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Integrins are transmembrane receptors for cell adhesion to the extracellular matrix. In cell migration,
integrins are endocytosed from the plasma membrane or the cell surface, transported in vesicles and exo-
cytosed actively at the cell front. In the present study, we examined the roles of VAMP3, a SNARE protein

that mediates exocytosis, in cell migration and integrin trafficking. Small interfering RNA (siRNA)-
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induced silencing of VAMP3 inhibited chemotactic cell migration by more than 60% without affecting cell
proliferation. VAMP3 silencing reduced the levels of 1 integrin at the cell surface but had no effect on
total cellular B1 integrin, indicating that VAMP3 is required for trafficking of p1 integrin to the plasma
membrane. Furthermore, VAMP3 silencing diminished cell adhesion to laminin but not to fibronectin
or collagen. Taken together, these data suggest that VAMP3-dependent integrin trafficking is crucial in
cell migration and cell adhesion to laminin.

© 2009 Elsevier Inc. All rights reserved.

Cell migration is essential not only for embryonic development
and maintenance of multicellular organisms, but also for various
pathological conditions including inflammation, wound healing,
and cancer metastasis. Migration begins when a cell responds to an
external signal by polarizing and extending a protrusion in the direc-
tion of movement [1]. The integrin receptors, which mediate cell
adhesion to the extracellular matrix proteins including laminin,
fibronectin and collagen [2], stabilize the protrusion, and serve as
traction points to move the cell body forward. Finally, release of adhe-
sion and retraction at the cell rear completes the migration cycle.

Emerging evidence indicates that intracellular vesicle traffick-
ing exerts temporal and spatial control over integrin functions
[3,4]. As transmembrane proteins, the o and B subunits of integrins
are synthesized and paired in the endoplasmic reticulum [5,6],
transported in vesicles and delivered to the plasma membrane or
the cell surface by exocytosis. In migrating cells, the net forward
movement of the cell would lead to an accumulation of integrins
towards the cell rear. To enhance adhesion at the cell front or
the leading edge, integrins at the plasma membrane are endocyto-
sed, transported forward by vesicles, and exocytosed at the cell
front [7-9]. Protein kinase Ca (PKCa) and PKCe regulate the exocy-
tosis of integrins [10,11]. Accordingly, Rab GTPases which control
the targeting and tethering of transport vesicles have been shown
to modulate integrin trafficking and cell motility [9,12]. However,
not much is known about the molecular mechanism of the final
event of integrin exocytosis, i.e. fusion of integrin-containing vesi-
cles with the plasma membrane.
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On the other hand, research in the vesicle trafficking field has
demonstrated that the interactions between SNARE (soluble N-eth-
ylmaleimide-sensitive factor attachment protein receptor) proteins
on vesicles (v-SNAREs) and SNARE proteins on target membranes (t-
SNARESs) [13-15] drive intracellular vesicle fusion. Most SNAREs are
C-terminally anchored transmembrane proteins, with their N-ter-
minal functional domains facing the cytosol. These cytoplasmic do-
mains of v-and t-SNAREs form an extremely stable four-helix bundle
[16]. Energy made available from the assembly of the SNARE com-
plex is used to bring the vesicular and target membranes into close
proximity and drive membrane fusion [17-19]. What is not clear is
exactly which SNARE proteins mediate the trafficking of integrins
to the plasma membrane. Enriched in recycling endosomes and
endosome-derived vesicles [20], the v-SNARE VAMP3 (cellubrevin)
has been implicated in the exocytosis of o-granules in platelets
[21] as well as the recycling of endocytosed transferrin receptors
[22] to the cell surface. By the expression of a protease that cleaves
VAMP3, recent studies suggest that VAMP3 is involved in integrin
trafficking and cell migration [23-25].

