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ABSTRACT
Vesicle trafficking regulates epithelial cell migration by remodeling matrix adhesions and delivering
signaling molecules to the migrating leading edge. Membrane fusion, which is driven by soluble
N-ethylmaleimide-sensitive factor associated receptor (SNARE) proteins, is an essential step of vesicle
trafficking. Mammalian SNAREs represent a large group of proteins, but few have been implicated in the
regulation of cell migration. Ykt6 is a unique SNARE existing in equilibrium between active membrane-
bound and inactive cytoplasmic pools, and mediating vesicle trafficking between different intracellular
compartments. The biological functions of this protein remain poorly understood. In the present study,
we found that Ykt6 acts as a negative regulator of migration and invasion of human prostate epithelial
cells. Furthermore, Ykt6 regulates the integrity of epithelial adherens and tight junctions. The observed
anti-migratory activity of Ykt6 is mediated by a uniquemechanism involving the expressional upregula-
tion of microRNA 145, which selectively decreases the cellular level of Junctional Adhesion Molecule
(JAM) A. This decreased JAM-A expression limits the activity of Rap1 and Rac1 small GTPases, thereby
attenuating cell spreading andmotility. The described novel functions of Ykt6 could be essential for the
regulation of epithelial barriers, epithelial repair, and metastatic dissemination of cancer cells.
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Introduction

Intracellular vesicle trafficking plays a vital role in the
regulation of epithelial homeostasis. In differentiated
epithelial layers, it mediates the establishment of
apico-basal cell polarity and the assembly of adherens
junctions (AJ) and tight junctions (TJ), thereby
enabling the transport and barrier functions of var-
ious epithelia [1]. Furthermore, vesicle trafficking is
known to regulate epithelial morphogenesis and tis-
sue repair by controlling epithelial cell migration
[2,3]. In migrating cells, vesicle trafficking regulates
several events. The most studied event is the remodel-
ing of integrin-based focal adhesions (FA), which
mediates cell attachment to the extracellular matrix
(ECM). In motile cells, FA assemble at the migrating
leading edge and disassemble at the trailing end of the
cell [4]. This process involves the endocytosis ofmole-
cular components of disassembling FA and their sub-
sequent exocytosis to the leading edge, to be reused in
nascent ECM adhesions. Inhibition of the exocytosis

and recycling of FA components could profoundly
disrupt ECM adhesion and interfere with cell motility
[5–8]. Vesicle trafficking is also important for the
delivery of signaling molecules, such as active Src
kinase and Rac1 GTPase, to the migrating leading
edge, where these molecules regulate actin filament
remodeling and the formation of membrane protru-
sions [9,10]. That abnormal vesicle trafficking can
contribute to the pathogenesis of different diseases
has been well documented. For example, defects of
epithelial vesicle trafficking machinery are associated
with impaired embryonic morphogenesis and tissue
repair [2,3]. On the other hand, overactivation of this
process can be responsible for the accelerated motility
of cancer cells, driving tumor metastasis [11].
Therefore, elucidating vesicle trafficking mechanisms
that regulate cell motility is fundamentally important
for understanding the basic biology of epithelial bar-
riers and the pathophysiology of tissue injury and
tumorigenesis.
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Intracellular vesicle trafficking occurs via a multi-
step process involving vesicle formation, tethering,
docking, and fusion with targeted membranes [12].
Every step of this process is controlled by specific
protein machinery that determines correct mem-
brane recognition and fusion. Membrane fusion is
the final and rate-limiting step of vesicle trafficking,
mediated by the SNARE (Soluble N-ethylmalemide-
sensitive factor Associated Receptor) protein com-
plex [13,14]. Mammalian cells express 38 different
SNAREs that regulate vesicle fusion with various
membrane compartments. Direct interactions of dis-
tinct SNARE proteins located on both the vesicle and
the target membrane bring the two lipid bilayers into
proximity and force their fusion. These interactions
are mediated by special SNARE motifs that are cap-
able of self-association, creating a stable helical core
complex [13–15]. Such complex is usually formed by
three or four SNARE proteins, contributing four
structurally different SNARE motifs. Several pre-
vious studies addressed the involvement of SNARE
proteins in controlling the migration and invasion of
epithelial, endothelial, and cancer cells. Interestingly,
the ECM adhesion andmotility of these cells appears
to be orchestrated by SNAREs located in different
membrane compartments including plasma mem-
brane resident syntaxins 3, 4, 13, and SNAP23
[9,16], endosomal vesicle-associated membrane pro-
teins (VAMP) 3 and 7 [8,17], and Golgi/endosomal
syntaxin 6 [18,19]. The described studies focused on
just a subset of all mammalian SNAREs that primar-
ily mediate the post-Golgi steps of vesicle trafficking.
Much less is known about the biosynthetic traffick-
ing of adhesion proteins through the endoplasmic
reticulum (ER) and Golgi, or how ER-Golgi resident
SNAREs could control the assembly of ECM adhe-
sions and epithelial cell motility.

Ykt6 was originally described as a component of
the ER-Golgi SNARE machinery with unusual bio-
chemical properties and poorly-defined cellular
functions [20,21]. Unlike the majority of SNAREs,
it lacks the transmembrane domain, and interacts
with membrane compartments via farnesyl and pal-
mitoyl anchors [20,21]. A significant pool of Ykt6
has been shown to accumulate in the cytoplasm, in a
self-folded inhibited conformation [21–24]. This
suggests the existence of regulatory mechanisms
that switch the Ykt6 molecule into an open confor-
mation, leading to its activation and translocation to

