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Abstract
Pancreatic cancer is a leading cause of cancer-related mortality and often has a poor prognosis
because of its late diagnosis, aggressive local invasion, early metastasis, and poor response to
chemotherapy. The chemotherapeutic agent gemcitabine is effective for treating advanced
pancreatic cancer, but its efficacy remains less than satisfactory. It is expected that further
investigation of pancreatic cancer cell invasion and development of strategies to block this process
should improve the disease prognosis. In this study, we tested our hypothesis that galectin-3
(gal-3), a multifunctional member of the β-galactoside-binding protein family, may regulate
pancreatic cancer cell motility, and silencing of it inhibit cell motility. Previous studies
demonstrated that this protein is associated with tumor cell adhesion, proliferation, differentiation,
angiogenesis, apoptosis, and metastasis. Here, we used gal-3 small interfering RNA (siRNA) to
silence its expression in various pancreatic cancer cell lines to determine whether gal-3 regulates
cell proliferation, migration and invasion in vitro. We found that silencing gal-3 reduced cellular
migration and invasion, but failed to affect proliferation. In gal-3 siRNA-transfected cells, we
detected a decrease in β-catenin expression, an important signal for cancer cell invasion, which
was caused by down-regulation of phosphorylated Akt and GSK-3β. We also found that matrix
metalloproteinase (MMP)-2 expression was reduced by gal-3 silencing. These results indicate that
gal-3-mediated invasion via MMP-2 regulated by β-catenin degradation is initiated by Akt
phosphorylation in pancreatic cancer cells. Our results suggest that gal-3 can be a novel
therapeutic target in pancreatic cancer.
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Introduction
Pancreatic cancer is currently the fourth leading cause of cancer-related deaths in the
Western world [1]; recent reports have estimated that over 36,000 patients will die from this
disease in the United States by the end of 2009 [2]. This cancer has a very poor prognosis,
principally because it is most commonly diagnosed during its later stages, and it is often
characterized by aggressive local invasion, early metastasis and poor response to
chemotherapy [3]. Gemcitabine, a nucleoside analog used for chemotherapeutic purposes, is
a fairly effective drug for treating advanced and recurrent pancreatic cancer [4]. This agent
has improved the survival of patients diagnosed with pancreatic cancer, but its efficiency
remains limited [4, 5]. Unfortunately, no other agents have proven useful for treating
advanced pancreatic cancer patients [4, 5]. Accordingly, researchers continue to investigate
the development of novel treatments that can potentially improve the prognosis of pancreatic
cancer. Most studies have focused on agents than can block or inhibit invasion and/or
metastasis.

Galectins are a family of carbohydrate-binding proteins that bind β-galactoside moieties
with both high affinity and specificity; to date, studies have identified 16 members of this
family [6-9]. In particular, galectin-3 (gal-3) is one member that exhibits pleiotropic
biological functions. Gal-3 is reportedly involved in several important processes, including
cell–cell adhesion, cell–extracellular matrix (ECM) interactions, cell growth, differentiation,
adhesion, migration, angiogenesis, malignant transformation, apoptosis, and cancer drug
resistance [6–15]. Furthermore, there are several reports that have linked this protein to
invasion and metastasis in several cancers. For instance, gal-3 was reported to regulate
metastasis by increasing the detachment of breast and prostate cancer cells through binding
to cell adhesion-related molecules and inhibiting cell–cell and cell–ECM interactions both in
vitro and in vivo [16]. In addition, gal-3 overexpression has been shown to enhance cell
motility and invasion of breast and lung carcinoma cells [17, 18]. One study showed that
highly metastatic human breast cancer cells exhibit higher levels of gal-3 expression, which
significantly increases adhesion to endothelial cells [19]. Another group revealed that gal-3
was overexpressed in malignant human gastric tissue compared with normal tissue, and
suggested that increased cell motility resulted from an upregulation of fascin-1, an actin
binding protein [20]. In contrast, downregulation of gal-3 decreased the motility of human
colon cancer cells and human glioblastomas [21, 22]. Collectively, these results suggest that
endogenous gal-3 regulates cell metastasis in a variety of cancers.

Although many studies have examined the role of gal-3 in various cancers, there are very
few reports on this protein in the context of pancreatic cancer. To date, it has been
demonstrated that gal-3 stimulates the infiltration of pancreatic cancer cells in vitro through
interaction with pancreatic stellate cells, and that decreased gal-3 expression is associated
with advanced pancreatic cancer stage, tumor de-differentiation, and metastasis based on
immunohistochemical studies [23, 24]. However, many of the functions of gal-3 in
pancreatic tumor progression, invasion, and metastasis remain unclear.