In the current work, we further examined the roles of VAMP3 in
cell migration and integrin trafficking using siRNA-induced gene
silencing. We found that silencing of VAMP3 inhibited cell migra-
tion and diminished cell surface f1 integrin without altering total
cellular B1. Furthermore, the effects of VAMP3 silencing on cell
adhesion to laminin, fibronectin, and collagen were determined.

Materials and methods

Cell culture. PANC-1 cells were obtained from the American Type
Culture Collection, and cultured in Dulbecco modified Eagle’s med-
ium (DMEM) with 4.5 g/l glucose and 10% fetal bovine serum.
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Fig. 1. VAMP3 knockdown inhibits cell migration. (A) Representative immunoblotting analysis of VAMP3 expression. PANC-1 cells were mock transfected, transfected with a
non-targeting control siRNA or a siRNA against VAMP3. Forty-eight hours after transfection whole cell lysates were immunoblotted with an antibody to VAMP3. The same
membrane was blotted with an antibody to SNAP-23 or B-actin to examine the specificity of siRNA silencing. (B) The level of VAMP3 proteins in three independent
immunoblotting experiments were quantified by densitometry and pooled. Error bar represents standard deviation of the three experiments. (C) Forty-eight hours after
transfection with the control siRNA or the VAMP3 siRNA, PANC-1 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 at 37 °C unmigrated cells were removed, and migrated cells were Giemsa stained. Representative images of migrated cells
are shown. (D) Random images were taken for each transwell, and the number of migrated cells in each image was quantified using the Image] software then averaged for
each experimental group. The number of migrated cells transfected with the VAMP3 siRNA was normalized to the number of migrated cells transfected with the control
siRNA. Error bar represents standard deviation of six independent experiments in which two transwells were used for each transfection.
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Fig. 2. VAMP3 silencing has no effect on cell proliferation. At 0, 24, 48, or 72 h after
transfection with the control siRNA or the VAMP 3 siRNA, the number of living
PANC-1 cells was measured using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay by absorbance at 490 nm. The experiment was done using three
replicates for each transfection. The error bars represent standard deviation of three
independent transfections.

siRNA transfection. A 21 nucleotide siRNA oligo that targets
VAMP3 sequence TCAAGCTTACCTACTGTTA was synthesized by
Dharmacon Thermo Scientificc A predesigned siRNA oligo

(Hs_ITGB1_9) that targets B1 integrin sequence ACA-
GATGAAGTTAACAGTGAA was obtained from QIAGEN. The day be-
fore transfection for transwell migration assay, cell adhesion assay
or immunoblotting analysis, PANC-1 cells were seeded in 6-well
plates at 2.5 x 10° cells per well. siRNAs were transfected into
the cells at 10 nM using Lipofectamine RNAIMAX (Invitrogen).
The AllStars Negative Control siRNA (QIAGEN) was used as a
control.

Immunoblotting. After 48 h of siRNA transfection, PANC-1 cells
were lysed in 2x SDS-PAGE sample buffer. The whole cell lysates
were analyzed on SDS-PAGE and immunoblotted with a polyclonal
antibody to VAMP3, a polyclonal antibody to SNAP-23 (both from
Synaptic Systems GmbH), a monoclonal antibody to B-actin (Sig-
ma) or a polyclonal antibody to B1 integrin (Santa Cruz Biotechnol-
ogy), followed by HRP-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories). Bound antibodies were detected
using SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific). The proteins bands visualized on the films were
scanned and quantified using the Image] software.

