cells were grown on glass coverslips coated as described under
characterized in this context, and this is an important area for future  Invadopodia formation assay and subsequently fixed (4% [wt/vol]

investigation. Collectively the work presented here identifies impor-  paraformaldehyde/phosphate-buffered  saline  [PBS])  and
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RNAi-mediated knockdown of SNAP23, Syntaxin4, or VAMP7 impairs MT1-MMP localization at invadopodia.
Cells were cotransfected with GFP along with shRNA control, shRNA SNAP23, shRNA VAMP7, siRNA control, or siRNA
Syntaxin4. A second set of constructs targeting SNAP23 (shRNA2) and Syntaxin4 (siRNA2) was used, and knockdown of
the SNAREs was confirmed by Western blot (A). Cells were plated on unlabeled (B) or 594-labeled (C) gelatin, fixed,
permeabilized, and stained for MT1-MMP and/or F-actin. (B) Localization of MT1-MMP (green) and F-actin (red) in
control cells or cells targeted for knockdown of SNAP23, VAMP7, or Syntaxin4. (C) Invadopodium-based degradation of
gelatin in control cells or cells transfected with RNAi constructs targeting SNAP23, Syntaxin4, or VAMP7. Invadopodial
degradation is represented by MT1-MMP (green) overlying dark areas on the gelatin (red). Scale bar, 10 pm.

permeabilized with 0.2% Triton X-100/PBS. Samples were then
blocked with 5% bovine serum albumin (BSA; wt/vol) powder/
PBS before staining with primary and secondary antibody,
followed by washing and mounting. Samples were imaged using
a 63x/numerical aperture 1.4 lens on a Leica DM-IRE2 inverted
microscope with a Leica TCS SP2 system (Leica, Heidelberg,
Germany). Images were captured using Leica Confocal Software.

ImageJ analysis

Pearson’s correlation analysis was performed using the Colocaliza-
tion Analysis plug-in. All images were processed to remove noise
and background, and region of interest was manually selected for
each image. Pearson’s correlation for pixels where intensity is
greater than the threshold for both channels is represented, and
values >0.5 represent a biological correlation and an observed
colocalization.

Invadopodia formation assay

Invadopodia formation was performed as previously described
(Artym et al., 2009). Briefly, coverslips were coated with 50 pg/ml
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PLL (Sigma-Aldrich), followed by 0.5% glutaraldehyde (Sigma-
Aldrich), and inverted on an 80-pl drop of Alexa 5%94-labeled
gelatin, incubated with 5 mg/ml Na borohydride (Sigma-Aldrich),
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. Control plates
were coated with 50 pg/ml PLL.

Cell invasion assay

Cell culture inserts, in 24-well dishes (Costar), were prepared with
and without (control) Matrigel. The bottom chamber was coated
with 20 ug/ml fibronectin and the upper chamber with 0.125 mg/m
Growth Factor Reduced Matrigel (BD Biosciences). MDA-MB-231
cells were transfected for 8 h, 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 in-
vaded toward chemoattractant (10% FBS/0.1%BSA) in the lower
chamber and penetrated the Matrigel were fixed with 4% para-
formaldehyde, stained with 4,6-diamidino-2-phenylindole (DAPI),
and counted. Cells that did not invade were removed with a
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Inhibition of SNARE function or knockdown of SNARE expression perturbs
invadopodium formation and cell invasion. Cells were cotransfected with GFP along with shRNA
control, shRNA1 or shRNA2 to SNAP23, shRNA to VAMP7, siRNA control, or siRNA1 or siRNA2
to Syntaxind4. Alternatively, cells were transfected with GFP-tagged constructs of SNAPFL,
SNAP23CA9, Syntaxin4dFL, or Syntaxin4cyto or subjected to inhibition of MT1-MMP by
treatment with SB-3CT pMS (900 nM) at the time of plating. (A) Invadopodium formation. Cells
were plated on Alexa 594-labeled gelatin for 3 h and microscopically analyzed. Cells with F-actin
punctae overlying dark areas of matrix degradation were counted as cells forming invadopodia.
Percentages of cells forming invadopodia, normalized to control (GFP-transfected cells), are
presented. Means + SEM from three independent experiments in which 100 cells/sample were
counted. (B) Cell invasion. After transfections/treatments, cells were serum starved for 2 h,
lifted, counted, and subjected to Transwell invasion assays using Matrigel. Cells invaded toward
10% FBS for 20 h and were then fixed and counted. (C) Cell migration. After transfections, cells
were lifted, counted, and subjected to Transwell migration assays. Means + SEM from three
independent experiments in which 100 cells/sample were counted. Asterisks denote values
significantly different from control cells (p < 0.05).