Recently, a number of studies have found a correlation between gal-3 and β-catenin
expression in several cancers. It has been demonstrated that gal-3 binds β-catenin and
regulates the Wnt/β-catenin signaling pathway in the human breast cancer cell line BT549
[25]. In addition, gal-3 mediates nuclear β-catenin accumulation and the Wnt signaling
pathway by regulating glycogen synthase kinase-3β (GSK-3β) activity in human colon
cancer cells [26]. Furthermore, gal-3 was reported to increase cell motility by upregulating
fascin-1 expression via the Wnt signaling pathway in gastric cancer cell lines [20]. In the
present study, to investigate how gal-3 regulates pancreatic cancer progression and/or
metastasis, we examined various effects of transient gal-3 silencing by RNA interference on
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human pancreatic cancer cell lines. We found that silencing gal-3 decreased the cells’
abilities for migration and invasion, but not cell proliferation, and reduced the expression of
β-catenin, phosphorylated Akt (pAkt) and GSK-3β (pGSK-3β). Furthermore, our results
indicate that cell migration and invasion were reduced via decreased matrix
metalloproteinase (MMP)-2 expression caused by suppression of the β-catenin/Wnt
signaling pathway in pancreatic cancer cell lines.

Materials and methods
Cell culture and transfections

Human pancreatic cancer cell lines, PanC-1, AsPC-1, and BxPc-3, were purchased from
American Type Culture Collection (ATCC; Manassas, VA). PanC-1 was maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Wako, Osaka, Japan), and AsPC-1 and
BxPc-3 were maintained in RPMI-1640 (Wako) containing 1% penicillin-streptomycin
antibiotics (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS). The Stealth™/
siRNA duplex oligoribonucleotide for human gal-3 (gal-3-siRNA, 5′-
GGGAAUGAUGUUGCCUUCCACUUUA-3′) and Stealth RNAi Negative Control Low
GC Duplex were purchased from Invitrogen, and were transiently transfected in pancreatic
cancer cell lines using the Lipofectamine RNAi MAX reagent (Invitrogen), following the
manufacturer’s instructions. Cells were harvested after transfection for 48 h. Silencing of β-
catenin was performed using SignalSilence® β-catenin-siRNA (Cell Signaling Technology,
Beverly, MA).

Protein extraction and western blot analysis
All cells were harvested after indicated control- and gal-3-siRNA treatments. Lysates were
prepared in buffer [20 mM Tris-HCl at pH 7.6, 1 mM ethylenediamine tetraacetic acid, 140
mM NaCl, 1% Nonidet P-40, 1% aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 1 mM
sodium vanadate]. We determined the protein concentration with a BCA Protein Assay Kit
(Pierce, Rockford, IL) using bovine serum albumin (BSA) as a standard. Protein (40 μg) was
resolved on a 5–20% gradient ReadyGel (Bio-Rad, Tokyo, Japan) and transferred to a
Hybond-enhanced nitrocellulose membrane (Amersham Pharmacia Biotech,
Buckinghamshire, UK). β-actin was used as a loading control. Bands were detected using an
enhanced chemiluminescence detection system (Amersham). Band density was measured by
densitometry, quantified using “gel plotting macros” with ImageJ software, version 1.62
(National Institutes of Health, Bethesda, MD), and normalized to an indicated sample in the
identical membrane.

Antibodies and primers
The following antibodies were used: anti-gal-3 (TIB166; ATCC), anti-β-catenin, anti-Akt,
anti-pAkt, ant i-GSK-3β, anti-pGSK-3β, MMP-2 (Cell Signaling Technology). We also used
anti-β-actin antibody (Sig ma, St. Louis, MO) as a control. The following primer sets were
used: gal-3, 5′-GGCCACTGATTGT GCCTTAT-3′ (forward) and 5′-
TGCAACCTTGAAGTGGTCAG-3′ (reverse); interleukin (IL)-8, 5′-ATG
ACTTCCAAGCTGGCCG-3′ (forward) and 5′-CTCAGCCCTCTCTTCAAAAACTT-3′
(reverse); MMP-2, 5′-TGTCCCTACCGAGTCTCTTCTC-3′ (forward) and 5′-
CCCTTGTCTAGGCTCTGCTAAA-3′ (reverse); fascin-1, 5′-
ACCTGTCTGCCAATCAGGAC-3′ (forward) and 5′-CCCATTCTTCTTGGAGGTC A-3′
(reverse); β-catenin, 5′-GCCGGCTATTGTAGAAGCTG-3′ (forward) and 5′-
GAGTCCCAAGGAGA CCTTCC-3′ (reverse); and β-actin, 5′-
CTCCTCCTGAGCGCAAGTACTC-3′ (forward) and 5′-TCCTGCT
TGCTGATCCACATC-3′ (reverse).

