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Syntaxins 3 and 4 mediate vesicular trafficking of
a5p1 and a3p1 integrins and cancer cell migration
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Abstract. Integrins, a family of heterodimeric receptors for
cell adhesion to the extracellular matrix (ECM), play key roles
in cell migration, cancer progression and metastasis. As trans-
membrane proteins, integrins are transported in vesicles and
delivered to the cell surface by vesicular trafficking. The final
step for integrin delivery, i.e., fusion of integrin-containing
vesicles with the plasma membrane, is poorly understood at
the molecular level. The SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins syntaxins
1,2,3 and 4 are present at the plasma membrane to drive vesicle
fusion. In this study, we examined the roles of syntaxins 1,2, 3
and 4 in vesicular trafficking of a5p1 and a3p1 integrins. We
showed that syntaxins 2,3 and 4 were expressed in HeLa cervical
adenocarcinoma cells and PANC-1 pancreatic adenocarcinoma
cells. In migrating HeLa and PANC-1 cells, syntaxins 2, 3 and
4 co-localized with the lipid raft constituent G,;, ganglioside
at the leading edge. siRNA knockdown (KD) of syntaxins 3
and 4, but not of syntaxin 2, in HeLa cells reduced cell surface
expression of a5p1 and a3f1 integrins and accumulated the
integrins in cytoplasmic vesicles, indicating that syntaxins 3
and 4 mediate vesicular trafficking of a5p1 and a3p1 integ-
rins to the cell surface. In addition, KD of syntaxins 3 and 4
inhibited cell adhesion to fibronectin, suppressed chemotactic
cell migration and triggered apoptosis. Collectively, these data
suggest that syntaxins 3- and 4-dependent integrin trafficking
is important in cancer cell migration and survival, and may be
a valuable target for cancer therapy.

Introduction

Metastasis, the spreading of cancer from a primary site to
distant organs, is responsible for 90 percent of cancer deaths.
Metastasis consists of a series of sequential steps, including
local tumor growth, migration and invasion of cancer cells
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through the basement membrane and into surrounding tissues,
intravasation into lymphatic and blood vessels, survival and
spread in the circulation, and extravasation and establishment
of secondary colonies at distant sites (1). Integrins are major
receptors for cell adhesion to the extracellular matrix (ECM)
proteins, such as fibronectin, laminin, collagen and vitro-
nectin (2). Integrins are profoundly involved in the metastatic
cascade, especially in cancer cell migration and invasion.
During cell migration, integrins mediate cell adhesion to
the ECM at the leading edge and serve as traction points to
move the cell body forward (3,4). Although their cytoplasmic
domains have no intrinsic kinase activity, integrins are impor-
tant mediators of cell signaling in addition to anchoring the
cell to ECM. The binding of ECM ligands to the extracellular
domains of integrins leads to integrin clustering and activation
(outside-in activation), which recruits and activates signaling
molecules including the non-receptor tyrosine kinases focal
adhesion kinase and Src (5-7).

Integrins are heterodimers of o and [ subunits, and each
heterodimer has its own ligand subset and function. After
synthesis in the endoplasmic reticulum, integrins are trans-
ported in vesicles and delivered to the plasma membrane by
vesicular trafficking. Like other receptors, integrins at the
plasma membrane are constantly endocytosed, transported into
endosomes, and then recycled back to the surface (8). Endocytic
recycling of integrins is particularly important during cell
migration when the net forward movement of the cell leads to
an accumulation of integrins towards the cell rear. To provide
traction at the cell front, integrins are randomly endocytosed
along the plasma membrane, and recycled and exocytosed at
the protruding front of the cell (9-15).