Transwell migration assay. The transwell migration assay was
performed as described [26] with modifications. DMEM serum-free
medium containing growth factor-reduced Matrigel (BD Biosci-
ences, 20 pg/ml) was added to the lower chambers of the 12-well
format transwells (8 pm-pore, BD Biosciences) as chemoattractant.
After 48 h of transfection, PANC-1 cells were harvested using tryp-
sin/EDTA and added to the upper chambers at 8 x 10* cells per
transwell. After 20 h at 37 °C, the transwells were fixed in metha-
nol, and stained with Giemsa Stain solution (Sigma). The unmigrat-
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Fig. 3. VAMP3 is required for the trafficking of B1 integrin to the cell surface. (A) Forty-eight hours after mock transfection, transfection with the control siRNA or a siRNA to
B1 integrin, whole cell lysates of the PANC-1 cells were immunoblotted with an antibody to 1. (B) Forty-eight hours after transfection with the control siRNA or the siRNA to
B1 integrin, motility of PANC-1 cells was determined as described in Fig. 1. Error bar represents standard deviation of three independent experiments. (C) Depletion of VAMP3
reduced cell surface B1 integrin. Forty-eight hours after mock transfection, transfection with the control siRNA or the VAMP3 siRNA, unpermeabilized PANC-1 cells were
stained with an antibody to B1 integrin. Representative confocal images of five experiments are shown. (D) VAMP3 knockdown had no effect on total cellular 81 integrin.
Forty-eight hours after mock transfection, transfection with the control siRNA or the VAMP3 siRNA, whole cell lysates of PANC-1 cells were immunoblotted with an antibody

to B1 integrin to determine the amount of total cellular 1.

ed cells were removed from the top of the membranes using cotton
swabs. To quantify the number of migrated cells, five to ten ran-
dom images were taken at 10x on a light microscope for each
transwell. The number of migrated cells per image was counted
using the Image] software.

Cell proliferation assay. The day before transfection cells were
seeded in 24-well plates at 3 x 10* cells per well. 0, 24, 48, and
72 h after siRNA transfection, cell culture medium was replaced
with DMEM medium containing no phenol red, and the CellTiter
96 AQueous One Solution Reagent (Promega) was added to measure
the number of living cells. After incubation at 37 °C for 2 h, absor-
bance at 490 nm was measured in a 96-well ELISA plate reader.
Absorbance from wells containing only the DMEM medium but
no cells was taken as blank reading.

Immunocytochemistry. The day before transfection, 6 x 10%
PANC-1 cells were seeded on sterile 12-mm glass coverslips con-
tained in 24-well plates. Forty-eight hours after transfection, the
cells were fixed with 4% paraformaldehyde in PBS++ (PBS supple-
mented with 0.1 g/l CaCl, and 0.1 g/l MgCl,). To stain cell surface
B1 integrin, the fixed cells were incubated in neat culture medium
conditioned by the hybridoma cell line P5D2. P5D2 was developed
by Dr. Wayner and was obtained from the Developmental Studies
Hybridoma Bank maintained by The University of lowa. FITC-con-

jugated secondary antibodies were used at a dilution of 1:500.
Images were collected at 60x on an Olympus confocal microscope.

Cell adhesion assay. Each well of 24-well plates was coated with
20 pg of laminin, fibronectin (both from BD Biosciences) or colla-
gen I (Sigma) 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. Forty-
eight hours after transfection, PANC-1 cells were harvested with
trypsin/EDTA, added to the wells at 1 x 10° cells per well and allow
to adhere for various time at 37 °C. Nonadherent cells were re-
moved by gentle washing and the number of attached cells mea-
sured using the CellTiter 96 AQueous One Solution Reagent as
described in the cell proliferation assay.

Results
Silencing of VAMP3 inhibits cell migration

The exocytosis of integrins at the cell front contributes to the
formation and stabilization of protrusions in cell migration. To
examine the roles of VAMP3 in integrin trafficking and cell migra-
tion, we depleted VAMP3 expression by siRNA gene silencing.
PANC-1, a human pancreatic cancer cell line widely used for
studying cell migration and cancer biology [27,28], was used as
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Fig. 4. Silencing of VAMP3 inhibits cell adhesion to laminin. Forty-eight hours after
transfection with the control siRNA (white columns) or the VAMP3 siRNA (black
columns), PANC-1 cells were added to laminin-coated plates (A), fibronectin-coated
plates (B) or collagen-coated plates (C). At different time points, unattached cells
were washed away, and the number of adherent cells was measured using a
colorimetric assay by absorbance at 490 nm. Error bars represent standard
deviation of three independent experiments. P<0.02 vs. cells transfected with
the control siRNA. “P < 0.01 vs. cells transfected with the control siRNA.