Kobayashi et al. Page 3

Int J Cancer. Author manuscript; available in PMC 2013 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cell proliferation assay
Cell proliferation was measured by an MTT tetrazolium assay. Briefly, human pancreatic
cancer cells (2.5 × 103 cells/well) transfected with either control- or gal-3-siRNA were
cultured in 96-well microtiter plates in a total volume of 100 μl/well. After the initial cell
seeding, the cells were analyzed using a Cell Counting Kit (Dojindo Laboratories, Tokyo,
Japan). Briefly, 10 μl of the cell counting solution was added and incubated under a
humidified 5% CO2 atmosphere at 37°C for 2 h. The formazan produced was dissolved in 1
N HCl (100 μl/well), and the absorbance of each well was determined at 450 nm using an
Emax-precision microtiter plate reader (Molecular Devices, Inc., Sunnyvale, CA). All
experiments were performed in triplicate.

Wound-healing assay
We examined the migration of control- and gal-3-siRNA-transfected cells using an in vitro
wound-healing assay. Briefly, the transfected cell lines were each grown on 3.5-cm plates
with their respective culture media. After the growing cell layers had reached confluence,
we inflicted a uniform wound (i.e., in a straight line) in each plate using a pipette tip, and
washed the wounded layers with PBS to remove all cell debris. The cells were cultured in
5% CO2 at 37°C, and we subsequently evaluated the closure or filling in of the wounds at 48
h using bright-field microscopy (Nikon TMS; Nikon Corp., Tokyo, Japan) at ×40
magnification. All experiments were performed in triplicate.

In vitro migration and invasion assays
Cell motility was measured using 48-well BioCoat Cell Culture Inserts (BD Biosciences
Inc., Bedford, MA). Briefly, fibronectin (5 μg/ml) in serum-free medium was placed in each
lower chamber, which was separated from the upper chamber by a membrane with 8-μm
pores. A single-cell suspension of human pancreatic cancer cells (5 × 104) in serum-free
medium was placed in each upper chamber. After incubation for 72 h at 37°C, the cells were
fixed with 70% ethanol and stained with hematoxylin and eosin. We subsequently counted
the cells that migrated through the pores to the lower surface of each filter under a
microscope and evaluated based on the mean values from five fields of view at ×200
magnification. Invasion assays were performed with Matrigel-coated chambers from a
BioCoat Matrigel Invasion Chamber Kit (BD Biosciences, Inc.) using the same method as
described above for the migration assays.

RNA isolation and cDNA synthesis
Total RNA was extracted from control- and gal-3-siRNA-transfected cells using an RNeasy
Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The
quantity of isolated RNA was measured using an ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE). Template cDNA was synthesized from 13.5 μg of total
RNA with an Omniscript Reverse Transcriptase Kit (Qiagen), random primers
(hexadeoxyribonucleotide mixture) (Takara, Shiga, Japan), and a ribonuclease inhibitor
(Porcine liver, Takara). Total RNA was reverse-transcribed with 4 U of Omniscript reverse
transcriptase in a reaction volume of 20 μl (60 min at 37°C, 5 min at 93°C, and finally on
ice). The resultant cDNA samples were stored at –30°C until analysis. All experiments were
performed in triplicate.

Reverse-transcriptional polymerase chain reaction (RT-PCR) analysis
One microliter of each of the cDNA samples was mixed with 19 μl of mix solution [2 μl of
10× PCR Buffer II (Applied Biosystems), 0.05 mmol MgCl2, 4 μmol dNTP, 40 pmol of the
forward primer, 40 pmol of the reverse primer, and 1 U of AmpliTag Gold (Applied
Biosystems)]. PCR for gal-3 was performed for 30 cycles with denaturation at 94°C for 30

Kobayashi et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2013 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sec, annealing at 58°C for 30 sec, and extension at 72°C for 30 sec. Polymerase chain
reaction (PCR) for IL-8 was performed for 35 cycles with denaturation at 94°C for 60 s,
annealing at 65°C for 45 s, and extension at 72°C for 60 s. PCR for MMP-2 was performed
for 35 cycles with denaturation at 94°C for 30 s, annealing at 30°C for 30 s, and extension at
72°C for 30 s. PCR for β-catenin was performed for 35 cycles with denaturation at 94°C for
30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. PCR for fascin-1 was
performed for 35 cycles with denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and
extension at 72°C for 30 s. PCR for β-actin was performed for 28 cycles with denaturation at
94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. The resultant
amplified DNA fragments were resolved by electrophoresis on 2% agarose gels containing
ethidium bromide. After equalizing β-actin of each sample by diluting the cDNAs with
distilled water, we compared the expression of mRNA levels of the samples. All
experiments were performed in triplicate.

Immunofluorescence staining and confocal laser microscopy
Cells were seeded onto four-chamber slides, fixed with 4% paraformaldehyde for 30 min,
permeabilized with 0.1% Triton X for 20 min, and blocked with 3% BSA for 30 min. Cells
were subsequently incubated with primary antibody for 1 h at 37°C. Furthermore, Alexa
Fluor®-conjugated secondary antibodies (Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 594
rabbit anti-rat; Invitrogen) were added at 1:50 dilutions, and the cells were incubated for 40
min at 37°C. Nuclei were stained with 4′,6-diamino-2-phenylindole (DAPI; Invitrogen) for 5
min at room temperature. Actin filaments were stained with Alexa Fluor-conjugated
phalloidin (Invitrogen) for 1 h at room temperature.

