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Tumor cell invasion involves targeted localization of proteins
required for interactions with the extracellular matrix and for
proteolysis. The localization of many proteins during these cell–
extracellular matrix interactions relies on membrane trafficking
mediated in part by SNAREs. The SNARE protein syntaxin4
(Stx4) is involved in the formation of invasive structures called
invadopodia; however, it is unclear how Stx4 function is regu-
lated during tumor cell invasion. Munc18c is known to regulate
Stx4 activity, and here we show that Munc18c is required for
Stx4-mediated invadopodium formation and cell invasion. Bio-
chemical and microscopic analyses revealed a physical associa-
tion between Munc18c and Stx4, which was enhanced during
invadopodium formation, and that a reduction in Munc18c
expression decreases invadopodium formation. We also found
that an N-terminal Stx4-derived peptide associates with
Munc18c and inhibits endogenous interactions of Stx4 with
synaptosome-associated protein 23 (SNAP23) and vesicle-asso-
ciated membrane protein 2 (VAMP2). Furthermore, expression
of the Stx4 N-terminal peptide decreased invadopodium forma-
tion and cell invasion in vitro. Of note, cells expressing the Stx4
N-terminal peptide exhibited impaired trafficking of membrane
type 1 matrix metalloproteinase (MT1-MMP) and EGF receptor
(EGFR) to the cell surface during invadopodium formation. Our
findings implicate Munc18c as a regulator of Stx4-mediated
trafficking of MT1-MMP and EGFR, advancing our understand-
ing of the role of SNARE function in the localization of proteins
that drive tumor cell invasion.

The process of metastasis is dependent on tumor cell inva-
sion through the extracellular matrix (ECM),2 a supportive
scaffold that acts to compartmentalize tissues (1). Tumor cell
invasion through the ECM barrier can be viewed as a multistep
process comprising cell adhesion, ECM proteolysis, and cell
migration (2). To move through the ECM, tumor cells that have
acquired an invasive phenotype utilize integrin receptors to

engage with ECM components and also secrete matrix metal-
loproteinases (MMPs) to facilitate degradation of the ECM,
ultimately promoting migration. Recent models suggest that
tumor cell invasion can be mediated by subcellular structures
called invadopodia. Invadopodia are F-actin– driven cell mem-
brane protrusions, related to podosomes, that facilitate matrix
metalloproteinase–mediated degradation of the ECM (3). Inva-
dopodia have been studied in cancer cells in a variety of
microenvironments in vitro (4, 5), and evidence from in vivo
studies supports their role in the dissemination of tumor cell
populations (6, 7).

Membrane trafficking of proteins to invadopodia is required
for their formation and function in support of tumor cell inva-
sion (8). Intracellular trafficking of cellular cargo is dependent
on SNAREs, a family of membrane proteins that form com-
plexes bridging apposed membranes and allowing membrane
fusion (9). SNAREs are divided into two subfamilies: R- and
Q-SNAREs, based on conserved arginine or glutamine residues,
respectively. R-SNAREs are generally found on vesicles,
whereas Q-SNAREs reside on target membranes. Fusion of
membranes requires the formation of a trans-SNARE complex
in which the SNARE domains of Q-SNAREs and R-SNAREs
interact (9). Current models suggest that cellular invasion and
invadopodium formation are dependent on the SNARE-medi-
ated trafficking of proteins that facilitate invasion through the
ECM (10 –13) as well as cell migration (14 –18). Syntaxin4
(Stx4) is a SNARE protein implicated in the trafficking of mem-
brane type 1 matrix metalloproteinase (MT1-MMP) to the
plasma membrane (19), including sites of invadopodium for-
mation in MDA-MB-231 cells (11). To examine the regulation
of Stx4 during tumor cell invasion, we analyzed the function of
Munc18c, a known regulator of Stx4 activity belonging to the
Sec1/Munc18 (SM) family of proteins (20). SM proteins are
�65-kDa proteins found both in the cytosol and associated
with membranes via interaction with cognate SNAREs (21, 22).
SM proteins are viewed as regulators of SNARE function as well
as mediators of SNARE complex formation that facilitate mem-
brane fusion (23). Munc18c has broad tissue distribution (24)
and has been implicated in several Stx4-mediated pathways,
including insulin-stimulated glucose uptake in adipocytes (24 –
27), insulin exocytosis (26), neutrophil secretion (28), and pan-
creatic exocrine secretion (29). Insulin also stimulates the
assembly of Stx4-containing complexes that involves the phos-
phorylation of Munc18c on Tyr-521 (27, 30).
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To study the role of Munc18c during tumor cell invasion, we
examined the effects of Munc18c knockdown and inhibition of
endogenous Munc18c–Stx4 interactions in MDA-MB-231 and
HT-1080 cells. We report that Munc18c and Stx4 association is
enhanced under conditions in which cells are forming invado-
podia, and knockdown of Munc18c impaired invadopodium
formation. Expression of a peptide comprising the N-terminal
29 amino acids of Stx4 interfered with the interaction of endog-
enous Munc18c and Stx4, decreased trafficking of MT1-MMP
and epidermal growth factor receptor (EGFR) to the cell sur-
face, impaired invadopodium formation, and reduced cell inva-
sion. These findings suggest that Munc18c is required to regu-
late Stx4 function during tumor cell interactions with the ECM.