Integrin endocytosis at the plasma membrane can take
place through clathrin-coated pits, caveolin or lipid rafts
(8,16,17). Integrin recycling to the cell surface occurs by
multiple mechanisms (8). In ‘long-loop recycling’, integrins
such as a5p1 are delivered to early endosomes, then to the peri-
nuclear recycling endosomes that contain the GTPase Rabl1
(18-20), before being returned to the plasma membrane. With
certain stimuli, integrins such as avf33 can be recycled directly
from early endosomes to the plasma membrane to complete
‘short-loop recycling’ (21). The goal of our study is to identify
the proteins that mediate the final step in integrin delivery,
the fusion of integrin-containing vesicles with the plasma
membrane. A large body of work has demonstrated that the
interactions of SNARE (soluble N-ethylmaleimide-sensitive
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factor attachment protein receptor) proteins on vesicles
(v-SNAREs) and on target membranes (t-SNAREs) drive
intracellular vesicle fusion (22-24). The cytoplasmic domains
of v- and t-SNAREs form extremely stable complexes to
promote membrane fusion (25-27). Individual members of the
SNARE family localize to distinct subcellular organelles (28),
suggesting that each SNARE has a selective role in vesicular
trafficking events.

Several SNARE proteins have been implicated in integrin
trafficking. Expression of the catalytic light chain of tetanus
toxin that selectively cleaves the v-SNARE VAMP3, impairs
cell migration and reduces cell surface a5p1 integrin in fibro-
blast cells (29,30). We have shown that small interfering RNA
(siRNA)-induced silencing of VAMP3 inhibits pancreatic
cancer cell migration and Pl integrin trafficking (31). These
findings indicate that VAMP3 is involved in integrin traf-
ficking. In addition, we reported that the v-SNARE VAMP2
mediates aS5B1 trafficking in HeLa cells and VAMP2-
dependent integrin trafficking is critical in cell migration (32).
However, it remains unclear which t-SNARE proteins mediate
the fusion of integrin-containing vesicles with the plasma
membrane.

Four members of the syntaxin t-SNARE family, ie.,
syntaxins 1,2, 3 and 4, are localized at the plasma membrane for
vesicle fusion (28). Syntaxin 1 drives synaptic exocytosis (33),
while syntaxin 2 has been implicated in dense core granule
exocytosis in platelets (34). Syntaxin 3 is involved in apical
membrane trafficking in polarized epithelial cells (35,36),
and syntaxin 4 mediates insulin-stimulated translocation of
the glucose transporter GLUT4 in adipocytes (37). A recent
study showed that in macrophages t-SNARESs syntaxin 4 and
SNAP-23 partner with VAMP?3 to deliver a5p1 integrin to the
cell surface (38).

Using cancer cells as models, in the current study we
examined the function of syntaxins 1, 2, 3 and 4 in integrin
trafficking. We show that both syntaxins 3 and 4 play active
roles in a5p1 and a3p1 integrin trafficking and in cancer cell
migration.

Materials and methods

Cell culture and transfection. HeLa and PANC-1 cells
were obtained from the American Type Culture Collection
(Manassas, VA, USA). HeLa cells were cultured in Minimum
Essential Medium o (MEMa) with 10% fetal bovine serum
(FBS). PANC-1 cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) with 4.5 g/l glucose and 10% FBS.
The anti-B1 integrin mouse hybridoma cell line P5SD2, devel-
oped by Dr Wayner, was obtained from the Developmental
Studies Hybridoma Bank maintained by the University of Iowa.

The day before siRNA transfection, HelLa cells were
seeded in 6-well plates at a density of 2.5x10° cells/well or
24-well plates at a density of 5x10* cells/well. siRNAs were
transfected at 10 nM using Lipofectamine RNAIMAX
according to the manufacturer's instructions (Invitrogen). The
AllStars Negative Control siRNA, and the predesigned siRNA
oligos syntaxin 2 siRNA (Hs_STX2_1, targeting sequence
TTCGAGCCAAGTTAAAGGCTA) and syntaxin 3 siRNA
(Hs_STX3_1, targeting sequence AAGGGCCAACAACGTC
CGGAA) were purchased from Qiagen. A 21-nucleotide siRNA
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oligo that targets the human syntaxin 4 sequence GGAAT
AAAGTCCAGGAGTT was synthesized by Dharmacon
Thermo Scientific.