Statistical analysis
Data were analyzed and expressed as mean ± standard deviation (SD) for continuous
variables. The significant differences of values between control- and siRNA transfected cells
were determined using Student’s t tests and Mann-Whitney’s U test. Data for gal-3, pAkt,
pGSK-3beta and beta-catenin expression levels in three groups were analyzed with ANOVA
(Figure 3). When the results of the ANOVA were significant, Dunnett’s tests were used to
assess the differences in these expression levels among each group. All differences were
statistically significant at the level of p < 0.05. Statistical analyses were performed using the
JMP 5.01 for Windows software package (SAS Institute, Cary, NC).

Results
Gal-3 silencing reduces migration and invasion of human pancreatic cancer cells

A number of previous studies have indicated that gal-3 is associated with proliferation,
migration, and invasion in several cancers [6–15]. To elucidate the role of gal-3 in these
processes of pancreatic cancer cells, we inhibited gal-3 expression in three pancreatic cancer
cell lines by RNA interference and subsequently examined their behaviors. We used
PanC-1, AsPC-1, and BxPC-3 cell lines in this study because we determined by RT-PCR
(data not shown) and western blotting (Fig. 1a) that these cell lines expressed high levels of
gal-3. To determine the temporal pattern of gal-3 gene silencing, we transfected each cell
line with either gal-3- or control-siRNA for comparison. Nearly complete silencing was
observed in PanC-1 and BxPc-3 cells by 48 h after transfection, which was maintained for
up to 7 days thereafter (Fig. 1a and data not shown). As shown in this figure, gal-3 silencing
achieved over 80% knockdown at 48 h after transfection in all three cell lines.

We observed cell proliferation of the cell lines for 72 h, and detected no differences between
control-and gal-3-siRNA-transfected cells for any of the cell lines (Fig. 1b). In contrast and
as shown in Fig. 2a, gal-3 silencing induced an approximate 2-fold decrease in the migration
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of each of the three cell lines according to chamber-based assays (P < 0.05). Moreover,
wound-healing assays confirmed the inhibitory effect of gal-3 silencing on cell migration;
we found that the time required for wound closure of gal-3-silenced PanC-1 cells was
significantly longer than that required for the corresponding control cells (Fig. 2b). We also
examined the difference between the morphologies of the control- and gal-3-siRNA-
transfected PanC-1 cells by immunofluorescence staining and confocal microscopy. After 48
h of transfection, cells were harvested, seeded for 6 h, and stained with phalloidin to label
their actin filaments. Confocal microscopy revealed that control-siRNA transfected cells
were more protruding than cells transfected with gal-3-siRNA (Fig. 2c).

Furthermore, we determined that gal-3 silencing affected cell invasion similarly to migration
of the pancreatic cancer lines. Specifically, we found that cell invasion was decreased by
approximately 2-fold in all three gal-3-silenced pancreatic cancer cell lines, as compared
with their corresponding control cells (P < 0.05), although the number of cells that invaded
was somewhat less than the number that migrated in the earlier chamber-based assay (Fig.
2d). Collectively, these results indicate that silencing gal-3 reduces pancreatic cancer cell
migration and invasion, but not proliferation, at least in vitro in our experimental systems.
We showed summary of results from these functional assays in three cell lines in
supplemental file.

Gal-3 silencing induced degradation of β-catenin and suppresses phosphorylation of both
Akt and GSK-3β

It has been reported that gal-3 plays a role in Wnt signaling in breast, colon, and gastric
cancer cells by interacting with β-catenin [20, 25–27]. Accordingly, we investigated the
signaling pathway that was mediated by gal-3 and that was associated with cell motility.
Specifically, we first confirmed whether gal-3 modulates β-catenin expression in human
pancreatic cells by western blotting. Based on the expression level of each control-siRNA-
transfected cell line, we determined that β-catenin expression correlated well with total gal-3
levels in all three lines (Fig. 3a). In addition, gal-3 silencing drastically reduced β-catenin
expression in transfected PanC-1, AsPC-1, and BxPc-3 cells (Fig. 3a). To determine whether
β-catenin is regulated at the transcriptional level, we also investigated the RNA level of β-
catenin in gal-3-silenced PanC-1 cells. However, we found that while the protein level of β-
catenin was decreased in gal-3-silenced cells, its RNA level did not change (Fig. 3b).