Results

Stx4 and Munc18c association is enhanced during
invadopodium formation

Previous studies have shown that Stx4 and Munc18c interact
and that Munc18c plays an important role during Stx4-medi-
ated exocytosis through this interaction (20, 29). To test
whether Munc18c and Stx4 associate in MDA-MB-231 cells,
co-immunoprecipitation experiments were performed. Cells
were lysed in situ, and analysis of Munc18c immunoprecipi-
tates revealed co-immunoprecipitation of Stx4 (Fig. 1A).
Immunoprecipitates of Munc18c were also probed for syn-
taxin3 (Stx3), but co-immunoprecipitation of Stx3 was not
observed (Fig. 1B). Consistent with the co-immunoprecipita-
tion of Stx4 and Munc18c, confocal immunofluorescence
microscopy revealed that Stx4 and Munc18c have a partly
overlapping distribution near the ventral membrane of cells,
whereas Stx3 and Munc18c do not (Fig. 1C).

To assess the association of Stx4 and Munc18c during inva-
dopodium formation, cells were seeded onto gelatin (an ECM
analogue) or a non-ECM substrate (poly-L-lysine, PLL) as a
control. Cells were lysed in situ, and analysis of Munc18c
immunoprecipitates determined that the amount of Stx4 asso-
ciated with Munc18c was increased in samples plated on gelatin
when normalized to the amount of Munc18c immunoprecipi-
tated in each sample (Fig. 1D). An increase of 21.4% � 2.3% in
the amount of Stx4 co-immunoprecipitated with Munc18c was
observed when cells were seeded onto PLL relative to unlifted
cells, and an increase of 52.0% � 3.7% was observed during
invadopodium formation on gelatin (Fig. 1E). These results
suggest that Munc18c and Stx4 associate in a manner that
increased significantly during invadopodium formation.

Knockdown of Munc18c impairs invadopodium formation

Involvement of Munc18c at invadopodia was supported by
microscopic analysis of the localization of Munc18c during
invadopodium formation. Munc18c was observed, along with
Stx4, at invadopodia marked by �1 integrin and focal points of
degradation in labeled gelatin (Fig. 2A). To test the requirement
for Munc18c function in invadopodium formation, cells were
transfected with a pool of siRNA targeting human Munc18c or
nonspecific control siRNA. Knockdown of Munc18c was seen
after 48 h, when Munc18c protein levels were reduced by 47.5% �
2.8%. Protein levels of �1 integrin and MT1-MMP were unaf-
fected (0.05% � 0.08% and 0.08% � 0.04%, respectively) (Fig. 2,

B and C). Invadopodium formation was subsequently analyzed,
and the number of cells forming invadopodia was reduced by
56.2% � 4.0% in samples with decreased levels of Munc18c
expression relative to controls (Fig. 2, D and E).

An Stx4 N-terminal peptide associates with Munc18c and
inhibits cognate SNARE binding with endogenous Stx4

Previous work has shown that the N-terminal 29 amino acids
of Stx4 are required for binding to Munc18c in vitro and in vivo
(31). In vitro pulldown experiments showed that the presence of
this polypeptide reduced the degree of association between
Munc18c and Stx4, suggesting that this N-terminal domain can
act as a competitive inhibitor of Munc18c and Stx4 interactions

Figure 1. Analysis of Stx4 and Munc18c association in MDA-MB-231 cells.
A, Munc18c immunoprecipitates were probed for Munc18c (arrow) and Stx4
(arrow). B�A, beads plus antibody; B�L, beads plus lysate; B�L�IgG, beads
plus lysate plus unrelated IgG; IP, immunoprecipitation; Ms, mouse. B,
Munc18c immunoprecipitates were probed for Munc18c, Stx4 (arrow), and
Stx3 (arrow). C, cells were grown for 4 h on glass coverslips, fixed, permeabi-
lized, and stained for either Munc18c and Stx4 or Munc18c and Stx3. A repre-
sentative confocal section from the ventral region of a cell is shown. Scale
bars � 10 �m. D, analysis of Stx4 and Munc18c association during invadopo-
dium formation (IVF). Cells were seeded onto coverslips coated with PLL or
gelatin, incubated for 4 h, lysed, and analyzed by immunoprecipitation/West-
ern blotting. Munc18c immunoprecipitates were probed for Munc18c and
Stx4 (arrow). E, quantification of Stx4 co-immunoprecipitated with Munc18c.
Percent of controls are from three independent experiments � S.D. Asterisks
denote values significantly different from control unlifted cells (*, p � 0.05).
All data represent three or more biological replicates with at least three tech-
nical replicates.
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(31). We hypothesized that an exogenously expressed peptide
corresponding to the N-terminal 29 amino acids of Stx4 would
bind to endogenous Munc18c and therefore impair normal
Munc18c-dependent SNARE complex formation involving
Stx4. A GFP-tagged construct encoding the N-terminal 29
amino acids of Stx4 (GFP–Stx4 –N-term) was used to derive a
stable cell line from MDA-MB-231 cells. Stable cell lines
expressing GFP or GFP-Stx4-FL were also generated. Co-im-
munoprecipitations were done using GFP cells and GFP–Stx4 –

N-term cells lysed in situ. GFP immunoprecipitates from GFP–
Stx4 –N-term cells were found to contain a GFP-tagged protein
with a molecular mass of �31 kDa, as predicted for the GFP–
Stx4 –N-term construct. These immunoprecipitates also con-
tained Munc18c, consistent with the association of Munc18c
and the N-terminal peptide construct (Fig. 3A). To assess
whether the GFP–Stx4 –N-term construct was able to compete
with full-length Stx4 for binding to Munc18c, parental MDA-
MB-231 cells and GFP–Stx4 –N-term stable cells were tran-

