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Cancer cell invasion is a critical phenomenon in cancer pathogenesis. Glycogen synthase kinase-3f (GSK-
3B) has been reported to regulate cancer cell invasion both negatively and positively. Thus, the net effect
of GSK-3f on invasion is unclear. In this report, we showed that GSK-3f inhibitors induced dysregulation
of the actin cytoskeleton and functional insufficiency of focal adhesion, which resulted in suppressed
invasion. In addition, WAVE2, an essential molecule for actin fibre branching, was down-regulated after
GSK-3p inhibition. Collectively, we propose that the WAVE2-actin cytoskeleton axis is an important
target of GSK-3f inhibitors in cancer cell invasion.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Glycogen synthase kinase-3 beta (GSK-3p) is a serine/threonine
kinase that regulates a wide range of cellular functions [1].
Considering the diversity of its substrates, GSK-33 seems to have a
bivalent role in cancer biology. For example, GSK-33 phosphory-
lates B-catenin, cyclin D1, c-myc and NF-kB, resulting in inhibition
of cell proliferation [1]. On the other hand, GSK-3p is necessary for
development of a certain kind of leukaemia [2,3], and GSK-3p in-
hibition results in cancer cell death [4—7]. These reports suggest
that GSK-3f acts both as a suppressor and promoter in oncogenesis.

GSK-3p regulates not only cell proliferation but also migration
and invasion activities of cells. Cancer cells lose their intercellular
adhesion and migrate through the epithelial mesenchymal transi-
tion (EMT) [8]. Several transcription factors, including SNAI1, ZEB1
and TWIST, are known to work during the EMT process [8]. Zhou
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et al. reported that GSK-3f phosphorylates Snail, promoting its
degradation [9]. In their report, Snail overexpression could induce
EMT only when GSK-3f was inhibited. On the other hand, several
reports have shown that GSK-3 inhibitors suppress invasion by
dysregulation of adhesion machinery via RAC1 down-regulation
[10,11] or the h-prune mediated pathway [12]. Thus, the net ef-
fects of GSK-3p on invasive capacity of tumour cells have not been
sufficiently elucidated.

RAC1 is a member of the RAS small GTPase superfamily. RAC1 is
known to regulate neural fibre formation, actin cytoskeleton
organisation and pseudopod formation [13]. When RAC1 is acti-
vated, RAC1 activates several downstream effectors, including PAK1
[14], WAVE2 [15] and IQGAP1 [16]. These effectors regulate cell
motility, actin re-organisation and cell-extracellular matrix adhe-
sion. When cells migrate, cells form cellular protrusions called
‘ruffles’ in which the fibrous actin cytoskeleton forms a mesh-like
structure [17,18]. WAVE2 or family member N-WASP is necessary
for branching of actin fibres from existing fibres to form a mesh-like
structure [15,17]. WAVE2 and N-WASP are activated by RAC1 and
CDC42, respectively, and act as a scaffold for actin nucleation
complexes from which a new actin fibre sprouts [15].

Several reports showed that GSK-3f inhibitors could inhibit
cancer cell invasion in vitro and leucocyte migration by down-
regulation of RAC1 [10,11]. However, the downstream mediator
was not elucidated. In this report, we investigated effects of GSK-
3pB-specific inhibitors on several aspects of cancer cell invasion
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in vitro. In addition, we also investigated regulation of WAVE2 and
actin fibre disorganisation which impedes cellular movement. We
propose disorganisation of the actin cytoskeleton through down-
regulation of WAVE2 is an important mechanism inhibiting can-
cer cell invasion by GSK-3p inhibitors.

2. Materials and methods
2.1. Cell lines and culture

MDA-MB-231 and RKO cell lines were purchased from American
Type Culture Collection (Manassas, VA). MDA-MB-231 cells were
maintained in RPMI-1640 medium supplemented with 8% foetal
bovine serum (FBS; Biowest, Nuaille, France). RKO cells were
maintained in D-MEM supplemented with 8% FBS. Cell lines were
validated by STR analysis using a GenomeLab™ Human STR Primer
Set (Beckman Coulter, Inc., Brea, CA).

2.2. Chemical reagents

AR-A0114418 and GSK-3f inhibitor XXVI (GSKi26) were pur-
chased from Merck KGaA (Darmstadt, Germany). Other chemical
reagents were purchased from Wako Pure Chemicals Industries
(Osaka, Japan) if not otherwise specified.

2.3. 3-D invasion assay

A BD BioCoat™ Matrigel™ invasion chamber (BD Biosciences,
San Jose, CA) was used for the 3-D invasion assay. After treatment
with 20 uM AR-A0114418 for 24 h, cells were trypsinised and re-
suspended in serum-free medium. In each chamber, 25 x 10%
cells were seeded. Chambers were set in wells containing growth
medium supplemented with 8% FBS and incubated for 24 h in a CO,
incubator. After matrices and cells remaining in the chamber were
removed by cotton swabs, invaded cells were fixed with 4% para-
formaldehyde. Chamber membranes were mounted in Mounting
Medium with DAPI (Vector Laboratories, Inc., Burlingame, CA) and
observed under a BIOREVO BZ-9000 microscope (Keyence, Osaka,
Japan). The average number of five 100 x fields was calculated for
each membrane.