endomembranes. The precise intracellular localiza-
tion and functions of Ykt6 remain controversial. In
mammalian epithelial cells and keratinocytes, it is
enriched in the Golgi and the ER-Golgi intermediate
compartment, and participates in ER-Golgi and
intra-Golgi trafficking [20,25–28]. In contrast, in
neuronal cells, the majority of Ykt6 was found in
peripheral vesicles, presumably associated with the
endocytic, not secretory, pathway [22,29]. Consistent
with this role, a siRNA screen in Drosophila cells
identified Ykt6 as an essential regulator of parasite
phagocytosis [30]. Yet in other studies, Ykt6 was
shown to mediate the secretion of lysosome-derived
exosomes [31] and regulate fusion of constitutive
secretory carriers with the plasma membrane [32].
Since Ykt6 is likely to participate in various stages of
intracellular vesicle trafficking, this SNARE protein
may play essential roles in controlling membrane
dynamics during cell adhesion and migration.
However, the involvement of Ykt6 in the regulation
of cell motility has not been previously addressed.
The present study was designed to fill this knowledge
gap and to elucidate the roles of Ykt6 in mediating
the collective migration and invasion of epithelial
cells. Our data elevates Ykt6 as an important negative
regulator of cell motility that acts via controlling the
expression of Junctional Adhesion Molecule (JAM)-
A and activity of Rap1 and Rac1 small GTPases.

Methods

Antibodies and other reagents

The following primary polyclonal (pAb) and mono-
clonal (mAb) antibodies were used to detect traffick-
ing, signaling, junctional, and cell-matrix adhesion
proteins: anti-Ykt6 rat mAb [22,29]; anti-JAM-A
mAb (gift from Dr. C.A. Parkos, University of
Michigan); anti β1-integrin mAb and anti Ykt6
pAb (Novus Biologicals, Littleton, CO);
E-cadherin, β-catenin, p120 catenin, afadin and
total paxillin, mAbs (BD Biosciences, San Jose,
CA); talin and vinculin mAbs (Sigma-Aldrich, St.
Louis, MO); anti-phospho-paxilin, total FAK, phos-
pho-FAK, c-Src, phospho-c-Src, GAPDH and β4-
integrin pAbs (Cell Signaling, Danvers, MA); anti-
ZO-1, cadherin-11 and EEA1 pAbs, and anti-
Claudin-4 mAb (Life Technologies); anti α-catenin
mAb, anti-JAM-A and Rab7 pAbs (Abcam, Boston,
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MA). Anti-Rap1 and Rac mAbs were from Cell
Biolabs (San Diego, CA) and anti-cadherin-6 and
P-cadherin mAbs were from Merck-Millipore
(Billerica, MA). Anti-TGN46 pAb was from Bio-
Rad Laboratories (Hercules, CA) and anti Giantin
pAb was from BioLegend (San Diego, CA). Alexa
Fluor-488-conjugated donkey-anti-rabbit and don-
key-anti-goat secondary antibodies, Alexa Fluor-
555-conjugated donkey-anti-mouse, and donkey-
anti-sheep secondary antibodies, and Alexa Fluor-
488 and Fluor-555-labeled phalloidin were obtained
from Life Technologies. Horseradish peroxidase-
conjugated goat-anti-rabbit and anti-mouse second-
ary antibodies were acquired from Bio-Rad
Laboratories. EHT 1864 was purchased from Bio-
Techne (Minneapolis, MI). CE3F4 and 8-pCTP-2-
O-Me-cAMP-AM were acquired from Tocris
Bioscience (Bristol, UK). All other chemicals were
obtained from Sigma-Aldrich.

Cell culture

DU145 prostate epithelial cells (American Type
Culture Collection) were grown in RPMI media
(Invitrogen) supplemented with 10% FBS, 5 mM
pyruvate, and antibiotics. M12 and p69 prostate
epithelial cells (gifts from Dr. Zendra Zehner,
Virginia Commonwealth University) were grown
in RPMI supplemented with 5% FBS 5 mM pyr-
uvate, 1X ITS supplement (Invitrogen), and anti-
biotics. Phoenix 293 cells were grown in high-
glucose DMEM. Cells were grown in T75 flasks,
and for immunolabeling, the cells were seeded on
either collagen-coated permeable polycarbonate
filters (0.4 µm pore size, Costar Cambridge, MA)
or on collagen-coated coverslips. For biochemical
studies, cells were cultured on 6-well plates.

RNA interference and micro-RNA targeting

Ykt6 expression was transiently downregulated
using gene-specific Dharmacon On-Target−Plus

small interfering (si) RNAs (Thermo-Fisher). Either
siRNA SmartPool or individual duplexes with the
following sequences were used: duplex (D)
1-CUAAAGUGCAGGCCGAACU, D2-AUACCA
GAACCCACGAGAA, D3-CUAUAAAACUGCC
CGGAAA, D4-GCUCAAAGCCGCAUACGAU.
Noncoding siRNA duplex 2 was used as a control.

Dharmacon siRNA SmartPools were used to down-
regulate the expression of JAM-A (M-005053–01)
and Rap 1 (M-003623–02). E-cadherin expression
was downregulated by using Dharmacon siRNAs:
D1-GGAGAGCGGUGGUCAAAGA, D2-ACCAG
AACCUCGAACUAUA, D3-GAGAACGCAUUG
CCACAUA, D4-GCAGUACAUUCUACACGUA.
Paxillin specific siRNAs with DNA target sequences:
D1-CCTGTGATTTATGCCAATAAA (SI00044
625) and D2-CTGCTGGAACTGAACGCTGTA
(SI04713562), as well as β1-integrin siRNAs with
target sequences: D1-TACGTATTCAGTGAA
TGGGAA (SI00034377) and D2-TACGGAGGAAG
TAGAGGTTAT (SI00034384) were obtained from
Qiagen (Hilden, Germany). microRNA (miR)-145
(IH300,613–06) hairpin inhibitor, as well as
miRIDIAN miR-145 mimetic (C-300613–05) were
purchased from Dharmacon. miR hairpin inhibitor
negative control #1 (IN-001005–1) andmiRmimetic
negative control #1 (CN-0010000–01), both from
Dharmacon, were used as appropriate controls.