Figure 2. RNAi-mediated knockdown of Munc18c impairs invadopodium formation. A, distribution of Munc18c during the formation of invadopodia.
Cells were analyzed by confocal microscopy after being plated on Alexa Fluor 594 –labeled gelatin for 4 h, fixed, permeabilized, and stained as indicated: �1
integrin and Stx4 (cyan, white arrows), Munc18c (green, yellow arrows). Dark spots in the gelatin field indicate sites of gelatin degradation corresponding to
invadopodia. B, cells were transfected with siRNA targeting Munc18c or nonspecific control siRNA, lysed, and analyzed for Munc18c by SDS-PAGE/Western
blotting. C, quantification of Munc18c knockdown normalized to actin. D, cells with F-actin puncta overlying dark spots of gelatin degradation were counted as
cells forming invadopodia. Shown are percentages of cells forming invadopodia, normalized to control (GFP-transfected) cells. E, invadopodium-based
degradation of Alexa Fluor 594 gelatin by cells co-transfected with GFP and control siRNA or Munc18c siRNA. Cells were transfected for 44 h, seeded onto
gelatin for 4 h, and then fixed, permeabilized, stained for F-actin, and analyzed by confocal microscopy. Percent of controls are from three independent
experiments � S.D. Asterisks denotes values significantly different from control cells (*, p � 0.05). Scale bars � 10 �m. All data represent three or more biological
replicates with at least three technical replicates.
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siently transfected with Stx4-FL-3xFLAG. Cells were lysed 24 h
after transfection, and FLAG was immunoprecipitated (Fig.
3B). In GFP–Stx4 –N-term stable cells, a 62.45% � 6.65%
decrease in the amount of Munc18c co-immunoprecipitated
compared with parental cells was observed (Fig. 3C).

To determine whether expression of GFP–Stx4 –N-term
inhibits endogenous Stx4 from forming cognate SNARE
complexes, we immunoprecipitated SNAP23 from cells stably
expressing GFP–Stx4 –N-term and observed nearly undetect-
able amounts of Stx4 associated with SNAP23 compared with
cells expressing GFP-Stx4-FL or non-transfected MDA-MB-
231 control cells (Fig. 4, A and B). VAMP2 was also immuno-
precipitated from GFP-Stx4-FL and GFP–Stx4 –N-term stable
cells, and co-immunoprecipitation of endogenous Stx4 was
assessed (Fig. 4C). GFP–Stx4 –N-term stable cells showed a
decrease of 93.25% � 24.11% in the amount of Stx4 that was
co-immunoprecipitated with VAMP2 compared with GFP-
Stx4-FL cells (Fig. 4D).

Expression of Stx4 N-terminal peptide impairs invadopodium
formation and gelatin degradation

Having observed inhibition of Stx4-SNAP23 complex forma-
tion caused by expression of GFP–Stx4 –N-term, the effect of
transient expression of this construct on invadopodium forma-
tion was examined. Overexpression of GFP–Stx4 –N-term
reduced the number of cells forming invadopodia by 65.1% �
1.3% (Fig. 5, A and B). Transfection of cells with the N terminus
of Stx3 did not alter invadopodium formation (Fig. 5B). To
determine whether expression of the Stx4 N-terminal peptide
and Munc18c knockdown were affecting the same pathway
during invadopodium formation, we co-transfected cells with
GFP–Stx4 –N-term and Munc18c siRNA. Co-transfection did
not cause a significantly different change in invadopodium
formation compared with transfections with either the GFP–
Stx4 –N-term or Munc18c siRNA alone (Fig. 5B). ECM degra-
dation was examined by transfecting cells with GFP, GFP-Stx4-
FL, or GFP–Stx4 –N-term for 24 h and then plating onto

Figure 3. Association of Stx4 N-terminal peptide reduces endogenous Munc18c binding to Stx4-FL 3xFLAG. A, parental MDA-MB-231 cells, GFP-
expressing stable cells, and GFP–Stx4 –N-term– expressing stable cells were lysed, and GFP was immunoprecipitated. Immunoprecipitates (IP) were probed for
Munc18c (arrow). B�A, beads plus antibody; FLAG IgG, beads plus mouse anti-FLAG antibody plus GFP–Stx4 –N-term peptide lysate; Rabbit IgG, rabbit IgG plus
Stx4 N-terminal peptide lysate. B, parental and stable cells expressing GFP–Stx4 –N-term were transiently transfected with Stx4-FL 3xFLAG for 24 h and lysed,
and FLAG was immunoprecipitated. Immunoprecipitates were probed for Munc18c and FLAG (arrow). B�L, beads plus lysate from parental cells. C, densitom-
etry of the amount of Munc18c co-immunoprecipitated relative to Stx4-FL 3xFLAG as shown in B. All data are presented as percent of control � S.D. The asterisk
denotes values significantly different from control (parental cells) (*, p � 0.05). All data represent three or more biological replicates with at least three technical
replicates.
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fluorescent gelatin for 24 h. Relative to GFP-expressing cells,
no significant change in gelatin degradation was seen for
GFP-Stx4-FL–expressing cells. GFP–Stx4–N-term–expressing
cells exhibited a 62.2% � 2.0% decrease in gelatin degradation
compared with GFP-Stx4-FL– expressing cells (Fig. 5C).

Stable cell lines were also used to assess invadopodium for-
mation, and similar results were found. Relative to parental
MDA-MB-231 cells, no significant change in invadopodium
formation was observed for GFP or GFP-Stx4-FL cell lines. The
GFP–Stx4 –N-term cell line displayed a 50.7% � 5.4% decrease
in invadopodium formation (Fig. 6, A and B). In gelatin degra-
dation assays, no significant difference was observed between
GFP or GFP-Stx4-FL cells. GFP–Stx4 –N-term cells displayed a
74.4% � 0.8% decrease in gelatin degradation compared with
GFP-Stx4-FL control cells (Fig. 6C).