To further investigate the signaling pathway that mediated β-catenin expression, we assessed
the expression of total and phosphorylated Akt and GSK-3β in the three cells lines
transfected with either control-or gal-3-siRNA by western blotting. We examined these
proteins in particular because previous studies have shown that downregulation of their
phosphorylated forms is an important requisite for cancer cell invasion [13, 26]. We found
that the expression levels of both proteins remained unchanged after silencing gal-3,
whereas the phosphorylated forms of the proteins were strongly reduced by this transfection
(Fig. 3c). In contrast, cells transfected with control-siRNA exhibited little or no change in
pAkt or pGSK-β3. In addition, we examined the time-dependent changes (across 48 h) in the
expression of these phosphorylated proteins and of β-catenin in gal-3-siRNA-transfected
PanC-1 cells. Interestingly, we found that, after initiating gal-3-siRNA transfection of the
cells, decreases in both pAkt and pGSK-3β occurred within 12 h and a subsequent decrease
in β-catenin expression was detected at 48 h (Fig. 3d). At the indicated times, densitometric
analysis of the time-lapse western blots showed significant (P < 0.05) reductions in gal-3,
pAkt, pGSK-3β and β-catenin protein expression compared with the corresponding levels in
untreated cells (at 0 h). These results indicate that phosphorylation of Akt and GSK-3β
occurs before the downregulation of β-catenin during gal-3 silencing in pancreatic cancer
cells.
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We also examined the subcellular distribution of β-catenin in both control- and gal-3-
siRNA-transfected PanC-1 cells by immunofluorescence staining and confocal microscopy.
These experiments showed that β-catenin was distributed in the cytoplasm and nuclei of
control-siRNA transfected cells, and in the cytoplasm and membranes of gal-3-siRNA-
transfected cells (Fig. 4). Furthermore, the markers for gal-3 and β-catenin were colocalized
in both cell types. Collectively, these results indicate that there was increased degradation of
β-catenin in the cytoplasm of gal-3-silenced cells, which is consistent with results from
previous reports [26, 27].

Silencing β-catenin suppresses proliferation and invasion of PanC-1 cells
To further investigate the role of β-catenin in the aggressiveness (i.e., proliferation and
invasion) of pancreatic cancer cells, we silenced β-catenin in PanC-1 cells by siRNA
transfection, and determined whether β-catenin was correlated with either cell proliferation
or invasion. After cells were treated with β-catenin-siRNA for 48 h, we confirmed complete
knock down of β-catenin by western blotting (Fig. 5a). To determine the effect of β-catenin
expression on cell proliferation, we determined the proliferation rates of both control- and β-
catenin-siRNA PanC-1 cells using an MTT assay. We detected a significant decrease in the
proliferation rate of cells transfected with β-catenin-siRNA compared with the rate of the
control cells (P < 0.05) (Fig. 5b). Furthermore, we performed a chamber-based invasion
assay on PanC-1 cells transfected with either control- or β-catenin-siRNA, and found that β-
catenin silencing caused a significant decrease in cell invasion compared with the activity of
the control cells (P < 0.05) (Fig. 5c). These results indicate that a decrease in β-catenin
expression in pancreatic cancer cells is associated with decreases in cell proliferation and
invasion.

MMP-2 is mediated by gal-3 through the Wnt signaling pathway and its expression is
correlated with cell invasion

Because it was previously demonstrated that gal-3 binding to β-catenin regulates the Wnt/β-
catenin signaling pathway in cancer cells and that gal-3 mediates a number of important
molecules, including IL-8, MMP-2 and fascin-1 [20, 28], we examined these molecules in
this study. We found notable decreases in both MMP-2 and IL-8 expression, but not fascin-1
expression, in gal-3-silenced PanC-1 cells (Fig. 6a). RT-PCR for MMP-2 and IL-8 was
performed with both transfected cell types to confirm whether these molecules were
regulated by the β-catenin/Wnt signal. RT-PCR data revealed decreased MMP-2 expression
in β-catenin-silenced cells compared with that in control cells, but no change of IL-8 was
detected (Fig. 6b). MMP-2 expression was reconfirmed at the protein level in gal-3-silenced
PanC-1 cells by western blotting (Fig. 6c). Densitometric analysis showed a significant (P <
0.05) reduction in MMP-2 expression in gal-3-siRNA-transfected cells. These results
indicate that silencing gal-3 in pancreatic cancer cells reduced MMP-2 expression via the
Wnt signaling pathway.