Immunocytochemistry. For syntaxin and lipid raft staining,
HeLa and PANC-1 cells were seeded on sterile 12-mm glass
coverslips contained in 24-well plates. Twenty-four hours
after seeding, cell monolayers were wounded with a 1000 ul
pipet tip and returned to culture. Twenty-four hours later, the
cells were fixed with 4% paraformaldehyde in PBS** (PBS
supplemented with 0.1 g/l CaCl, and 0.1 g/l MgCl,) for 10 min
at room temperature. A 0.2% Triton X-100 solution in PBS**
was used to permeabilize the cells. Cells were then blocked
in 10% FBS in PBS** for 30 min. Lipid rafts were stained
using FITC-conjugated cholera toxin B (Sigma-Aldrich Co.)
at a dilution of 1:400. Rabbit polyclonal antibodies (pAbs) to
syntaxins 2, 3 and 4 (Synaptic Systems GmbH) were used at a
dilution of 1:100. Rhodamine (TRITC)-conjugated anti-rabbit
antibodies (Jackson Immunoresearch Laboratories) were used
at a dilution of 1:500. Confocal images were obtained at x60
on an Olympus laser scanning confocal microscope.

For integrin staining, HeLa cells were seeded on sterile
12-mm glass coverslips contained in 24-well plates. Seventy-two
hours after siRNA transfection, the cells were fixed and
permeabilized. a5 integrin was stained using the monoclonal
antibody (mAb) MAB1999 (Millipore) at a 1:100 dilution, and
a3 integrin was stained using the mAb MAB2056 (Millipore)
at a 1:100 dilution. FITC-conjugated anti-mouse secondary
antibodies were used at a dilution of 1:500.

Immunoblotting. After 72 h of siRNA transfection, HelLa
cells were lysed in 2X SDS-PAGE buffer. Whole cell lysates
of 40 ul were separated by SDS-PAGE. For experiments
shown in Figs. 1A and 2C, whole cell lysates were prepared
by incubating cells for 30 min in lysis buffer (50 mM Tris-pH
8.0, 150 mM NaCl and 1% NP-40) containing the complete
protease inhibitor cocktail (Roche). Protein concentrations were
determined by the Bio-Rad DC Protein assay. Lysates of 30 ug
were loaded into each lane of the SDS-PAGE gel. After elec-
trophoresis, resolved proteins were transferred to nitrocellulose
membranes and blocked with 5% milk in TBS. The membranes
were blotted with a rabbit pAb to syntaxin 2, a rabbit pAb to
syntaxin 3, a mouse mAb to syntaxin 4 (Sigma-Aldrich Co.), a
rabbit pAb to a5 integrin (Santa Cruz Biotechnology), a mouse
mAb to B-actin (Sigma-Aldrich Co.), and HRP-conjugated
secondary antibodies. Membranes were incubated with the
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific Pierce) and exposed to Kodak Biomax Light film.

Flow cytometry. The levels of cell surface integrins were
measured using flow cytometry as previously described
(39). HeLa cells were seeded in 24-well plates. Seventy-two
hours after siRNA transfection, the cells were fixed with 1%
paraformaldehyde in PBS for 15 min, and then blocked in
10% FBS in PBS for 15 min. The cells were incubated with
20 pug/ml of control mouse IgG (Sigma), anti-o3 integrin
mAD, anti-a5 integrin mAb, or anti-f1 integrin mAb P5D2
for 60 min at room temperature. After three washes with 0.05
% heat-inactivated BSA in PBS, the cells were labeled with
FITC-conjugated secondary antibodies (1:200 dilution) for
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Figure 1. Colocalization of syntaxins (STX) 2, 3 and 4 with lipid rafts. (A) Syntaxin 1 is not expressed in PANC-1 and HeLa cells. Whole lysates of 30 ug of
rat brain, PANC-1 cells and HeLa cells were immunoblotted with an antibody to syntaxin 1. The same membrane was reprobed with an antibody to -actin
as a loading control. (B and C) Syntaxins colocalize with the Gy, ganglioside in lamellipodia. (B) HeLa and (C) PANC-1 cell monolayers were wounded
with a pipet tip to stimulate migration. Twenty hours after wounding, the cells were permeabilized and dual stained with the FITC-conjugated cholera toxin
B-subunit (FITC-CTx) and an antibody to syntaxins 2, 3 or 4. Representative confocal images are shown. Scale bar, 20 ym.