a model. As shown by immunoblotting analysis in Fig. 1A and B,
within 48 h after transfection of a siRNA against VAMP3, the
expression of VAMP3 protein in PANC-1 cells was depleted by
more than 95%. The large reduction of VAMP3 protein indicated
high efficiency of siRNA transfection and interference. Transfec-
tion of VAMP3 siRNA did not modulate the expression of SNAP-
23, a different SNARE protein, or the expression of p-actin

(Fig. 1A). Altogether these data showed that the VAMP3 knock-
down effect was specific.

Motility of VAMP3 knockdown cells was analyzed using the
transwell migration assay [26]. In initial experiments, we found
that PANC-1 cells did not migrate through transwell membranes
in the absence of chemoattractants and that among complete med-
ia, collagen I and Matrigel, Matrigel was the strongest chemoat-
tractant (data not shown). Matrigel was therefore used as the
chemoattractant in further experiments. When loaded to the upper
chambers of the transwells, PANC-1 cells migrated efficiently
across the membranes in a relatively homogeneous fashion
(Fig. 1C). Interestingly, cells transfected with VAMP3 siRNA had
much reduced motility. Compared with the cells transfected with
a non-targeting control siRNA, the number of migrated VAMP3
knockdown cells decreased by 67% (Fig. 1C and D), indicating that
VAMP3 was required in cell migration.

VAMP3 silencing has no effect on cell proliferation

To determine if the reduced number of migrated cells was due
to inhibition of cell proliferation, we assessed the proliferation of
VAMP3 knockdown cells using a colorimetric method. Clearly,
the VAMP3 knockdown cells proliferated at the same rate as the
cells transfected with the control siRNA (Fig. 2). This was an indi-
cation that VAMP3-mediated vesicle trafficking was not required
for cell survival or proliferation, and ruled out the possibility that
the observed reduction in the number of migrated cells (Fig. 1C
and D) was a result of decreased cell viability.

VAMP3 is required for trafficking of p1 integrin to the cell surface

B1 Integrinis a predominant g subunit that can pair with multiple
o subunits to form heterodimeric integrin receptors [2]. It promotes
the migration of various types of cells [29,30]. When B1 integrin in
PANC-1 cells was depleted by siRNA transfection (Fig. 3A), chemo-
tactic cell migration was inhibited by more than 85% (Fig. 3B), indi-
cating that B1 integrin was required for migration of PANC-1 cells.
Since VAMP3 was also required for PANC-1 cell migration (Fig. 1C
and D), we next tested if VAMP3 was involved in the trafficking of
B1 integrin. PANC-1 cells transfected with the control siRNA or the
VAMP3 siRNA were immunostained for cell surface g1. Indeed,
silencing of VAMP3 effectively reduced the amount of f1 at the cell
surface (Fig. 3C). In contrast, immunoblotting analysis showed that
the levels of total cellular 1 were not altered in the VAMP3 knock-
down cells (Fig. 3D). The reduction of cell surface p1 but not total cel-
lular B1 suggested that VAMP3 knockdown disrupted the trafficking
of B1 integrin to the plasma membrane. The decreased motility of
VAMP3 knockdown cells (Fig. 1) probably resulted from reduced
delivery of p1 integrin to the cell surface.