Expression of the Stx4 N-terminal peptide inhibits cellular
invasion and trafficking of MT1-MMP and EGFR to the cell
surface

Stx4 and SNAP23 have been shown previously to contribute
to trafficking of MT1-MMP in MDA-MB-231 cells (11). Given

the observed reduction in Stx4 –SNAP23 and Stx4 –VAMP2
interactions in cells expressing GFP–Stx4 –N-term (Fig. 4B),
we analyzed the trafficking of key regulators required for inva-
dopodium formation and ECM invasion. The amount of MT1-
MMP, EGFR, and �1 integrin at the plasma membrane during
invadopodium formation was assessed by biotinylating cell sur-
face proteins (Fig. 7, A and B). It was found that MT1-MMP,
EGFR , and �1 integrin cell surface levels on GFP-Stx4-FL stable
cells were reduced by 41.2% � 0.1% and 24.7% � 0.1%, respec-
tively, compared with parental cells (Fig. 7B). Cell-surface
MT1-MMP was further reduced by 40.0% � 0.2%, and cell sur-
face EGFR was further reduced by 48.1% � 0.1% in cells stably
expressing GFP–Stx4 –N-term compared with those express-
ing GFP-Stx4-FL. The levels of �1 integrin at the cell surface,
although variable to some extent, were not found to be sig-
nificantly different in any of the cell lines. Given that inva-
dopodium formation, gelatin degradation, and trafficking of
MT1-MMP and EGFR were decreased in cells stably express-
ing GFP–Stx4 –N-term, the ability of these cells to invade
was examined using Matrigel-based invasion assays. Cells
expressing GFP–Stx4 –N-term exhibited a 77.0% � 2.9%

Figure 4. Association of Stx4 N-terminal peptide with Munc18c inhibits Stx4 –SNAP23 and Stx4 –VAMP2 interaction. A, parental MDA-MB-231 cells, and
stable cells expressing either GFP-Stx4-FL or GFP–Stx4 –N-term were lysed, and SNAP23 was immunoprecipitated. Immunoprecipitates (IP) were probed for
Stx4 (arrow) and SNAP23. B�A, beads plus antibody; B�L, beads plus lysate from parental cells. B, densitometry of the amount of Stx4 co-immunoprecipitated
relative to SNAP23 as shown in A. C, parental MDA-MB-231 cells and stable cells expressing either GFP-Stx4-FL or GFP–Stx4 –N-term were lysed, and VAMP2 was
immunoprecipitated. Immunoprecipitates were probed for Stx4 and VAMP2. D, densitometry of the amount of Stx4 co-immunoprecipitated relative to VAMP2
as shown in C. All data are presented as percent of control � S.D. Asterisks denote values significantly different from control (parental cells) (*, p � 0.05). All data
represent three or more biological replicates with at least three technical replicates.
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reduction in invasion compared with cells expressing GFP-
Stx4-FL (Fig. 7C). No significant difference was found between
parental MDA-MB-231 cells, GFP cells, and GFP-Stx4-FL
cells.

Inhibition of expression and function of Munc18c shows a
conserved phenotype between tumor cell lines

To determine whether similar phenotypes are seen in other
invasive cell lines, the effect of siRNA knockdown and inhibi-
tion of Munc18c on invadopodium formation and gelatin deg-
radation was performed in HT-1080 fibrosarcoma cells. Immu-
noprecipitation of Munc18c from HT-1080 cells revealed

co-immunoprecipitation of Stx4 but not Stx3 (Fig. 8A).
HT-1080 cells were then transfected with a pool of siRNA tar-
geting human Munc18c or nonspecific control siRNA (Fig. 8B),
and clear knockdown of Munc18c expression was observed
after 48 h (Fig. 8, B and C). Invadopodium formation was then
analyzed, and the number of cells forming invadopodia was
reduced by 73.0% � 10.5% in samples with reduced Munc18c
expression (Fig. 8D). Consistent with this observation, expres-
sion of GFP–Stx4 –N-term caused a decrease (44.79% �
14.06%) in invadopodium formation compared with cells
expressing GFP-Stx4-FL (Fig. 8E). Inhibiting Munc18c through
expression of GFP–Stx4 –N-term in HT-1080 cells also

Figure 5. Stx4 N-terminal peptide impairs invadopodium formation and gelatin degradation. A, invadopodium-based degradation of gelatin by cells
transfected with GFP (Control), GFP-Stx4-FL, and GFP–Stx4 –N-term. Cells were transfected for 20 h, seeded onto fluorescent gelatin for 4 h, and then fixed,
permeabilized, stained for F-actin, and analyzed by confocal microscopy. Scale bars � 10 �m. B, quantification of invadopodium formation. Cells were
transfected with the following: GFP alone, GFP-Stx4-FL, GFP–Stx4 –N-term, GFP-Stx3 N-terminal peptide, GFP � control siRNA, GFP � Munc18c siRNA,
GFP-Stx4-FL � siRNA Control, GFP-Stx4-FL � siRNA Munc18c, GFP–Stx4 –N-term � siRNA control, and GFP–Stx4 –N-term � Munc18c siRNA. Cells were
transfected for 44 h and then seeded onto fluorescent gelatin and processed as in A. Cells with F-actin puncta overlying dark spots of gelatin degradation were
counted as cells forming invadopodia. Percentages of cells forming invadopodia, normalized to GFP alone, were determined by counting 50 cells/sample. C,
cells expressing either GFP, GFP-Stx4-FL, or GFP–Stx4 –N-term were transfected for 24 h, seeded onto fluorescent gelatin for 24 h, and then fixed. Parental cells
and cells expressing GFP were analyzed for dark areas of degradation and scored as described under “Experimental procedures.” All data are presented as
percent of control � S.D. Asterisks denote values significantly different from control (*, p � 0.05). All data represent three or more biological replicates with at
least three technical replicates.
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decreased gelatin degradation by 57.76% � 5.00% compared
with GFP-Stx4-FL control cells (Fig. 8F).