Discussion
In this study, we have demonstrated that transient silencing of gal-3 reduced cell migration
and invasion of three human pancreatic cancer cell lines (PanC-1, AsPC-1, and BxPc-3) in
vitro. A number of previous studies showed that gal-3 expression is correlated with cell
motility in several cancers, and suggested that gal-3 inhibited cell–cell and cell–ECM
interactions, causing morphological changes, modulating the surface expression of some
integrins, engaging NG2-proteoglycans, facilitating adhesion to endothelial cells, and
regulating focal adhesion dynamics [14–16, 27–29]. However, the detailed function of gal-3
in cell motility has remained unclear. Some studies of gal-3 have indicated that its
expression is associated with proliferation, migration, invasion and prognosis of pancreatic
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cancer. For instance, Jiang et al. reported that gal-3 expression and pancreatic stellate cells
were involved in the proliferation and infiltration process of SW1990 pancreatic cancer cells
in vitro, and that a gal-3 antibody inhibited cell proliferation [24]. However, we found that
gal-3-siRNA transfection had little effect on the proliferation of PanC-1, AsPC-1, and
BxPc-3 cells. This difference is likely due to the differences in the cell lines and
experimental systems used. In addition, gal-3-overexpressing pancreatic cancer cells were
reported to exhibit morphological changes, including becoming rounded and protrusive in
shape [28, 30]. In agreement with this, we found that silencing gal-3 affected cell
morphology by suppressing protrusion of cells. Furthermore, Shimamura et al. reported that
decreased gal-3 expression was associated with advanced disease stage, tumor de-
differentiation, and metastasis based on examination of resected patient tissues [23].
Collectively, these findings indicate that gal-3 expression plays important roles in
determination of cell morphology and the levels of cell migration, invasion, and possibly
proliferation of pancreatic cancer cells, and that this protein may have prognostic
implications for pancreatic cancer patients.

Here, we also examined the key factors and signaling pathways that are mediated by gal-3
and that are associated with pancreatic cancer cell motility. A number of recent studies have
demonstrated a correlation between gal-3 and β-catenin in several cancer cell lines [19, 25–
27], and have implicated this association in cancer invasion. Accordingly, in this study we
examined whether gal-3 silencing affected β-catenin expression in human pancreatic cancer
cell lines PanC-1, AsPC-1, and BxPc-3. We found that gal-3-siRNA-transfected cells from
all lines had drastically reduced β-catenin levels compared with their corresponding control
cells. In addition, PanC-1 cells transfected with gal-3-siRNA exhibited increased
degradation of β-catenin in their cytoplasm. Of note, we also attempted to exemplify a direct
interaction between gal-3 and β-catenin [or T-cell factor (TCF)-4] by coimmunoprecipitation
in the cell lines, but were unable to obtain clear results.

The β-catenin/Wnt pathway plays a key role in development, tissue homeostasis, and cancer
susceptibility. It has been demonstrated that unphosphorylated β-catenin binds to the TCF/
Lef (lymphoid enhancer factor) family of transcription factors and activates their specific
target genes, including those that encode c-Myc, cyclin D1, cyclooxgenase-2, and MMP-7
[32–34]. One study has also shown that fascin-1, an actin bundling protein, is upregulated by
gal-3 via the Wnt pathway and that its expression is correlated with the level of cell motility
in gastric cancer [20]. It has also been shown in a breast cancer cell line that the
phosphorylation of gal-3 was mediated by the phosphorylation of GSK-3β, and resulted in
the regulation of β-catenin/Wnt signaling [25, 27]. In addition, it has been reported that
phosphoinositide 3-kinase (PI3K)-activated Akt may phosphorylate GSK-3β at Ser9, thereby
inactivating GSK-3β and augmenting TCF4 transcriptional activity [35]. Furthermore, it has
been demonstrated that gal-3 regulates Akt phosphorylation in breast and thyroid cancers
[13, 36]. In this study, using a time-lapse western blotting experiment, we determined that
the levels of pAkt and pGSK-3β decreased before the decrease of β-catenin expression.
Thus, we conclude that Akt phosphorylation is the first step that occurs upon gal-3 silencing,
which subsequently downregulates GSK-3β phosphorylation and induces β-catenin
degradation. This proposed pathway matches the pathway previously reported for colon
cancer cells [26].

We also assessed specific molecules from the Wnt signaling pathway that reportedly
mediate gal-3 and affect cancer cell invasion, including IL-8, MMP-2, and fascin-1 [20, 28].
We detected decreased MMP-2 and IL-8 expression in gal-3-silenced PanC-1 cells
compared with untreated or control-siRNA-transfected PanC-1 cells, but saw little change in
fascin-1 expression. In addition, we also examined MMP-2 and IL-8 expression of β-
catenin-silenced PanC-1 cells to determine whether the β-catenin/Wnt signaling pathway
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was associated with pancreatic cancer cell invasion. First, we established that both cellular
proliferation and invasion levels were decreased in β-catenin-silenced cells. This decreased
proliferation was previously thought to occur because of a halted cell cycle via
downregulation of cyclin D1 and c-myc, but our results indicate that it may be due to other
signals that are altered as a result of changes in cyclin D1 and c-myc expression. Second, we
determined that MMP-2 expression, but not IL-8 expression, was decreased in β-catenin-
silenced PanC-1 cells. Therefore, we conclude that the β-catenin/Wnt signaling pathway
regulates MMP-2 in PanC-1 cells. MMPs are a family of zinc-containing proteolytic
enzymes that play an important role in tumor cell invasion and metastasis by breaking down
ECM proteins to facilitate cancer cell motility and penetration [37]. MMP-2 is often
overexpressed in pancreatic carcinoma tissue, and MMP-2 activation has been strongly
implicated in tumor invasion and metastasis in pancreatic cancer [38, 39]. These findings,
together with our own data, indicate that MMP-2 plays an important role in pancreatic
cancer cell progression.