45 min. After three washes with 0.05% heat-inactivated BSA
in PBS, the cells were scraped off the plates with a cell scraper.
Ten thousand cells were analyzed using a FACSCalibur flow
cytometer (BD Biosciences) in the James Graham Brown
Cancer Center. The mean fluorescence intensity of each
sample was obtained using the CellQuest Pro software.

Cell proliferation assay. The day before siRNA transfec-
tion, HeLa cells were seeded in 96-well plates at a density of
2x10° cells/well. 0, 1, 2, 3 and 6 days after transfection, cell
proliferation was measured using the CellTiter 96 AQ,.,,, One
Solution Reagent (Promega). Briefly, the cell culture medium
was replaced with the MEMa medium containing no phenol
red. The CellTiter 96 AQ,.,, One Solution Reagent was added,
and the cells incubated at 37°C for 90 min. Absorbance of the
medium at 490 nm was determined in a 96-well ELISA plate
reader. Absorbance from wells containing only the MEMa
medium but no cells served as the negative (blank) reading.

Cell adhesion assay. Each well of the 24-well plates was
coated with 20 ug of fibronectin (BD Biosciences) for 1 h at
37°C. The plates were rinsed with PBS and blocked with 2%
heat-inactivated BSA for 1 h at 37°C. Seventy-two hours after
siRNA transfection, HeLa cells were harvested with trypsin/
EDTA, added to the wells at a density of 1x10° cells/well and
allowed to adhere for various time points at 37°C. Nonadherent
cells were removed by gentle washing and the number of
attached cells was measured using the CellTiter 96 AQ,.qus
One Solution Reagent as described above.

Transwell migration assay. The transwell migration assay was
performed as previously described (31) with minor modifications.
MEMa serum-free medium containing 20 ug/ml of growth
factor-reduced Matrigel (BD Biosciences) was added to the
lower chambers of the 12-well format transwells (8 #m-pore, BD
Biosciences) as chemoattractant. Forty-eight hours after siRNA
transfection, HeLa cells were harvested with trypsin/EDTA,
and added to the upper chambers at a density of 8x10* cells/
well. After 20 h at 37°C, the transwells were fixed in methanol
and stained with Giemsa stain solution. Cotton swabs were used
to remove unmigrated cells from the top of the membranes.
Ten random images were taken at x10 magnification on a light
microscope to quantify the number of migrated cells for each
transwell. The number of migrated cells per image was counted
using the ImagelJ software.

Apoptosis assay. Apoptotic cells were stained using the
CaspACE™ FITC-VAD-FMK In Situ Marker according to
the manufacturer's instructions (Promega). HeLa cells were
seeded on sterile 12-mm glass coverslips contained in 24-well
plates. Three days after siRNA transfection, the cells were
incubated with CaspACE™ FITC-VAD-FMK at 10 uM for
20 min, and then fixed. Fluorescent images were collected on
an Olympus laser scanning confocal microscope.

Results

Syntaxins 2, 3 and 4 colocalize with the lipid raft constituent
G, ganglioside in lamellipodia. Among the four syntaxins
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Figure 2. siRNA knockdown of syntaxins (STX) 3 and 4 diminishes cell surface expression of a5 integrin. (A) HeLa cells were transfected with a non-
targeting control siRNA or a siRNA to syntaxins 2, 3 or 4. Seventy-two hours after transfection, whole cell lysates of the cells were immunoblotted with an
antibody to syntaxins 2, 3 or 4. The same membranes were reprobed with an antibody to (3-actin as a loading control. (B) The transfected cells were stained
with an antibody to o5 integrin without permeabilization. Representative confocal images of 3 independent experiments are shown. In each experiment,
images were collected at the same pinhole, detector gain and laser intensity. Scale bar, 50 gm. (C) 30 ug of whole cell lysates of the transfected cells were

immunoblotted with an antibody to a5 integrin.

localized at the plasma membrane, syntaxin 1 is nervous
tissue-specific. Indeed, immunoblotting analysis showed that
syntaxin 1 is expressed abundantly in rat brain but not in
HeLa or PANC-1 cells (Fig. 1A). Immunocytochemistry was
used to determine the subcellular distribution of syntaxins 2,
3 and 4 in migrating cells. To stimulate migration, HeLa and
PANC-1 cell monolayers were wounded. HeLa cells, and
more prominently PANC-1 cells, formed lamellipodia when
moving into the wounded areas (Fig. 1B and C). Syntaxins 2,
3 and 4 were detected in the plasma membrane as well as in
cytoplasmic membrane-bound compartments. Interestingly,
all three syntaxins were enriched in lamellipodia - the leading
edge of migrating cells (arrows, Fig. 1B and C).