Discussion

SNARE-mediated trafficking is important for several aspects
of tumor cell invasion (10 –13), including invadopodium for-
mation (8, 9), cell migration (14 –18), and MMP-directed ECM
degradation (19). Although SNAREs have been shown to play
important roles in these processes, there remains much to be
understood about how SNARE function is regulated during

tumor cell invasion. Previous research has described the SM
protein Munc18c as both a negative (32, 33) and positive regu-
lator of its binding partner Stx4 (25, 31, 34). Here we demon-
strate that Munc18c contributes to invadopodium formation
and cell invasion in MDA-MB-231 and HT-1080 cells by facil-
itating Stx4-mediated trafficking. Stx4-mediated membrane
traffic is required for delivery of MT1-MMP and EGFR to the
plasma membrane and can thus support modulation of ECM
interactions during tumor cell invasion. SM proteins form
interactions with their cognate syntaxins and play an important

Figure 6. Stable cell lines expressing Stx4 N-terminal peptide have reduced invadopodium formation and gelatin degradation. A, parental MDA-MB-
231 cells and stable cell lines expressing GFP, GFP-Stx4-FL, or GFP–Stx4 –N-term were seeded onto Alexa Fluor 594 –labeled gelatin and incubated for 4 h prior
to fixation, staining for F-actin, and analysis by confocal microscopy. Scale bars � 10 �m. B, quantification of invadopodium formation. Cells with F-actin puncta
overlying dark spots of gelatin degradation were counted as cells forming invadopodia. Percentages of cells forming invadopodia are shown from three
independent experiments in which 100 cells/sample were counted and normalized to parental MDA-MB-231 cells. C, quantification of gelatin degradation.
Parental, GFP, GFP-Stx4-FL, and GFP–Stx4 –N-term stable cells were plated onto fluorescent gelatin for 24 h and then fixed. Cells were analyzed for dark areas
of degradation and scored as described under “Experimental Procedures.” Percentages of cells degrading gelatin are shown from three independent exper-
iments in which 50 cells/sample were analyzed. All data are presented as percent of control � S.D. Asterisks denote values significantly different from control
(*, p � 0.05). All data represent three or more biological replicates with at least three technical replicates.
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role in regulating membrane fusion (21). Munc18c and Stx4
have been shown to associate in some cell lines (e.g. 3T3-L1
adipocytes) (20, 25); however, their interaction has not been
well studied in cancer cell lines. Our findings suggest that the
interaction of Munc18c and Stx4 is a novel and important point
of regulation in the control of MT1-MMP-mediated ECM deg-
radation by invasive tumor cells.

The observed distribution of Stx4 in MDA-MB-231 cells is
consistent with its function at the plasma membrane and pos-
sibly on membrane-bound compartments that contribute to
the transport of material to and from the cell surface (Fig. 1B).
Analyses of the distributions of Munc18c and Stx4 revealed that
these two proteins partly co-localize in cells at rest or forming

invadopodia. Co-immunoprecipitation of Munc18c and Stx4
was enhanced in cells forming invadopodia, compared with
non-invading cells, without an obvious change in the co-local-
ization of the proteins. This suggests that Munc18c and Stx4
might interact in a manner that increases in affinity during
invadopodium formation. Munc18c and Stx4 were found to
co-immunoprecipitate; however, in some cases we did observe
a small increase in the molecular weight of the Munc18c bound
to Stx4. It is possible that this represents a posttranslationally
modified form of Munc18c, which could influence its affinity
for Stx4, and future studies are planned to explore this.

Previous studies have shown that inhibition or RNAi-medi-
ated knockdown of Munc18c impairs Stx4-mediated exocytic

Figure 7. Stx4 N-terminal peptide expression reduces cell surface levels of MT1-MMP and EGFR as well as cellular invasion. A, parental MDA-MB-231
cells and stable cell lines expressing GFP, GFP-Stx4-FL, or GFP–Stx4 –N-term were plated onto gelatin for 4 h, exposed to biotin, and then lysed and analyzed by
precipitation with streptavidin beads. Cell surface protein levels of �1 integrin, MT1-MMP, EGFR, and �-tubulin were assessed by Western blotting. Parental
biotin �ve indicates cells exposed to buffer only. B, densitometric analysis of the amount of �1 integrin, EGFR, and MT1-MMP in streptavidin precipitations, as
in A, relative to control. C, parental, GFP, GFP-Stx4-FL, and GFP–Stx4 –N-term stable cells were serum-starved for 24 h, seeded onto transwell membranes coated
with Matrigel or uncoated membranes (control), and allowed to invade for 20 h. Percentages of cells invading are shown from experiments in which at least 10
fields of view were counted per treatment. All data represent percent of control � S.D. Asterisks denote values significantly different from control (*, p � 0.05).
All data represent three or more biological replicates with at least three technical replicates.
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events such as GLUT4 translocation (25, 27). Here, RNAi-me-
diated knockdown of Munc18c was observed to significantly
inhibit invadopodium formation in MDA-MB-231 and HT-
1080 cells, similar to that observed when Stx4 was knocked
down by siRNA (11). Together, the observations support a
model wherein Stx4-mediated trafficking to the plasma mem-
brane facilitates the delivery of proteins required for invadopo-
dium formation in a manner that is regulated, in part, by
Munc18c. How Munc18c functions to regulate Stx4 function
is not clearly understood. Studies have demonstrated that
Munc18c binds to the N terminus of Stx4, which may place Stx4
into a more open conformation that facilitates SNARE complex
assembly (31). Consistent with this, the binding of Munc18c to
Stx4 has been found to involve Phe-119 of Munc18c and accel-
erate the formation of SNARE complexes (31). There is evi-
dence that Munc18c can associate with other SNAREs but may
only do so when interacting with the N-terminal domain of
Stx4 (31, 35). Therefore, it is reasonable to predict that overex-
pression of the N-terminal 29 amino acids of Stx4 could com-
pete for binding of Stx4 to Munc18c, and it has been shown that
this polypeptide can reduce the interaction of recombinant
Munc18c and Stx4 in pulldown experiments (31). Here we
expressed a GFP-tagged version of an Stx4 N-terminal peptide
in MDA-MB-231 cells and observed perturbations of the Stx4 –
SNAP23 interaction, Stx4 –VAMP2 interaction, MT1-MMP
and EGFR trafficking, invadopodium formation, and cell inva-
sion. Our observations of reduced interaction between SNAP23
and Stx4, as well as Stx4 and VAMP2, resulting from expression
of the Stx4 N-terminal peptide are consistent with previous
findings that the Munc18c–Stx4 interaction promotes complex
formation involving Stx4, VAMP2, and SNAP23 (31). Further-
more, experiments performed in HT-1080 cells revealed that
regulation of Stx4 by Munc18c is conserved between two inva-
sive cancer cell lines. Studies to examine the effect of Stx4
N-terminal peptide expression in primary cells (for example,
using a Tat-tagged construct) can now be undertaken to further
our understanding of how Stx4 contributes to cell invasion.