Cells were seeded in 6-well plates at approxi-
mately 60% confluence and transfected with siRNA
or micro-RNAs using DharmaFect 1 transfection
reagent as previously described [7,33]. The final
siRNA concentration for any single siRNA transfec-
tion was either 50 or 100 nM. Cotransfections, invol-
ving either two different siRNAs, or siRNA/
microRNA pairs, were performed with the final con-
centration of each oligonucleotide at 50 nm. Cells
were utilized for experiments on days 3 and 4 post-
transfection.

Quantitative real-time RT-PCR

Total RNA was isolated using an RNeasy mini kit
(QIAGEN, Valencia CA), followed by DNase
treatment to remove genomic DNA. Total RNA
(1 µg) was reverse transcribed using an iScript
cDNA synthesis kit (Bio-Rad Laboratories).
MicroRNAs (miR) were isolated using a
PureLink miRNA isolation kit (Life technologies)
and treated with DNAase. miR (0.4 µg) was
reverse transcribed using a qScript MicroRNA
cDNA Synthesis Kit (Quanta BioSciences,
Beverly, MA). Quantitative real-time RT-PCR
was performed using iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories) and a 7900HT
Fast Real-time PCR System (Applied Biosystems;
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Foster City, CA). The following primers were used
to amplify the microRNAs: hsa-miR-145–5p: 5'-
CAGTTTTCCCAGGAATCCCTAA-3'; hsa-miR-
146a-5p: 5'-TGAGAACTGAATTCCATGGGTT
A-3'; hsa-miR-495–5p: 5'-CAAACAAACATG
GTGCACTTC-3'; and universal reverse primer:
5'-GCATAGACCTGAATGGCGGGTA-3'. The
results were normalized to levels of U6 snRNA
(forward primer: 5'-CTCGCTTCGGCAGCACA-
3'; reverse primer: 5'-AACGCTTCACGAAT
TTGCGT-3'). The following primers were used
for JAM-A: forward: 5'-TCGAGAGGAAACTG
TTGTCC-3'; and reverse: 5'-ACCAGTTGGG
AAGAAGGTA-3'. JAM-A expression levels were
normalized to the house-keeping gene GAPDH
(forward: 5'-CATGTTTGTGATGGGTGTGAAC
CA-3'; reverse: 5'-AGTGATGGCATGGACTGT
GGTCAT-3'. The threshold cycle number (Ct)
for specific genes of interest and the housekeeping
gene was determined based on the amplification
curve representing a plot of the fluorescent signal
intensity versus the cycle number. The relative
expression of each gene was calculated with a
comparative Ct method that is based on the
inverse proportionality between Ct and the initial
template concentration (2-ΔΔCt), as previously
described [34]. This method is based on the two-
step calculation of ΔCt = Ct target gene – Ct
GAPDH and ΔΔCt = ΔCte-ΔCtc where index e
refers to the sample from any control or Ykt6
siRNA or corresponding miR treated cells, and
index c refers to a sample from a control siRNA
or control miR-treated cells assigned as an internal
control.

Generation of stable cell lines overexpressing
human ykt6

DU145 cell lines with stable overexpression of
human Ykt6 were generated using a Gateway com-
patible N-TAP retroviral expression system. The
initial full-length clone of human Ykt6 was obtained
from the PlasmID Repository service of the DNA
Resource Core (Harvard Medical School, Boston,
MA) and was verified with sequencing. Afterwards,
the Ykt6 sequence was transferred into an pMSCV-
NTAP retroviral expression vector using a Gateway
cloning system. For retroviral production, Phoenix
cells were transfected with blend of 2 µg of N-TAP-

Ykt6 or control retroviral expression plasmid, 0.1 µg
of pENV, and 0.1 µg of pGagPol in a 0.25 ml trans-
fection mix containing 25 μl of Trans-IT 2020
(MirusBio), according to the manufacturer’s instruc-
tions. Viral supernatants were collected 36 h and
48 h after transfection. The retroviral supernatant
was used to infect 1 × 106 DU145 cells in the pre-
sence of 4 μg/ml polybrene. Infected cells were
selected with 5 μg/ml puromycin.

Rap1 and rac1 activation assays

The activity of Rap1 and Rac1 small GTPases was
determined by using activation assay kits (Cell
Biolabs, San Diego, CA) according to manufac-
turer instructions.

Immunoblotting analysis

Total cell lysates were obtained by homogenizing
the cells with RIPA cell lysis buffer (Tris 20 mM,
NaCl 150 mM, EDTA 2 mM, EGTA 2 mM, Na
deoxycholate 1%, SDS 0.1%, Triton 1%), supple-
mented with phosphatase inhibitor cocktails 2 & 3
(1:200) and protease inhibitor cocktail (1:100)
(Sigma-Aldrich). The homogenized samples were
cleared by centrifugation, mixed with an equal
volume of 2X SDS sample buffer and boiled. The
total cell lysates were separated by SDS-
Polyacrylamide gel electrophoresis with 10–20 µg
of protein loaded into each well. The separated
proteins were then transferred by standard electro-
blotting technique onto either nitrocellulose or
polyvinylidene difluoride membranes. After trans-
fer, the membranes were incubated with primary
and HRP-conjugated secondary antibodies, and
the proteins were visualized using standard
enhanced chemiluminescence reagents and x-ray
film. Protein expression was quantified by densi-
tometry (Epson Perfection V500 photo scanner
and ImageJ 1.47v software [National Institute of
Health, Bethesda, MD]) of three immunoblot
images, each representing an independent experi-
ment. Data is presented as normalized values
assuming the expression levels in control siRNA-
treated groups as 1. Statistical analysis was per-
formed with row densitometric data using
Microsoft Excel.
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Immunofluorescence labeling and confocal
microscopy

Control and Ykt6-depleted epithelial cells cultured
on collagen-coated coverslips were fixed in 100%
methanol for 20 minutes at −20°C. Fixed cells were
immunolabeled with antibodies specifically recog-
nizing junctional proteins and Golgi markers as
described previously [33,35]. Immunolabeled cells
were examined using a Zeiss LSM 700 Laser
Scanning Microscope (Zeiss Microimaging Inc.;
Thornwood; NY). The Alexa Fluor-488 and Alexa
Fluor-555 signals were imaged sequentially in frame-
interlace mode to eliminate cross talk between chan-
nels. Image analysis was conducted using imaging
ZEN 2011 (Carl Zeiss Microscopy Inc.; Thornwood;
NY) and Adobe Photoshop software. Colocalization
analysis was performed using the Coloc-2 module of
Fuji Image J software. Images shown are representa-
tive of three independent experiments with multiple
images taken per slide.