Cell migration assays

Boyden Transwell migration chambers
(Costar) were coated with 20 pg/ml fibronec-
tin on the bottom chamber. Transfected
cells were counted, and 20,000 cells/well in
serum-free media were added to the top
well. The lower wells were filled with
DMEM/10% FBS, and cells were allowed to
migrate for 6 h. The top and bottom of the
membrane was fixed in 4% paraformalde-
hyde/PBS, stained with DAPI, and mounted
on coverslips. Ten fields of cells on the mem-
brane were counted per experiment using
fluorescence microscopy. The data are pre-
sented as number of transfected cells that
migrated to the bottom membrane divided
by number of cells that remained on the top
membrane.

Coimmunoprecipitation

Cyanogen bromide-activated Sepharose
beads (Sigma-Aldrich) were coated with an-
tibody as per manufacturer’s instructions.
Cells were lysed in 1% NP-40, 0.5% NaDOC,
2 mM EDTA, 10% glycerol, 137 mM NaCl,
20 mM Tris-HCI, pH 8.0, 10 mM NaF, 10 mM
NasP,07, 0.2 mM Na3VO,, and protease
inhibitor cocktail (Sigma-Aldrich). Lysate was
incubated with antibody bound beads over-
night at 4°C and washed three times with
lysis buffer followed by four washes with
0.1% Tween/PBS. Bound proteins were
eluted using 2.5x SDS running buffer heated
to 100°C. Alternatively, cell lysates were in-
cubated with antibody for 4 h, followed by
protein G magnetic bead (New England
BioLabs) addition for 2 h, extensively
washed, and eluted using 2.5x SDS running
buffer heated to 50°C. Proteins were sepa-
rated using SDS-PAGE and analyzed by
Western blot.

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 h
on coverslips or plates prepared as de-
scribed under Invadopodia formation assay.
Cell membranes and cytoskeleton were sta-
bilized with a buffer containing 10 mM 3-(N-
morpholino)propanesulfonic acid, pH 6.8,
100 mM KCl, 2.5 mM MgCl,, 0.3 M sucrose,
1 mM Na3VOy, 10 mM NaF, and 10 mM
NayP,07 (shearing buffer). Cells were placed
on ice and then sheared in the same buffer

cotton swab before fixation of sample. Ten fields of cells per mem-  with the addition of protease inhibitor cocktail (Sigma-Aldrich). Cell
brane were counted. The data are presented as the number of  bodies were sheared by gently sweeping an L-shaped glass pipette
cells that invaded through the Matrigel divided by the number of  rod across the entire surface. Conformation of cell body removal
cells that migrated through the control insert (setting mock-  was determined by phase-contrast microscopy. Cell bodies were
treated, GFP-transfected cells at 100%). immediately pelleted, and the supernatant fraction was obtained
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FIGURE 8: A model for MT1-MMP trafficking to invadopodia.
MT1-MMP localizes to the late endosomal compartment,
characterized by VAMP7, and is targeted to invadopodia, where it
functions to degrade the extracellular matrix. 1) VAMP7 is located on
MT1-MMP-containing vesicles, and Syntaxin4 and SNAP23 are on the
target membrane (site of invadopodium formation). 2) Syntaxin4
associates with SNAP23; this correlates with dephosphorylation of
Syntaxin4. 3) The SNAP23-Syntaxin4 complex can bind VAMP7,
facilitating membrane fusion and 4) delivery of MT1-MMP to forming
invadopodia.

with the cell body fraction and lysed in 1% NP-40, 0.5% NaDOC, 2
mM EDTA, 10% glycerol, 137 mM NaCl, 20 mM Tris-HCI, pH 8.0, 10
mM NaF, 10 mM Na4P,07, 0.2 mM Na3VO,, and protease inhibitor
cocktail. Sheared plates containing invadopodia embedded into
the matrix were washed three 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.
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