It has been demonstrated previously that SNAREs are
involved in the trafficking of key invadopodial proteins to the
cell surface, including EGFR (12) and MT1-MMP (11). Here we
find that the regulation of Stx4 by Munc18c is required for
MT1-MMP and EGFR trafficking to the cell surface and that
disruption of this contributes to decreased invadopodium for-
mation and cell invasion. This is consistent with a role for Stx4
in invadopodium formation and cell invasion, as determined
previously by siRNA knockdown of Stx4 (11). It has also been
shown that a significant decrease in EGFR levels at the cell
surface results when SNAP23 and syntaxin13 function are
impaired (12), which is also consistent with our findings.
Decreases in MT1-MMP and EGFR at the cell surface were
observed in cells stably expressing GFP-Stx4-FL, but these
changes did not correlate with alteration of invadopodium for-
mation or cell invasion.

Over the past decade it has become clear that trafficking of
MMPs and adhesion molecules has an essential role in the
remodeling of the ECM during tumor cell invasion, facilitating
tumor cell movement through interstitial tissues. The model
that has emerged involves formation of invadopodia and sub-

Figure 8. Inhibition of expression and function of Munc18c shows a con-
served phenotype in HT-1080 cells. A, Munc18c immunoprecipitates (IP)
were probed for Munc18c and Stx4. B�A, beads plus antibody; B�L, beads
plus lysate; B�L�IgG, beads plus lysate plus unrelated IgG. B, HT-1080 cells
were transfected with siRNA targeting Munc18c or nonspecific control siRNA,
lysed, and analyzed for Munc18c by SDS-PAGE/Western blotting. C, quantifi-
cation of Munc18c knockdown normalized to GAPDH. D, quantification of
invadopodium formation. Cells were transfected with siRNA targeting
Munc18c or nonspecific control siRNA for 44 h and then plated onto fluores-
cent gelatin for 4 h. Cells with F-actin puncta overlying dark spots of gelatin
degradation were counted as cells forming invadopodia. Percentages of cells
forming invadopodia are shown from three independent experiments in
which 50 cells/sample were counted and normalized to parental MDA-MB-
231 cells. E, invadopodium-based degradation of Alexa Fluor 594 gelatin by
cells transfected with GFP (control), GFP-Stx4-FL, or GFP–Stx4 –N-term. Cells
were transfected for 20 h, seeded onto fluorescent gelatin for 4 h, and then
fixed, permeabilized, stained for F-actin, and analyzed by confocal micros-
copy. Percentages of cells forming invadopodia are shown from three inde-
pendent experiments in which 50 cells/sample were counted and normalized
to GFP-expressing cells. F, cells were transfected with GFP (control), GFP-Stx4-
FL, or GFP–Stx4 –N-term for 24 h, plated onto fluorescent gelatin for 24 h, and
then fixed. Cells were analyzed for dark areas of degradation and scored as
described under “Gelatin degradation assay.” Percentages of cells degrading
gelatin are presented as the mean � S.D. from three independent experi-
ments in which 50 cells/sample were analyzed. Asterisks denote values signif-
icantly different from control (*, p � 0.05). All treatments are a percentage of
GFP alone, which was used as the control group. All data represent three or
more biological replicates with at least three technical replicates.
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sequent matrix degradation by invasive tumor cells through
coordinated cytoskeletal rearrangements and membrane traf-
ficking. Although membrane traffic mediated by SNAREs, exo-
cyst complexes, and other components of the membrane fusion
machinery is crucial to tumor cell invasion (8), the direct roles
of regulators of SNARE function in cell invasion remain to be
defined. To our knowledge, our findings represent the first
direct evidence of an SM family member regulating SNARE
function during tumor cell invasion. Previous studies have
identified gelsolin as an interaction partner of Stx4 (36), and
gelsolin has been shown separately to have a role during inva-
dopodium formation (37). Whether the interaction between
gelsolin and Stx4 influences invadopodium formation and cell
invasion is not known and remains to be studied. Our findings
implicate the interaction of Stx4 and Munc18c in trafficking of
MT1-MMP and EGFR, and this advances our understanding of
the SNARE-mediated mechanisms that coordinate the local-
ization of proteins that drive tumor cell invasion.