Previous reports have shown that IL-8 is directly mediated by Wnt signaling [40, 41];
however, our experiments indicated that IL-8 is not mediated by β-catenin/Wnt signaling.
IL-8, which is also known as CXCL8, is a proinflammatory CXC chemokine that reported
plays a role in cell metabolism, proliferation, invasion, angiogenesis, and survival [42-46].
Of note, in the present study, IL-8 expression was decreased in gal-3-silenced PanC-1 cells.
Therefore, we performed an ELISA using culture medium from control- and gal-3-siRNA-
transfected PanC-1, AsPC-1, and BxPC-3 cells, and found that IL-8 secretion was
significantly decreased in gal-3-silenced cells for all lines (data not shown). We also applied
anti-IL-8 antibody treatment to PanC-1 cells at various concentrations and subsequently
detected a dose-dependent decrease of invasion (data not shown).

In this study, we also determined that Akt phosphorylation regulated by gal-3 is an
important factor for regulating GSK-3β. We found that gal-3-regulated Akt phosphorylation
is associated with gemcitabine- and cisplatin-induced apoptosis in pancreatic cancer both in
vitro and in vivo (data not shown). Accordingly, we believe that one of the most important
roles of gal-3 is regulation of Akt in pancreatic cancer. However, gal-3-mediated cell
invasion occurs via, not only Akt, but also other factors that are mediated by gal-3 through
the β-catenin/Wnt signaling pathway.

Based on our results, several signals that are regulated by gal-3 are correlated with levels of
cell invasion and contribute to pancreatic cancer cell malignancy in vitro. However, a
previous immunohistochemistry study reported that high gal-3 expression was associated
with good prognosis [23]. We also performed immunohistochemical examination of gal-3 in
invasive ductal carcinoma samples from the pancreas, and obtained results similar to those
shown in a previous report (unpublished observations) [23]. Because we thought that the
tumor interacts with the stroma and affects the surrounding environment, we believe that
gal-3 expression is mediated by many factors in clinical samples.