Lipid rafts are cholesterol- and glycosphingolipid-enriched
membrane domains that have been implicated in the regula-
tion of signal transduction and vesicular trafficking. Lipid
rafts concentrate at the leading edge to establish front-rear
polarity in migrating cells (40,41). When HeLa and PANC-1
cells were double stained with the syntaxin antibodies and
FITC-conjugated cholera toxin B-subunit (FITC-CTx), which
detects Gy, ganglioside highly enriched in lipid rafts (40), we
found that syntaxins 2, 3 and 4 colocalized extensively with
Gy, ganglioside in lamellipodia (Fig. 1B and C).

Syntaxins 3 and 4 knockdown (KD) inhibits o581 and a3p1
integrin trafficking. In order to determine the roles of
syntaxins 2, 3 and 4 in integrin trafficking, we depleted the
syntaxin proteins in HeLa cells with siRNAs. Western blot
analysis showed that siRNA treatment depleted syntaxins 2,
3 and 4 proteins effectively (Fig. 2A). We then determined if
syntaxins 2, 3 and 4 KD had any effects on the cell surface
expression of a5 integrin. When syntaxin 2 was depleted,

there was no significant difference in a5 integrin distribution
at the plasma membrane compared to the control (Fig. 2B).
Syntaxin 3 KD disrupted the ring-like distribution of a5
integrin, and reduced the intensity of a5 integrin staining.
When syntaxin 4 was depleted, a5 integrin cell surface
staining was also reduced and the ring of a5 integrin was
dispersed (Fig. 2B). Compared with control cells, the levels
of total cellular a5 were not altered in syntaxins 2, 3 or 4
KD cells (Fig. 2C). The reduction of the cell surface a5 but
not of the total cellular a5 suggested that KD of syntaxins 3
and 4 disrupted the trafficking of a5 integrin to the plasma
membrane.

If syntaxins 3 and 4 mediate the fusion of integrin-
containing vesicles with the plasma membrane, KD of
the syntaxins is expected to increase the localization of
integrins in cytoplasmic vesicles. To analyze cytoplasmic
integrin distribution, HeLa cells transfected with the control
or syntaxin siRNAs were permeabilized, and stained with
antibodies to a5 and a3 integrins. In control cells, small
number of vesicles containing a5 and o3 integrins were
detected (Fig. 3). Syntaxin 2 KD did not alter the quantity of
a5 and a3-containing vesicles or integrin staining intensity of
the vesicles. Strikingly, the number of a5 and a3-containing
vesicles and the staining intensity of a5 and o3 integrins in the
vesicles were increased dramatically in syntaxin 3 KD cells
(arrows, Fig. 3). In syntaxin 4 KD cells, in addition to increased
vesicular accumulation of a5 and a3 integrins (arrows, Fig. 3),
disorganization of cytoplasmic membrane bound compart-
ments was observed (arrowheads, Fig. 3). Since a5 and o3
integrins only assemble with the 31 subunit to form integrin
receptors (2), the subcellular distribution and expression levels
of a5 and a3 represent those of a5p1 and a3p1 integrins.
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Figure 3. Accumulation of a5 and a3 integrins in cytoplasmic vesicles in syntaxins 3 and 4 knockdown cells. Seventy-two hours after transfection with
the control, syntaxins 2, 3 or 4 siRNAs, HeLa cells were permeabilized and stained with an antibody to a5 integrin (top row) or a3 integrin (bottom row).