Scratch wound assay

Epithelial cells were plated in 6-well plates and
grown for 3 days until confluency. A pipette tip
was used to make a thin scratch wound in the cell
monolayer. The plates were then washed with a
complete medium and marked on the bottom by
drawing lines across the newly-formed wounds.
The images of wound monolayers were acquired
at 0 and 8 hours after wounding, using an inverted
bright field microscope equipped with a camera.
The width of the wounded area along the estab-
lished marks was measured using ImageJ soft-
ware [36].

Matrigel invasion assay

Epithelial cells were detached using TrypLETM

Express reagent (Thermo-Fisher), re-suspended in
1% FBS containing RPMI medium, and counted.
Approximately 3 × 107 cells were loaded into the
upper chamber of BioCoat Matrigel coated mem-
brane-inserts (BD Biosciences). The upper chamber
was filled with serum-free RPMI medium, while the
lower chamber was filled with RPMI containing
10% FBS as a chemoattractant. Cells were allowed
for overnight invasion through Matrigel at 37°C.

Thereafter, plates were washed with Hank’s
Balanced Salt Solution (HBSS) and fixed with
methanol for 10 minutes. Fixed cells were stained
using Eosin Y (10 minutes) followed by Azure A/
Azure B (10 minutes). Non-invaded cells were
removed from the upper surface of Matrigel by
wiping with a cotton bud. The invaded labeled
cells were counted under a bright field microscope.

Cell spreading assay

On day 4 post-transfection, adherent cells were
released from plates using TrypLETM Express
reagent and counted. Next, 105 cells were seeded in
collagen-coated 24-well plates. Cells were allowed to
attach and spread over a collagen I-coated surface for
1 h and attached cells were examined under an
inverted bright field microscope equipped with a
camera. The surface area of spread cells was mea-
sured using the ImageJ program. In each experi-
ment, 50 randomly selected cells were measured for
every experimental group. The results shown are
representative of two independent experiments.

Cell proliferation assay

Control and Ykt6 transfected cells in exponential
growth were harvested and plated at a density of
3 × 104 cells per well in 24-well plates. On day 2 and
3 post-plating, both floating and attached cells were
harvested by trypsinization and collected by centrifu-
gation. Cell pellets were resuspended in fresh media,
and the total cells number for each well were counted
using a hemocytometer. The results shown are repre-
sentative of two independent experiments.

Statistics

All data are expressed as means ± standard error
(SE) from three independent experiments.
Statistical analysis was performed by using a one-
way ANOVA to compare obtained numerical
values in the control and two experimental groups
(knockdown with two different Ykt6 siRNAs). If
the ANOVA test showed significant differences, a
post-hoc t-test was used to compare the difference
between the control and each Ykt6-depleted
group. P values < 0.05 were considered statistically
significant.
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Data availability

Materials, data and associated protocols will be
available upon request from the corresponding
author.

Results

Downregulation of ykt6 expression promoted cell
migration and impaired the architecture of
epithelial junctions

The roles of Ykt6 in the regulation of epithelial cell
motility were investigated using a DU145 prostate
epithelial cell line. DU145 are well-differentiated
epithelial cells capable of individual and collective
migration and it is a commonly used model to study
different modes of epithelial cell motility. Expression
of Ykt6 was transiently downregulated in DU145 cells
by using either siRNA SmartPool or four individual
siRNA duplexes. All siRNA duplexes and the
SmartPool resulted in a very efficient (more than
80%) Ykt6 knockdown on day 4 post-transfection
(Figure 1a). Two individual Ykt6 siRNA duplexes
(D1 and D3) were selected for the subsequent experi-
ments, though pilot experiments demonstrated simi-
lar effects for all four duplexes and the siRNA
SmartPool on DU145 cell migration (data not
shown). Different approaches were used to investigate
the roles of Ykt6 in epithelial cell motility. One
approach is a scratch wound assay that examines
collective migration of epithelial sheets, and the
other is a Matrigel invasion assay that involves the
migration of individual epithelial cells or their small
clusters through a 3-D matrix. Downregulation of
Ykt6 expression significantly accelerated both the col-
lective migration and Matrigel invasion of DU145
cells (Figure 1(b-e)). This effect was especially robust
in cell invasion, where the loss of Ykt6 caused more
than two-fold increase in cell motility (Figure 1(e)).
Additionally, Ykt6 knockdown significantly pro-
moted wound closure in p69 and M17 prostate
epithelial cell monolayers (Suppl. Fig. 1), thereby
indicating that the observed effects are not peculiar
responses of DU145 cells. Together, these results sug-
gest a novel anti-migratory role of Ykt6 in prostate
epithelial cells.