Experimental procedures

Reagents and cDNA constructs

Reagents and chemicals were purchased from either Fisher
Scientific Ltd. (Nepean, ON, Canada) or Sigma-Aldrich Co. (St.
Louis, MO) unless otherwise indicated. Antibodies were
purchased from the following suppliers: rabbit anti-VAMP2
(Affinity Bioreagents, PA1 766); rabbit anti-MMP14, mouse
anti-MMP14, rabbit anti-GFP, and rabbit anti-Munc18c
(Abcam, ab3644, ab78738, ab290, and ab175238, respectively);
mouse anti-Munc18c, mouse anti-SNAP23, mouse anti-syn-
taxin3, and rabbit anti-EGFR (Santa Cruz Biotechnology,
sc-373813, sc-166244, sc-393518, and sc-03, respectively);
mouse anti-syntaxin4 (BD Biosciences, 610439); rabbit anti-
syntaxin4 (Alomone Labs, ANR-004); mouse anti-actin (Pierce,
MA5-15739); mouse anti-�1 integrin, mouse anti-�-tubulin,
and mouse anti-GAPDH (Developmental Hybridoma Studies
Bank, P4C10, E7-s, and DSHB-hGAPDH-2G7, respectively);
and mouse anti-FLAG and mouse anti �-actin, (Sigma-Aldrich,
F3165 and A2228, respectively). All fluorescently labeled sec-
ondary antibodies, Hoechst 33342, and Alexa Fluor 647–
conjugated phalloidin were purchased from Life Technologies
(Mississauga, ON, Canada). Munc18c and control siRNA were
purchased from Santa Cruz Biotechnologies (SC-42312 and
SC-37007, respectively).

GFP-Stx4-FL is a construct of wild-type Stx4 with GFP fused
to the C terminus. The GFP moiety is lumenal or extracellular
when at the plasma membrane. The Stx4 –N-terminal peptide
is soluble. The GFP-Stx4-FL construct was cloned from a syn-
taxin4-myc-myc-His plasmid purchased from Addgene (plas-
mid 12377) into pEGFP-N1 using XhoI and KpnI. The follow-
ing oligonucleotides were used as primers: forward Stx4-FL
(5�-TTCACCTCGAGATGCGGGACAGGACCCAC-3�) and
reverse Stx4-FL (5�-TTCAGGTACCTCCAACCACTGT-
GACGCCAATG-3�). Stx4-FL 3xFLAG was PCR-amplified
from pEGFP-N1-Stx4-FL (above) and cloned into pcDNA3.1
3xFLAG using HindIII and KpnI. The following oligonucleo-
tides were used as primers: forward Stx4-FL 3xFLAG (5�-
TTCACAAGCTTATGCGGGACAGGACCCAC-3�) and the

same reverse primer as used for GFP-Stx4-FL (above). N-ter-
minal peptide from Stx4 was PCR-amplified from pEGFP-N1-
Stx4-FL (above) and cloned into pEGFP-N1 using XhoI and
KpnI to create the Stx4 N-terminal peptide fused to GFP (GFP–
Stx4 –N-term). The following oligonucleotides were used as
primers: forward Stx4 N-terminal (5�-TGACGGTAAATGG-
CCCGCCTGGCATTATG-3�) and reverse Stx4 N-terminal
(5�-TTTATCATTGGTACCGGGTGCACCACCAGCGCG-3�).
Expression of GFP-Stx4-FL and GFP–Stx4 –N-term were com-
pared with endogenous Stx4 by immunofluorescence micros-
copy (supplemental Fig. 1). Expression of Stx4-FL 3xFLAG in
parental and GFP–Stx4 –N-term stable cells was determined by
immunofluorescence microscopy (supplemental Fig. 2).

The N-terminal peptide from Stx3 was cloned from the syn-
taxin3-myc-myc-His plasmid purchased from Addgene (plas-
mid 12372) and cloned into pEGFP-N1 using HindIII and KpnI
to create the plasmid Stx3 N-terminal peptide fused to GFP.
The following oligonucleotides were used as primers: forward
Stx3 N-terminal (5�-TTCACAAGCTTATGAAGGACC-
GTCTGGAGCAGCTGAAGG-3�) and reverse Stx3 N-terminal
(5�-TTCACGGTACCCGTGTTGTCGATAGCAATCTC-
AACCG-3�).

Cell culture and transfection

MDA-MB-231 and HT-1080 cells were obtained from the
American Type Culture Collection (Manassas, VA) and cul-
tured in DMEM supplemented with 10% BCS. Stable cell lines
derived from MDA-MB-231 cells were cultured in selection
medium comprising DMEM supplemented with 10% BCS and
200 �g/ml G418 (BioShop). Growth conditions were kept at
37 °C with humidity and a 5% CO2 atmosphere. Cells were lifted
by using 5 mM EDTA/PBS (pH 7.4). For all experiments, cells
were used between 5 and 20 passages. All cells were passaged at
most 24 h before each experiment.

Cells were transfected using jetPRIME Polyplus (VWR Inter-
national) according to the protocol of the manufacturer. All
transiently transfected constructs were expressed for at least
24 h. Cells were transfected with 50 nM siRNA and underwent
knockdown for 48 h. Co-transfections were performed using a
1:10 molar ratio of marker pEGFP-N1 plasmid to siRNA for a
total of 48 h.