Representative confocal images are shown. Scale bar, 20 ym.
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Figure 4. FACS analysis of cell surface integrins. (A) Seventy-two hours after transfection with the control, syntaxins (STX) 2, 3 or 4 siRNAs, or both syntaxins 3
and 4 siRNA, unpermeabilized HeLa cells were stained with non-specific control mouse IgG (blank control) or a monoclonal antibody to a3, a5 or 1 integrins,
and then analyzed by flow cytometry. The mean fluorescence intensity of cell surface a3, a5 and p1 integrins in cells transfected with the syntaxin siRNAs was
normalized to the intensity in cells transfected with the control siRNA. Error bars represent standard deviation of 2 independent experiments. (B) Seventy-two
hours after transfection with both syntaxins 3 and 4 siRNAs, whole cell lysates of HeLa cells were immunoblotted with an antibody to syntaxins 3 or 4. The same
membrane was probed with an antibody to 3-actin as loading control. Shown are cropped lanes from the same immunoblotting images.

To quantitatively measure the effects of syntaxins 3 and
4 KD on cell surface integrin expression, we performed flow
cytometric analysis (32). In accordance with the microscopic
observations (Figs. 2 and 3), compared with control cells
syntaxin 3 and 4 KD cells had a 39 and 41% reduction of a5
integrin cell surface staining, respectively (Fig. 4A). In addi-

tion, KD of syntaxins 3 and 4 reduced p1 integrin cell surface
staining by 29 and 49%, respectively. While syntaxin 4 KD
reduced a3 integrin cell surface staining by 51%, syntaxin 3
KD reduced a3 staining by 5% (Fig. 4A). Taken together,
the reduction of cell surface a5p1 and a3f1 integrin expres-
sion (Figs. 2 and 4) and accumulation of the integrins in
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Figure 5. Knockdown of syntaxins (STX) 3 and 4 inhibits cell adhesion to
fibronectin. Seventy-two hours after transfection with the control (white
columns), syntaxin 3 (black columns) or syntaxin 4 (gray columns) siRNAs,
HeLa cells were harvested and added to fibronectin-coated plates. At 10, 20,
40 and 60 min, unattached cells were washed away and the number of adherent
cells was measured using a colorimetric assay as described in Materials and
methods by absorbance at 490 nm. Error bars represent standard deviation of 3
independent experiments. “P<0.01 vs. cells transfected with the control siRNA;
“*P<0.001 vs. cells transfected with the control siRNA.

cytoplasmic vesicles (Fig. 3) in syntaxins 3 and 4 KD cells
indicated that syntaxins 3 and 4 mediate the trafficking of
a5p1 and a3p1 integrins to the cell surface.

Because integrins traffic to the cell surface through
multiple pathways (8), we sought to determine if syntaxins 3
and 4 play redundant roles in integrin trafficking. We reason
that if syntaxins 3 and 4 function in distinct integrin traf-
ficking pathways, KD of both syntaxins 3 and 4 would
have additive effects on integrin trafficking compared with
syntaxins 3 or 4 KD. On the other hand, if syntaxins 3 and
4 function in the same pathway, double KD is expected
to have the same effects as single KD. To distinguish these
mechanisms, we depleted syntaxins 3 and 4 simultaneously
(Fig. 4B) and measured the double KD effects on cell surface
a5, a3 and B1 integrin expression. Compared with single KD,
double KD of syntaxins 3 and 4 had no additive effect on a5
cell surface expression (Fig. 4A), suggesting that syntaxins 3
and 4 function in the same pathway of aS5p1 trafficking.
Interestingly, the double KD reduced cell surface expres-
sion of a3 and Pl integrins significantly more than KD of
syntaxins 3 or 4 (Fig. 4A), suggesting that syntaxins 3 and 4
function in different pathways of a3p1 trafficking.

Knockdown of syntaxins 3 and 4 inhibits cell adhesion and
chemotactic migration. Integrins enable the cell to adhere
to the ECM. a5f1 integrin is a receptor for fibronectin (42).
Because KD of syntaxins 3 and 4 disrupted a5p1 trafficking,
we next investigated if KD of syntaxins 3 and 4 affects cell
adhesion to fibronectin. Syntaxin 3 KD impaired the cells'
ability to adhere to fibronectin (a 41% decrease at 10 min)
(Fig. 5), and syntaxin 4 KD showed an even larger effect (a 61%
decrease at 10 min) (Fig. 5). These results provide functional
evidence that syntaxins 3 and 4 mediate a5p1 trafficking.