Since the migration of well-differentiated epithelial
cells is known to be regulated by the assembly of
intercellular junctions [37], we next investigated the

effect of Ykt6 depletion on the integrity of two major
junctional complexes, namely adherens junctions (AJ)
and tight junctions (TJ). AJ integrity was evaluated
with the immunolabeling of E-cadherin and
P-cadherin, whereas TJ organization was determined
by immunolabeling of junctional adhesion molecule
(JAM)-A, and ‘zonula occludens’ (ZO)-1. Confocal
microscopy demonstrated a characteristic ‘chicken
wire’ labeling pattern of the selected AJ and TJ pro-
teins in control siRNA-transfected DU145 cells
(Figure 2, arrows). Interestingly, Ykt6 knockdown
induced multiple changes in the localization of junc-
tional proteins including a dramatic loss of E-cadherin
labeling intensity, the accumulation of P-cadherin into
cytosolic vesicles, and the disruption of continuous
JAM-A and ZO-1 labeling at areas of cell-cell contact
(Figure 2, arrowheads and asterisks). We also sought
to understand whether the observed intracellular
accumulation of P-cadherin was caused by the defec-
tive exocytosis, or the accelerated endocytosis, of this
AJ protein in Ykt6-depleted cells. Dual immunofluor-
escence labeling of P-cadherin with exocytosis/Golgi
marker, TGN46, or endosomal markers early endoso-
mal antigen (EEA)-1 and Rab7, with subsequent con-
focal microscopy, were performed to distinguish
between these two mechanisms. Intracellular
P-cadherin markedly colocalized with TGN46
(Suppl. Fig. 2, arrows), based on the calculated
Pearson’s coefficient of 0.7 ± 0.1 (n = 10) for the
correlation between red and green signals. By contrast,
little or no colocalization of P-cadherin with EEA1
and Rab7 was detected (Suppl. Fig 2), which demon-
strates selective retention of P-cadherin within the
exocytic pathway. Together, our data indicate that
Ykt6 depletion impairs the assembly of epithelial junc-
tions by either causing mislocalization or by decreas-
ing the expression of major AJ and TJ proteins.

Increased motility of ykt6-depleted epithelial
cells depended on the selective upregulation of
JAM-A expression

To gain insight into the mechanisms mediating the
accelerated motility and apical junction disassembly
caused by Ykt6 knockdown, we examined the expres-
sion of different ECM adhesion and junctional pro-
teins. Immunoblotting analysis revealed altered
expression of a number of adhesion molecules in
Ykt6-depleted DU145 cells. These changes included
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an up to 49% reduction of E-cadherin expression, a
24–52% decrease in claudin-4 protein level, 56–61%
decrease in paxillin phosphorylation, and the
increased intensity of the lower band of the β1-integ-
rin doublet (Figure 3(a,b)), which indicates accumula-
tion of the non-glycosylated precursor of this protein
[7]. However, one of the most remarkable effects of
Ykt6 knockdown was a dramatic upregulation of

JAM-A expression. Indeed, JAM-A protein level was
3–4 fold higher in DU145 cells transfected with anti-
Ykt6 siRNAs as compared to control siRNA-trans-
fected cells (Figure 3(b)). Interestingly such JAM-A
upregulation was evident at the protein, but not at the
mRNA level (Figure 3(c)).

To ensure that the observed effects of Ykt6 knock-
down on epithelial cell motility and adhesion protein

0

100

200

300

400

500

N
um

be
r 

of
 in

va
de

d 
ce

lls
W

ou
nd

 c
lo

su
re

, %

0

10

20

30

40

50

60

70

GAPDH 36

kDa

17

Control siRNA

0 
h

8
h

Ykt6 siRNA D1

a

c

d

∗

∗
∗

∗

e

b

Ykt6

Ykt6 siRNA D3

Control siRNA Ykt6 siRNA D1 Ykt6 siRNA D3

1       0.16    0.16  0.15    0.14   0.12 Relative level

Figure 1. Depletion of Ykt6 enhances planar migration and matrix invasion of prostate epithelial cells.
DU145 prostate epithelial cells were transfected with either control siRNA, Ykt6-specific siRNA SmartPool (SP), or individual Ykt6
siRNA duplexes (D1-D4). (a) Immunoblotting analysis displays the efficiency of Ykt6 knockdown on day 4 post-transfection. Numbers
indicate the average values for the Ykt6 relative expression calculated from 3 independent experiments. (b) Representative images
of wound healing in DU145 cell monolayers transfected with either control, or two Ykt6-specific, siRNA duplexes (D1 and D3). (c)
Quantitation of wound closure during 8 h of cell migration. (d,e) Representative images of Matrigel-invaded control and Ykt6-
depleted epithelial cells and a quantitative analysis showing the numbers of cells invaded through Matrigel. Data are presented as
mean ± SE (n = 3); *P < 0.01 as compared to the control siRNA-treated group. Scale bars, 200 µm.

1818 N. G. NAYDENOV ET AL.



expression are not related to possible off-target effects
of siRNA transfection, we performed rescue experi-
ments. These experiments involved the creation of a
DU145 cell line with stable overexpression of a HA-
tagged human Ykt6 (Suppl. Fig. 3a). Ykt6 overexpres-
sion itself did not affect epithelial wound closure
(Suppl. Fig. 3b,c) or Matrigel invasion (Suppl.
Fig. 3d,e), but it increased a steady-state level of
E-cadherin protein (Suppl. Fig. 3a). Furthermore,
Ykt6-overexpression prevented the increased motility
of DU145 cells and JAM-A upregulation caused by
Ykt6-specific siRNAs (Suppl. Fig. 3). The results of
these rescue experiments strongly suggest that loss of
Ykt6 specifically stimulates expression of JAM-A pro-
tein and enhances different modes of epithelial cell
migration.

JAM-A is a known accelerator of epithelial cell
motility [38–41]. Since upregulation of this protein
appears to be the most pronounced molecular
event that positively correlates with increased cell
motility following Ykt6 knockdown, we sought to
determine if such JAM-A upregulation plays a
causal role in driving the migration of Ykt6-
depleted cells. Knockdown of JAM-A alone caused
a modest but significant inhibition of wound clo-
sure, but did not attenuate Matrigel invasion of
control DU145 cells (Figure 4). In contrast, co-
knockdown of JAM-A and Ykt6 completely
reversed the increased motility of Ykt6-depleted