In conclusion, in this study we show for the first time a novel and possibly clinically
significant role of gal-3 in pancreatic cancer cell migration and invasion by regulating Akt,
which in turn regulates GSK-3β phosphorylation and β-catenin degradation. However, this
study revealed only some of the key factors and signals that mediate gal-3-regulated
pancreatic cancer cell invasion and obtained results similar to those reported elsewhere [20,
25–27]. We believe that these results provide a basis for further, more detailed pre-clinical
studies, and suggest that gal-3 may ultimately offer a target for agents designed to treat
patients with advanced pancreatic cancer. To deliver the gal-3-siRNA to the tumor
selectively, it may inhibit cancer cell invasion and metastasis in advanced pancreatic cancer
with high gal-3 expression, and it can be a new treatment which assists for present treatment.
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Fig. 1.
Effects of gal-3 silencing on PanC-1, AsPC-1 and BxPc-3 cell proliferation. a Gal-3
expression in human pancreatic cancer cell lines. Human pancreatic cancer cells were
transfected with either gal-3 siRNA or control-siRNA, or were left untreated. Total cell
lysates were isolated after 48 h of transfection and gal-3 expression levels were detected by
western blotting using an anti-human gal-3 antibody. β-actin was also used as a loading
control. Densitometry (mean ± SD) revealed over 80% knockdown of gal-3 in gal-3-siRNA-
transfected cells (n = 3). *P < 0.05 versus control-siRNA. b Proliferation assays. The mean
± SD absorbance (n = 3) levels of the pancreatic cancer cells are shown. PanC-1, AsPC-1,
and BxPc-3 cells were separately cultured in 96-well microplates, the indicated reagent
(untreated, control-siRNA, or Gal-3-siRNA) was injected onto cells after 0, 24, 48, or 72 h
of culture, and the plates were incubated for an additional 2 h. The absorbance levels were
detected using a microplate reader.
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Fig. 2.
Effects of gal-3 silencing on PanC-1, AsPC-1 and BxPc-3 cell motility. a Migration assays.
Cells that migrated through the pores to the lower surface of each chamber are shown. After
transfection with either control- or gal-3-siRNA for 48 h (or cells were left untreated), the
PanC-1, AsPC-1, and BxPc-3 cells were tested for migration using a modified Boyden
chamber method, and were evaluated on the basis of the mean values from five fields of
view at ×200 magnification for each treatment. Bars are represented as the mean ± SD.
(n=5) *P < 0.05 versus control-siRNA. b Representative examples of wounding experiment
results from PanC-1 cells. PanC-1 cells transfected with either control- or gal-3-siRNA were
wounded (time 0) and maintained for 48 h in DMEM with 10% FBS. Arrows point to the
edges of the wounds. Wound closure time (measured after 48 h) was slower in cells
transfected with gal-3-siRNA than in those transfected with control-siRNA. c
Immunofluorescence staining revealed by confocal microscopy. PanC-1 cells transfected
with either control- or gal-3-siRNA were seeded for 6 h, fixed, and stained with Alexa
Fluor-conjugated Phalloidin (red) to indicate actin filaments. Nuclei were stained with DAPI
(blue). Cells were imaged with confocal microscopy. d Invasion assays. Cells that invaded
through the pores to the lower surface of Matrigel-coated chambers are shown. Invaded cells
transfected with control- or gal-3-siRNA were evaluated on the basis of the mean values
from five fields of view at ×200 magnification for each treatment. Data for each treatment
are represented as the mean ± SD. (n= 5) *P < 0.05 versus control-siRNA.
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Fig. 3.
Effects of gal-3 silencing on the β-catenin/Wnt pathway. a Expression of β-catenin in gal-3-
silenced cells. After transfection of cells with either control- or gal-3-siRNA for 48 h (or
cells were left untreated), the cells were harvested and maintained for 72 h with DMEM
containing 10% FBS. Total cell lysates were isolated and β-catenin expression levels were
detected by western blotting using an anti-human β-catenin antibody. β-actin was used as a
loading control. b Representative RT-PCR amplification of β-catenin. PanC-1 cells
transfected with either control- or gal-3-siRNA using the same conditions as described
above (a) were harvested, total RNA was extracted, and the β-catenin and β-actin (control)
mRNA levels were detected by RT-PCR. c Effect of gal-3 silencing on expression of Akt
and GSK-3β. Total and phosphorylated (p) Akt and GSK-3β expression levels in control- or
gal-3-siRNA-transfected cells were detected by western blotting. d PanC-1 cells transfected
with gal-3-siRNA and harvested at 0, 12, 24, and 48 h. Western blotting revealed time-
dependent changes in the phosphorylation of both Akt and GSK-3β, and in β-catenin,
following gal-3 silencing. Densitometry (mean ± SD) revealed significant decreases in the
levels of these proteins in gal-3-siRNA-transfected cells (n = 3). Data of densitometry were
analyzed by using ANOVA. Significant differences were detected in gal-3, pAkt, pGSK-3β
and β-catenin expression levels. Dunnett’s tests were used to assess the differences in these
expression levels compared with 0 hour. *P < 0.05 versus 0 h.
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Fig. 4.
Subcellular localization of β-catenin in control-siRNA and gal-3-siRNA cells.
Immunofluorescence was performed on PanC-1 cells transfected with either control- or
gal-3-siRNA using anti-gal-3 (red) or anti-β-catenin (green) antibodies, followed by DAPI
nuclear counter staining (blue). The merged image showing all markers is also shown
(colocalization of markers is yellow).
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Fig. 5.
Effects of β-catenin silencing on PanC-1 cells. a Human pancreatic cancer cells were
transfected with either control- or β-catenin-siRNA. Total cell lysates were isolated after
transfection for 48 h and gal-3 expression levels were detected by western blotting using an
anti-human β-catenin antibody. β-actin was used as a loading control. b Proliferation assays.
PanC-1 cells transfected with control- or β-catenin-siRNA were cultured in 96-well
microplates, and the indicated reagent was injected after 0, 24, 48, or 72 h of culture and the
cells were incubated for an additional 2 h. The absorbance was detected using a microplate
reader. Data represent the mean ± SD of each treatment (n = 3). c Invasion assays. Cells that
invaded through the pores to the lower surface of Matrigel-coated chambers are shown.
Invaded cells transfected with control- or β-catenin-siRNA were evaluated on the basis of
the mean values from five fields of view at ×200 magnification for each. Data are
represented as the mean±SD of each treatment (n= 3). *P < 0.05 versus the control-siRNA.
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Fig. 6.
Factors mediated by gal-3 in pancreatic cancer cell lines. a Representative RT-PCR
amplification of MMP-2, IL-8, and fascin-1 in PanC-1 cells transfected with either control-
or gal-3-siRNA for 48 h. Transfected cells were harvested, total RNA was extracted, and
MMP-2, IL-8, and fascin-1 mRNA levels were detected by RT-PCR. b Effect of β-catenin
silencing on MMP-2 and IL-8 expression of PanC-1 cells. Cells transfected with either
control- or β-catenin- siRNA for 48 h were harvested, total RNA was extracted from each,
and MMP-2 and IL-8 mRNA levels were detected by RT-PCR. c Expression of MMP-2 was
confirmed at the protein level. Total cell lysates were isolated after control- or gal-3-siRNA
transfection for 48 h and MMP-2 expression levels were detected by western blotting.
Densitometry (mean ± SD, n=3) revealed a significant decrease in MMP-2 expression in
gal-3-siRNA-transfected cells (representative data are shown). *P < 0.05 versus control-
siRNA.
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