In cell migration, integrins are delivered to the cell front by
vesicular transport and polarized exocytosis (8). Using the tran-
swell migration assay, we measured the effects of syntaxins 3
and 4 KD on chemotactic cell migration to Matrigel, which is
mainly made of collagen IV and laminin. Syntaxin 3 and 4 KD
inhibited chemotactic migration by 24 and 74%, respectively,
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Figure 6. Knockdown of syntaxins (STX) 3 and 4 inhibits chemotactic cell
migration. Forty-eight hours after transfection with the control, syntaxins 2,
3 or 4 siRNAs, HeLa cells were harvested and loaded to the top chambers
of transwells. Matrigel (20 pg/ml) was included in the bottom chambers as
chemoattractant. After 20 h, unmigrated cells were removed and migrated
cells were Giemsa stained. (A) Representative images of migrated cells. (B)
Random images were taken for each transwell, and the number of migrated
cells transfected with syntaxins 2, 3 and 4 siRNAs was normalized to the
number of migrated cells transfected with the control siRNA. Error bars
represent standard deviation of 3 independent experiments. ““P<0.001 vs.
cells transfected with the control siRNA.

whereas syntaxin 2 KD had no significant effect (Fig. 6B),
suggesting that syntaxins 3 and 4-dependent integrin traf-
ficking is important in chemotactic migration.

Knockdown of syntaxins 3 and 4 inhibits cell proliferation
and triggers apoptosis. In addition to adhesion and migra-
tion, integrins regulate cell proliferation and survival (43).
We performed cell proliferation assays to assess the effects
of syntaxin 3 and 4 KD on proliferation. At 3 days after
siRNA transfection, syntaxins 3 and 4 KD diminished HeLa
proliferation by 16 and 45%, respectively. Six days after trans-
fection, inhibition of proliferation increased to 36 and 86%,
respectively (Fig. 7A). To determine if the reduction in cell
number was due to apoptosis, HeLa cells transfected with
the control, syntaxins 3 or 4 siRNAs were incubated with a
FITC-conjugated caspase inhibitor VAD-FMK to label apop-
totic cells (arrows, Fig. 7B). A small fraction of the control
cells underwent apoptosis. Treatment with syntaxin 3 siRNA
clearly increased the number of apoptotic cells. Furthermore,
syntaxin 4 KD resulted in a large increase of apoptosis
(Fig. 7B). These results show that KD of syntaxins 3 and 4
triggered apoptosis.
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Figure 7. Proliferative and apoptotic responses of HeLa cells by syntaxins (STX) 3 and 4 knockdown. (A) 0, 1, 2, 3 and 6 days after transfection with the
control, syntaxins 3 or 4 siRNAs, the number of living HeLa cells was determined as described in Materials and methods by absorbance at 490 nm. Error
bars represent standard deviation of 3 independent replicates. (B) Three days after siRNA transfection, the CaspACE™ FITC-VAD-FMK In Situ Marker was
added to label apoptotic cells. Representative confocal images are shown. Bar, 20 ym.

Discussion

In the current study, we examined the roles of syntaxins 2, 3
and 4 in vesicular trafficking of a5p1 and a3p1 integrins. In
HeLa cervical adenocarcinoma cells and PANC-1 pancreatic
adenocarcinoma cells, syntaxins 2, 3 and 4 colocalize with the
lipid raft constituent G,;, ganglioside in lamellipodia. Depletion
of syntaxins 3 and 4, but not syntaxin 2, reduced cell surface
expression of 5Pl and a3pl integrins in HeLa cells and
accumulated the integrins in cytoplasmic vesicles, indicating
that syntaxins 3 and 4 are both involved in a5p1 and a3f1 traf-
ficking to the cell surface. In addition, depletion of syntaxins 3
and 4 inhibited cell adhesion to fibronectin and chemotactic cell
migration, and triggered apoptosis, suggesting that syntaxins 3
and 4-mediated integrin trafficking is important in cancer cell
migration and survival.