cells. Indeed JAM-A/Ykt6-co-depleted cells closed
wounds at significantly slower rate as compared to
control DU145 cells, whereas their invasion was
not significantly different from the control group
(Figure 4). To ensure that the observed JAM-A
dependence is a unique mechanism driving the
migration of Ykt6-deficient cells, we performed
several control experiments. First, we evaluated
the possible contribution of altered cell prolifera-
tion, but observed no effects of Ykt6-depletion on
this process (Suppl. Fig. 4). Next, we examined
whether decreased E-cadherin expression could
be responsible for the accelerated motility of
Ykt6-depleted cells by weakening their intercellu-
lar adhesions. E-cadherin level was downregulated
in DU145 cells by four different siRNA duplexes.
Interestingly, such downregulation did not affect
epithelial wound healing (Suppl. Fig. 5). Finally,
we investigated if the observed misprocessing of
β1-integrin or the dephosphorylation of paxillin
could promote cell motility by altering ECM adhe-
sions. However, knockdown of either β1-integrin,
or paxillin, with two different siRNA duplexes for
each protein target, had no effect on the wound
healing ability of DU145 cells (Suppl. Fig. 6).
Together, our results highlight the upregulation
of JAM-A expression as a unique mechanism
that accelerates the collective migration and
Matrigel invasion of Ykt6-depleted epithelial cells.
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Ykt6 knockdown accelerated epithelial cell
motility by activating rap1 and rac1 small
GTPases

The next series of experiments was designed to eluci-
date the down-stream signaling events by which upre-
gulated JAM-A could drive the motility of
Ykt6-depleted epithelial cells. Since activation of
Rap1 small GTPasewas found to be a crucialmediator
of the promigratory activity of JAM-A [38,40,41], we
sought to investigate if this mechanism also plays a
role in our experimental system. A biochemical pull-
down assay demonstratedmore than 3 fold increase in
the amount of active Rap1 in DU145 cells transfected
with Ykt6 siRNA D1 and D3, respectively, as

compared to control cells (Figure 5(a)). Consistently,
pharmacological activation of Rap1 with 8-pCTP-2-
O-Me-cAMP-AM promoted wound healing in con-
trol DU145 cell monolayers (data not shown).
Exposure of either control or Ykt-6 depleted DU145
cells to a specific pharmacological Rap1 inhibitor,
CE3F4 (50 µM) [42], significantly attenuated their
wound healing (Figure 5(b,c)) and Matrigel invasion
(Figure 5(d,e)). Importantly, the Rap1 inhibitor sig-
nificantly decreased the magnitude of accelerated
wound healing in Ykt6-depleted cells as compared to
the vehicle-treated cells (from ~ 94% to 50%) and
completely blocked the increased cell invasion caused
by Ykt6 knockdown (Figure 5). Consistently with
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these pharmacological inhibition data, a simultaneous
siRNA-mediated knockdown of Ykt6 and Rap1 in
DU154 cells also reversed the accelerated wound clo-
sure (Figure 6(a-c)) andMatrigel invasion (Figure 6(d,
e)) of Ykt6-deficient cells. siRNA-mediated knock-
down of Rap1 did not prevent the upregulation of
JAM-A expression following Ykt6 depletion
(Figure 6(a)), which places Rap1 activation down-
stream of JAM-A upregulation under these experi-
mental conditions.

How does Rap1 activation promote the motility of
Ykt6-depleted DU145 cells? Previous studies sug-
gested that Rap1 controls epithelial cell migration by
regulating either β1-integrin expression [38,40,41] or
Rac1-depended cell spreading [43,44]. Since β1-integ-
rin expression was not increased in Ykt6-depleted
DU145 cells (Figure 3(a)), we disregarded this
mechanism and focused on the involvement of Rac1
GTPase. Figure 7(a) shows that cell transfection with
anti-Ykt6 siRNA in a 2–4 fold increase in Rac1 activity
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as compared to the control group. This Rac1 activa-
tion was accompanied by the increased spreading of
Ykt6-depleted cells on the collagen I substrate (Suppl.
Fig. 7). To demonstrate a causal link between Rac1
activation and the increased motility of Ykt6 depleted
cells, we used a selective Rac inhibitor, EHT 1864,
which displaces bound nucleotides and locks Rac
GTPases in an inactive state [45]. Treatment with
EHT 1864 (50 µM) reversed the accelerated wound
healing (Figure 7(b,c)) and Matrigel invasion

(Figure 7(d,e)) caused by Ykt6 depletion. Together,
these data suggest that increased JAM-A expression in
Ykt6-depleted epithelial cells promotes cell motility by
activating Rap1 and Rac1.

Ykt6 knockdown increased the level of JAM-A
protein by inhibiting mir-145 expression

A key question that needed to be addressed relates to
the mechanism by which Ykt6 knockdown increases
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JAM-A levels. Since the expression of JAM-A mRNA
was not affected by Ykt6 depletion, such upregulation
must occur post-transcriptionally. Several lines of evi-
dence suggest the involvement of microRNAs in this
process. First, microRNAs are known to regulate the
expression of various proteins by controlling the
translation of their mRNAs [46,47]. Second, previous
studies documented the important role of several
microRNAs in the regulation of JAM-A expression

[48–51]. Finally, the processing and activity of differ-
ent microRNAs depends on their association with the
ER,Golgi, and endosomalmembranes, and it could be
impaired if such membrane association is perturbed
[52,53]. We reasoned that Ykt6 might disrupt ER and
Golgi-dependent vesicle trafficking, thereby impairing
microRNA homeostasis. To test this hypothesis, we
first examined the effect of Ykt6 knockdown on ER-
Golgi vesicle trafficking by analyzing the Golgi
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integrity. Control DU145 cells do not form a compact
Golgi complex, instead appearing as a cluster of peri-
nuclear vesicles containing corresponding protein
markers, such as Giantin and TGN46 (Suppl. Fig. 8,
arrows). However, Ykt6 depletionmarkedly disrupted
the localization of Golgi markers in DU145 cells,
resulting in diffuse Giantin labeling and the scatter-
ing/aggregation of TGN46-containing vesicles (Suppl.
Fig. 8, arrowheads). InHeLa cells, normally possessing
a more compact Golgi complex, its integrity was also

disrupted by Ykt6 depletion, as manifested by the
fragmentation and vesiculation of perinuclear
Giantin and TGN46-containing tubules (Suppl.
Fig. 9). It is noteworthy that the observed defect of
Golgi-dependent glycosylation of β1-integrin
(Figure 3(a)) also suggests abnormal ER-Golgi or
intra-Golgi vesicular transport in Ykt6-depleted cells.