Creation of stable cell lines

MDA-MB-231 cells were transfected with either GFP-Stx4-
FL, GFP–Stx4 –N-term, or pEGFP-N1 alone (GFP control).
After 24 h, cells were lifted in selection medium and split at a
ratio of 1:4. When distinct colonies had formed and cells in the
control non-transfected plate died, 18 separate colonies were
lifted using a P200 pipette tip and reseeded. When confluent,
each colony-derived population of cells was split, and Western
blot analysis was used to confirm expression. The cell lines that
indicated the highest level of expression were propagated. Cells
were also viewed under epifluorescence to confirm that all cells
were GFP-positive. Equal expression between cell lines was
determined by Western blotting (supplemental Fig. 3A) and
epifluorescence microscopy (supplemental Fig. 3B).
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Invadopodium formation assay

Invadopodium formation was performed as described previ-
ously (11). Glass coverslips were coated with 50 �g/ml PLL/
PBS, followed by cross-linking with 0.5% gluteraldehyde/PBS.
Coverslips were then inverted onto 70 �l of Alexa Fluor 594 –
labeled gelatin. The coated coverslips were then incubated with
5 mg/ml NaBH3/PBS and subsequently washed with PBS. All
images of cells plated on fluorescent gelatin for invadopodium
formation (Figs. 2, A and E, 5A, and 6A) were incubated on
gelatin for 8 h instead of 4 h to allow for degradation that could
be easily captured by confocal microscopy. Tissue culture
plates were coated similarly, the exception being that plates
were coated with 0.2% unlabeled gelatin/PBS.

Co-immunoprecipitation

Antibodies were coupled to protein G Dynabeads (Invitro-
gen) or cyanogen bromide–activated Sepharose beads (Sigma)
according to the instructions of the manufacturer. Cells were
lysed in situ with cold lysis buffer comprising 1% Nonidet P-40,
10% glycerol, 0.5% sodium deoxycholate, 137 mM NaCl, 20 mM

Tris-HCl (pH 8.0), 10 mM NaF, 10 mM Na2P4O7, 0.2 mM

Na3VO4, and protease inhibitor mixture (Sigma). Lysate was
incubated with antibody-bound protein G Dynabeads for 1 h at
4 °C, washed three times with cold PBS, and eluted with 2.5	
Laemmli loading buffer heated to 70 °C. Alternatively, lysate
was incubated with antibody-bound Sepharose beads overnight
at 4 °C and washed three times with cold lysis buffer. Bound
proteins were eluted using 2.5	 Laemmli loading buffer heated
to 100 °C. Proteins were separated using SDS-PAGE and ana-
lyzed by Western immunoblotting.

Confocal immunofluoresence microscopy

Cells were either grown on glass coverslips for 4 h or seeded
onto 0.2% gelatin-coated coverslips (as described under “Inva-
dopodium formation assay”). Cells were fixed in 4% paraformal-
dehyde/PBS and then washed in 150 mM glycine/PBS at room
temperature or overnight at 4 °C with gentle agitation. Cells
were permeabilized in 0.1% Triton X-100/PBS and blocked in
5% BSA/PBS prior to staining with primary and secondary anti-
body. Samples analyzed by confocal microscopy were imaged
through a 63	 (numerical aperture 1.4) oil immersion lens
using a Leica DM-IRE2 inverted microscope with a TCS SP2
scanning head (Leica, Heidelberg, Germany). Images were cap-
tured using Leica confocal software. All images were processed
and analyzed using ImageJ software (National Institutes of
Health, Bethesda, MD). Alexa Fluor 594 –labeled gelatin images
were converted from red to white using ImageJ to improve the
contrast of areas of degradation.

Cell surface protein labeling

Cells were plated onto 0.2% gelatin (as described under
“Invadopodium formation assay”) for 4 h. Cells were then
washed with cold PBS once and incubated with 0.5 mg/ml
Sulfo-NHS-SS-Biotin (APExBIO) dissolved in 10 mM boric acid
and 150 mM NaCl (pH 8.0) at 4 °C with occasional agitation.
Plates where then washed with 15 mM glycine/PBS and lysed
using 1% Nonidet P-40, 10% glycerol, 0.5% NaDOC, 137 mM

NaCl, 20 mM Tris-HCl (pH 8.0), 10 mM NaF, 10 mM Na2P4O7,
0.2 mM Na3VO4,and protease inhibitor mixture. Lysate was
incubated with streptavidin-agarose beads (Novex, Thermo
Fisher Scientific, a kind gift from Dr. Nina Jones, University of
Guelph) overnight at 4 °C. Beads were then washed three times
with cold lysate buffer. Bound products were eluted using 2.5	
Laemmli loading buffer heated to 100 °C.

Gelatin degradation assays

Gelatin degradation assays were performed as described pre-
viously (38). Briefly, coverslips were coated with Alexa Fluor
594 –labeled gelatin as described under “Invadopodium forma-
tion assay.” Cells were seeded at 30% confluency and incubated
for 24 h. Degradation areas made by transfected cells were
counted and scored as the percentage of area degraded per cell
(�1 for fully degraded, �0.5 for partially degraded, and 0 for no
degradation).

Cell invasion assay

Cell culture inserts were prepared as described previously
(12). Briefly, the bottoms of transwell inserts (8-�m pore diam-
eter, Corning Inc.) were coated with 20 �g/ml fibronectin/PBS
and the tops with 0.125 mg/ml Matrigel (BD Biosciences).
Parental and stable cells were serum-starved for 24 h, lifted,
seeded into chambers, and allowed to invade for 20 h. The cells
that invaded toward the lower chamber (10% BCS/0.1% BSA in
DMEM) were fixed with 4% paraformaldehyde, stained with
Hoechst, and counted. Cells that did not invade were removed
with a cotton swab prior to fixation of the sample. Ten fields of
cells per membrane were counted per treatment. Data are pre-
sented as percent of control.

Statistical analysis

The percent of controls for three experimental replicates is
shown, with error bars representing the standard deviation.
The horizontal bar for each treatment indicates the mean, in all
graphs, unless otherwise indicated. For all experiments, each
experimental group was compared with its respective control,
vehicle, or wild-type treatment by Student’s t test, with a statis-
tical significance threshold of p � 0.05. Treatments that dif-
fered significantly from the control (p � 0.05) are indicated by
an asterisk in the figures. All statistical analysis was done using
Microsoft Excel. Graphs were prepared using GraphPad Prism
version 7.0 (GraphPad Software, La Jolla, CA).
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