Silencing of VAMP3 inhibits cell adhesion to laminin

B1 Integrin can pair with the a3, a6 or o7 integrin subunit to form
heterodimeric laminin receptors, with a5, «V or a8 to form fibronec-
tin receptors, or with o1, o2, 10 or o11 to form collagen receptors
[2]. To further elucidate which types of integrin receptors are trans-
ported by VAMP3-dependent vesicle trafficking, we measured the
effects of VAMP3 knockdown on cell adhesion to laminin, fibronectin
or collagen. VAMP3 siRNA markedly suppressed adhesion of PANC-1
cells to laminin. At 60 and 90 min, adhesion to laminin was attenu-
ated by 55% and 66%, respectively (Fig. 4A). However, cell adhesion
to fibronectin or collagen was not affected by VAMP3 silencing
(Fig. 4B and C). Consistent with the observation that VAMP3 silenc-
ing reduced cell surface 1 (Fig. 3C), the cell adhesion data suggested
that VAMP3 participated selectively in trafficking of the laminin
receptors — a3p1 integrin, a6p1 integrin, and o7B1 integrin.
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Discussion

In migrating cells, integrins are transported in vesicles and exocy-
tosed actively at the cell front [4]. Although it is well established that
SNAREs mediate intracellular vesicle fusion [14,15], it is not clear
which SNARE proteins mediate the trafficking of integrins to the
plasma membrane. Using RNA interference, we show here that
silencing of the v-SNARE VAMP3 effectively inhibited cell migration
without affecting proliferation. VAMP3 silencing reduced the
amount of B1 integrin at the cell surface without altering total cellu-
lar B1, indicating that VAMP3 is required for trafficking of g1 to the
plasma membrane. In addition, VAMP3 silencing inhibited cell adhe-
sion to laminin but not to fibronectin or collagen. Together, these
data suggest that VAMP3-mediated integrin trafficking is critical in
cell migration and cell adhesion to laminin.

By expression of the catalytic light chain of tetanus toxin (TeTx-
LC), a protease that specifically cleaves and inactivates VAMP1,
VAMP2 and VAMP3, several studies show that inhibition of VAMP3
function interferes cell motility and integrin functions. In CHO cells,
expression of TeTx-LC impairs cell migration, reduces cell surface
o5B1 integrin, and inhibits cell spreading but not adhesion to fibro-
nectin [23,24]. In MDCK cells, TeTx-LC expression reduces cell
motility and disrupts the recycling of B1 integrin [25]. Since among
the three VAMP proteins, VAMP3 is the only one expressed in CHO
cells and MDCK cells [24,25], these results suggest that VAMP3 par-
ticipates in integrin trafficking and cell migration. In the present
study, we used siRNA to silence VAMP3 and found that VAMP3
silencing inhibited cell migration by more than 60% and effectively
reduced the amount of B1 integrin at the cell surface. This work pro-
vides further evidence that VAMP3-dependent integrin trafficking
plays an important role in cell migration. In addition, we showed
that VAMP3 silencing inhibited cell adhesion to laminin but not
to fibronectin or collagen. For the first time, these results indicated
that VAMP3 participates selectively in trafficking of the integrins
that function as laminin receptors.

Vesicle trafficking is an integral part of the cellular cascades
that lead to concerted motions from different parts of migrating
cells [3]. The small Rho GTPases are the central regulators of actin
polymerization and cell migration. Interestingly, a few Rho GTP-
ases (Cdc42, Racl, RhoB, etc.) are associated with vesicular com-
partments [31]. In addition to actin polymerization, the Rho
GTPases regulate vesicle trafficking in cell migration [31]. To ex-
tend protrusions, the plasma membrane needs to be expanded
at the cell front. In migrating cells, exocytosis of the cell surface
receptors such as transferrin receptors, occurs mainly at the lead-
ing edge [32], indicating that new plasma membrane components
are indeed added at the cell front. Matrix metalloproteinases,
which degrade basement membrane to facilitate migration, are
also delivered to the leading edge through polarized exocytosis
[33]. Furthermore, integrins, which serve as the “feet” of a
migrating cell, are endocytosed from the plasma membrane,
transported and exocytosed at the cell front [3,4]. Our current
work showed that silencing of VAMP3, a SNARE protein that
mediates the trafficking of 1 integrin to the cell surface, effec-
tively reduced cell motility. These findings further indicate that
vesicle trafficking is indispensable in cell migration.
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