Next, we used quantitative RT-PCR analysis to
examine the cellular levels of three microRNAs pre-
viously implicated in the regulation of JAM-A
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expression [48–51]. Figure 8(a) demonstrates that loss
of Ykt6 markedly decreased the expression of miR-
145, without having significant effect on miR-146a
andmiR-495 levels. SincemiR-145 is known to inhibit
JAM-A expression [48,50,51], loss of this microRNA
could be responsible for the increased JAM-A level in
Ykt6-depleted cells. To test this hypothesis, we exam-
ined the effects of miR-145 inhibition on control
DU145 cells. Cells transfected with a miR-145 inhibi-
tor showed more than 7 fold higher level of JAM-A
protein as compared to control miR-transfected cells

(Figure 8(b)). Furthermore, miR-145 inhibition pro-
moted both wound healing and Matrigel invasiveness
of DU145 cells, thereby phenocopying the effects of
Ykt6 knockdown (Figure 8(c-f)). Consistently, trans-
fection of DU145 cells with miR-145 mimetic pre-
vented the upregulation of JAM-A expression
(Figure 9(a)) and reversed the increase in epithelial
wound healing and Matrigel invasion caused by Ykt6
depletion (Figure 9(b-e)). Collectively, these results
strongly suggest that loss of Ykt6 stimulates JAM-A
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expression and promotes prostate epithelial cell moti-
lity by decreasing the expression of miR-145.

Discussion

Ykt6 is a unique SNARE protein implicated in the
regulation of vesicle trafficking between the ER, the
Golgi, endosomes, and the plasma membrane
[20,21,26,28,31,54]. While recent biochemical and

biophysical studies revealed the molecular details of
the structure and themolecular plasticity of Ykt6 [24],
little is known about this protein’s roles in regulating
cellular homeostasis. Our study reveals two novel
functions of Ykt6 in human prostate epithelial cells:
maintenance of the integrity of apical junctions and
inhibition of cell motility (Suppl. Fig. 10). The first
function can be directly linked to the membrane
fusion activity of Ykt6, which mediates the trafficking
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of different AJ and TJ proteins to the plasma mem-
brane. This notion is supported by the observed phe-
notype of Ykt6-depleted cells characterized either by
the mislocalization of junctional components into
trans-Golgi network-derived vesicles or by the
decreased expression of some AJ and TJ proteins,
which may also result from their abnormal trafficking
and degradation (Figures 2 & 3; Suppl. Fig. 2). These
effects of Ykt6 knockdown on apical junctions recapi-
tulate the epithelial AJ/TJ disassembly caused by the
loss of other SNARE proteins and regulators
[33,55–57].

Unexpectedly, Ykt6 knockdown had a gain-of-
function effect on epithelial cell motility, as
demonstrated both by increased collective migra-
tion during wound healing and accelerated indivi-
dual cell invasion into Matrigel (Figure 1). These
results indicate that Ykt6 suppresses epithelial cell
migration: an unusual activity among vesicle traf-
ficking proteins, the majority of which are positive
regulators of cell motility [2,11]. Intriguingly, our
data suggest that Ykt6 inhibits epithelial cell
migration via a specific mechanism involving
downregulation of JAM-A expression (Figures 3
& 4). JAM-A is an immunoglobulin-like trans-
membrane protein that engages in multiple homo-
typic and heterotypical interactions on the cell
surface and in the cellular cortex [58,59]. In con-
fluent epithelial cell monolayers, JAM-A is a com-
ponent of TJs, playing an essential role in the
control of barrier permeability [58,59]. However,
in migrating cells, JAM-A acts a potent modulator
of cell motility. Thus, a number of previous studies
have demonstrated that JAM-A accelerates the
migration of intestinal epithelial [40,41], breast
cancer [38,39,50], and endothelial cells [60,61].
Consistent with this data, we found that the
increased migration and invasion of Ykt-6-
depleted DU145 cells was accompanied by a dra-
matic upregulation of JAM-A expression
(Figure 3). More importantly, the accelerated
motility of epithelial cells caused by Ykt6 depletion
was completely suppressed by JAM-A knockdown
(Figure 4).

Our data suggest that the increase in JAM-A
expression following Ykt6 knockdown drives
epithelial cell motility by stimulating Rap1 small
GTPase. Indeed, Rap1 was markedly activated in
Ykt6-depleted cells, and either pharmacological

inhibition or siRNA-mediated knockdown of this
GTPase reversed the pro-motile effects of Ykt6
knockdown (Figures 5 & 6). These findings are
consistent with previous studies conducted with
intestinal epithelial and breast cancer cells, which
implicated Rap1 activation in JAM-A-dependent
acceleration of cell migration [38,59]. While we
did not examine mechanisms of JAM-A-dependent
stimulation of Rap1 activity in Ykt6-depleted
DU145 cells, they could be similar to the mechan-
isms unraveled in the described studies. For exam-
ple, in intestinal and mammary epithelial cells,
JAM-A molecules were shown to homodimerize at
the plasma membrane, giving rise to a multiprotein
complex consisting of a scaffolding protein, afadin,
Rap1, and a guanine nucleotide exchange factor
(GEF) for Rap1, PDZ-GEF2 [38,59]. Assembly of
this complex brings Rap1 and PDZ-GEF2 into
proximity, resulting in Rap1 activation.