In migrating cells, lipid rafts are concentrated at the
leading edge to establish front-rear polarity (40,41). Both
syntaxins 3 and 4 have been shown to associate with lipid rafts
(35,44). In mast cells, syntaxin 4 is equally distributed between
raft and non-raft fractions, whereas syntaxin 3 is selectively
enriched in rafts (45). We show here that syntaxins 2, 3 and
4 are enriched in lamellipodia at the leading edge where they
colocalize with Gy, ganglioside. Since integrins and other
membrane components are exocytosed actively at the leading
edge (46), enrichment of the syntaxin t-SNAREs may facili-
tate polarized exocytosis.

In macrophages, syntaxin 4 forms a complex with VAMP3
and SNAP-23 to deliver a5p1 integrin to the cell surface (38).

Our data confirm the role of syntaxin 4 in a5p1 trafficking in
HeLa cells. Furthermore, we show that syntaxin 4 is involved
in a3pl1 trafficking, suggesting that syntaxin 4 mediates the
trafficking of multiple integrins. For the first time, we report
that syntaxin 3 takes part in a5p1 and a3p1 trafficking. To
analyze if syntaxins 3 and 4 function in the same or indepen-
dent pathways of integrin trafficking, we measured the effects
of syntaxins 3 and 4 double KD on cell surface integrin expres-
sion. Double KD had the same inhibitory effect on a5p1 surface
expression as syntaxins 3 or 4 KD, suggesting that syntaxins 3
and 4 function in the same a5f1 trafficking pathway. However,
double KD reduced a3p1 surface expression significantly more
than syntaxins 3 or 4 KD, suggesting that syntaxins 3 and 4
play a role in different pathways of a3f1 trafficking.

Although KD of syntaxins 3 and 4 had similar inhibitory
effects on the cell surface expression of a581, syntaxin 4 KD
had a larger inhibitory effect on the cell surface expression
of a3p1, cell adhesion to fibronectin, chemotactic migration
and cell proliferation than KD of syntaxin 3. Such differences
are unlikely caused by more efficient depletion of syntaxin 4
protein, as immunoblotting analyses showed that both
syntaxins 3 and 4 proteins were depleted effectively (Fig. 2A).
These differences suggest that for the trafficking of certain
types of integrins (e.g., a3p1) and in the chemotactic migra-
tion and cell survival, syntaxin 4 may have a more important
role than syntaxin 3. Furthermore, the differential effects of
syntaxins 3 and 4 KD on the cell surface expression of a5f1
and a3p1 indicate that these two integrins utilize different
vesicular trafficking mechanisms.
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v- and t-SNARESs form ternary complexes to drive vesicle
fusion with the plasma membrane (22-24). Previous studies
show that v-SNAREs VAMP2 and VAMP3 are involved in
integrin trafficking (29-32). A recent study (38) and our current
study show that t-SNAREs syntaxins 3, 4 and SNAP-23 take
part in integrin trafficking. It is tempting to speculate that
VAMP2, VAMP3, syntaxins 3,4 and SNAP-23 form the protein
machinery that mediates the fusion of integrin-containing vesi-
cles with the plasma membrane. It is known that VAMP2 forms
complexes with syntaxin 4 and SNAP-23 (47), and VAMP3
forms complexes with SNAP-23 and syntaxins 3 or 4 (48,49).
Future studies are warranted to distinguish the specific role of
each v-/t-SNARE complex in integrin trafficking.

Metastasis is responsible for 90% of cancer mortality.
Metastatic cancer cells express an abnormal repertoire of
integrins that favor survival, migration and invasion (43).
For example, metastatic prostate cancer cells have elevated
expression of a5p1 integrin (50) and a2bf3 integrin that
mediates binding to platelets (51). Because a major target of
prostate cancer metastasis is the bone, prostate cancer cells
express 02p1 and avp3, which interact with the bone ECM
proteins collagen I and vitronectin, respectively (50,52).
Because of the importance of integrins in cancer progression
and metastasis (43,53), various anti-integrin agents, including
monoclonal antibodies and small-molecule inhibitors such as
cilengitide, are in clinical development for cancer treatment
(54,55) and have so far shown mixed results (56). Our studies
show that depletion of the SNARE proteins VAMP2, VAMP3,
syntaxins 3 and 4 inhibits integrin trafficking and chemotactic
migration of cervical and pancreatic cancer cells. We propose
that SNARE-mediated integrin trafficking is a valuable target
for cancer therapy.
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