How could Rap1 activation promote the migration
of Ykt6-depleted epithelial cells? Previous studies
indicated that after being activated by JAM-A, Rap1
stimulates cell motility via integrin-dependent
mechanisms, either by upregulating β1-integrin
expression in epithelial cells [38,40,41] or by activat-
ing αV/β3 integrin in the vascular endothelium
[60,61]. However, such integrin dependent mechan-
isms are unlikely to be involved in the accelerated
motility of Ykt6-depleted cells. Indeed, in our experi-
mental system, increased expression of JAM-A was
not accompanied by the upregulation of β1-integrin
level. Moreover, Ykt6 depletion impaired the matura-
tion of β1-integrin by decreasing its Golgi-dependent
glycosylation (Figure 3(a)), which likely results in
impaired β1-integrin trafficking and function [7].
The observed decrease in paxillin phosphorylation in
Ykt6-depleted epithelial cells (Figure 3(a)) is also
inconsistent with the activation of integrin-dependent
signaling. Finally, the expressional downregulation of
either β1-integrin or paxillin failed to recapitulate the
effects of Ykt6 knockdown on the motility of DU145
cells (Suppl. Fig. 6).

Our data suggest alternative molecular events
that link JAM-A-dependent Rap1 activation and
the accelerated motility of Ykt6-depleted epithelial
cells. These events involve the activation of Rac1
GTPase and increased cell spreading (Figure 7 and
Suppl. Fig. 7). Previous studies in epithelial cells
and fibroblasts demonstrated that Rap1 could
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activate Rac1 to promote cell spreading and migra-
tion [43,44]. Rap1 was shown to interact with Rac1
GEFs, such as TIAM1 and VAV2, and to localize
them to the leading edge of migrating cells [43].
Since Rac1 is a major trigger of actin polymeriza-
tion at the cell cortex, its activation accelerates the
formation of actin-rich protrusions (lammelipo-
dia), thereby stimulating cell motility.

One of the most interesting findings of this
study is the selective upregulation of JAM-A pro-
tein level in Ykt6-depleted epithelial cells. This
phenomenon is caused by the derepression of
JAM-A expression due to the downregulation of
miR-145 (Figures 8 & 9). MiR-145 is a known
repressor of JAM-A in breast cancer [50], glioblas-
toma [48], and endothelial cells [62]. Interestingly,
downregulation of JAM-A expression was pre-
viously implicated in the attenuated migration of
miR-145-overexpressing breast cancer cells [50].
This is consistent with our observation that the
decrease in miR-145 level is responsible for the
enhanced JAM-A expression and the accelerated
motility of Ykt6-depleted DU145 cells (Figure 8).
Loss of miR-145 in Ykt6-depleted DU145 cells was
associated with increased level of JAM-A protein,
but not mRNA (Figure 3). This suggests that miR-
145 does not affect the stability of JAM-A mRNA,
but rather regulates its translation. Such transla-
tional regulation has also been reported for other
protein targets of miR-145 [63–65].

Ykt6-dependent regulation of microRNA
expression represents a novel function for this
membrane fusion protein. While the precise
mechanisms underlying such Ykt6 activity remain
to be elucidated, we propose that they could be
linked to Ykt6 roles in regulating ER-Golgi vesicle
trafficking and integrity of these organelles. Indeed
the final steps in microRNA biogenesis, and their
resultant functional activity, are regulated by a
number of cytoplasmic proteins, most notably by
RNAse III enzyme, dicer, and the RNA-induced
silencing complex (RISC) [66]. The Argonaute
protein family is the major constituent of the
RISC complex directly interacting with micro-
RNAs [66]. Several studies have demonstrated
the association of dicer and Argonauts with differ-
ent membrane compartments such as the ER, the
Golgi and endosomes [67–71]. The loss of such
associations between dicer, RISC, and

endomembranes impairs microRNA dependent
processing and activity [69,70]. Importantly, our
present results (Suppl. Figs. 8 & 9), along with a
previous study [28], revealed perturbations in ER-
Golgi trafficking and the Golgi integrity in Ykt6-
depleted cells. This may disrupt the association of
the micro-RNA processing machinery with the
ER/Golgi membranes, thereby inhibiting the pro-
cessing of some micro-RNAs, including miR-145.
It should be noted that our data provides only
indirect support for this particular hypothetical
mechanism, which would be tested with future
studies. While no previous studies implicated
SNAREs in the regulation of mRNA processing, a
recent report has demonstrated that a lysosomal
SNARE protein, Sec-22, modulates RNA interfer-
ence in Caenorhabdis elegans [72]. It is likely
therefore that eukaryotic SNARE proteins may
play previously unanticipated roles in regulating
intracellular biogenesis and activity of small RNAs.

The results of our study implicating Ykt6 in the
regulation of cell motility and epithelial junctions
allows for the prediction of possible pathophysiolo-
gical consequences of altered Ykt6 expression and
activity. For example, downregulation or otherwise
inactivation of this membrane fusion protein may
lead to the disruption of epithelial barriers during
tissue inflammation and to the increased metastatic
dissemination of cancer cells. Although we did not
observe the effects of Ykt6 depletion on prostate
epithelial cell proliferation (Suppl. Fig. 4), a previous
study reported increased mitotic activity of Ykt6-
overexpressing renal epithelial cells [73]. This raises
the possibility that Ykt6, if overexpressed, could
promote tumor growth. Little is known about Ykt6
expression and activity in cancer or other human
diseases. A recent study reports Ykt6 overexpression
in non-small lung cancer, which poorly correlated
with patient survival [74]. An Oncomine database
demonstrates a variegated pattern of Ykt6 expres-
sion in different cancers: it is downregulated in
prostate and breast cancer and upregulated in head
and neck cancer, lymphoma, and bladder cancer.
However, the cellular localization and activity of
Ykt6 could be strongly modulated by its post-trans-
lational modifications [20]. Therefore, the expres-
sion of Ykt6 mRNA may not serve as a good
indicator of its functional activity in cancer cells.
Interestingly, a recent study identified Ykt6 as a
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susceptibility locus for predisposition to diabetes
and microalbuminuria [75]. This may link genetic
polymorphism of Ykt6 with tissue barrier defects in
diabetes, although further study is needed to prove
such an association and to explore its causality and
mechanisms.
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