2.4. Wound healing assay

Two days before wounding, 15 x 10* cells were seeded in a 24-
well plate. The next day, reagents were added at indicated con-
centrations. After 24 h incubation with reagents, the cell monolayer
was wounded by a 200 pl pipette tip. Detached cells were carefully
washed out. Fresh complete growth media containing 10 pg/ml
mitomycin C was added, and cells were allowed to migrate for 24 h.
Then, cells were fixed with 4% paraformaldehyde. After staining
with crystal violet, wounds were observed under a Leica DM IL LED
microscope (Leica Microsystems, Wetzlar, Germany). The wound
area was measured by Image] 1.49n (http://imagej.nih.gov/ij/).

2.5. Attachment assay

The attachment assay was performed according to a previous
report [19] with minor adjustments. In brief, 1 x 10 cells treated
with 20 uM AR-A0114418, 20 uM GSKi26 or DMSO for 24 h were
plated in gelatin-coated 6-well plates. After a 1 h (MDA-MB-231
cells) or 2 h (RKO cells) incubation, plates were carefully washed
with PBS three times and fixed with 4% paraformaldehyde. After
staining with crystal violet, cells attached to the well bottom were
counted under a Leica DM IL LED microscope. The average number
of five 100 x fields was calculated for each well.

2.6. Gelatin zymography

One day before treatment, 2 x 10 cells were seeded in a 6-well
plate. After MDA-MB-231 cells were treated with 20 pM AR-
A0114418, 20 uM GSKi26 or DMSO for 24 h, cells were allowed to
release matrix metalloproteinases (MMPs) into new serum-free
media with or without 100 ng/ml epidermal growth factor (EGF)
for 24 h. Then, the media were subjected to quantification. Gelatin
zymography was performed according to a previous report [20]
with minor adjustments. The loading volume was normalised by
the cell count using the crystal violet method [21].

2.7. Fluorescent immunocytostaining

Cells were fixed with 4% paraformaldehyde for 15 min at room
temperature. After a 5 min permeabilisation with 0.5% TritonX-100/
PBS and 1 h blocking with 3% BSA/PBST, cells were incubated in 3%
BSA/PBST containing primary antibodies overnight at 4 °C. After
washing, cells were incubated in 3% BSA/PBST containing secondary
antibodies conjugated with fluorescent dyes for 1 h at room tem-
perature. For fibrous actin staining, Acti-stain 488 phalloidin
(Cytoskeleton, Inc., Denver, CO) was added to the secondary anti-
body solution. Cells were mounted in Mounting Medium with DAPI
and observed under a BIOREVO BZ-9000 microscope. Primary and
secondary antibodies used are listed in Supplementary Table S1.

2.8. Western blotting

Cells were lysed with HEPES lysis buffer [25 mM HEPES (pH 7.6),
150 mM NaCl, 1% NP-40, 2% SDS and 10% sucrose] supplemented
with protease (Roche, Basel, Switzerland) and phosphatase inhib-
itor cocktails (5 mM NaF, 200 uM sodium orthovanadate, 1 mM
sodium molybdate, 2 mM sodium pyrophosphate and 2 mM diso-
dium B-glycerophosphate). Protein concentrations were deter-
mined using OPA reagent (Thermo, Waltham, MA) according to the
manufacturer's instructions. Protein samples were separated by
SDS-PAGE and subjected to immunoblotting. An Odyssey Infrared
Imaging System (LI-COR Biosciences, Lincoln, NE) was used for
signal detection. Primary and secondary antibodies used are listed
in Supplementary Table S1. Image] v1.49n was used for image
analysis.

2.9. Statistical analysis

JMP 11 software (SAS Institute Inc., Tokyo, Japan) was used for
statistical analysis. Graphs were constructed using Excel 2013
(Microsoft Corporation, Redmond, WA). Statistical comparisons
between two different samples were made by two-tailed Welch's
test. Comparisons between more than two samples were made by
ANOVA. When ANOVA indicated a significant difference, post-hoc
comparisons were made by Dunnett's test to calculate p-values. A
p-value of <0.05 was considered significant.

3. Results

3.1. GSK-3p inhibition disturbs cancer cell invasion through
suppression of migration and attachment

To investigate overall effects of GSK-3f inhibition on cancer cell
invasion in vitro, 3-D matrix invasion assay using a modified Boy-
den chamber was used. We chose MDA-MB-231 cells for these
experiments because this cell line is highly invasive and widely
used in studies of cancer cell invasion. After MDA-MB-231 cells
were pre-treated with 20 uM AR-A0114418, a specific inhibitor of
GSK-3p, or DMSO for 24 h, cells were seeded in a Boyden chamber
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coated with extracellular matrix. It was observed that there were
significantly fewer invaded cells after pre-treatment with AR-
A0114418 than DMSO (Fig. 1A, B).

To investigate molecular mechanisms underlying the inhibition
of cancer cell invasion by AR-A0114418, we examined changes of

A

several cellular functions related to invasion, such as follows:
cellular migration, attachment to surfaces of culture vessels and
activity of MMPs.

First, to examine cellular migration activity, we utilized the cell
monolayer wound healing assay. Cellular migration from the
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Fig. 1. Effects of GSK-3p inhibitors on cancer cell invasion, migration and attachment. (A) Photographs of invaded cells stained with DAPI (scale bar = 500 pum). (B) Number of
invaded cells in samples treated with control (DMSO) or 20 pM AR-A0114418. An average was calculated from cell numbers in five fields of 100 x magnification for each well.
Welch's test was performed on triplicates of each sample to calculate p-values. Error bars indicate a 95% confidence interval (CI). (C) Photograph of cell monolayer 24 h after
wounding. Before wounding, monolayers were pre-treated with reagents at indicated concentrations. Red lines indicate wound margins of control sample (scale bar = 500 um). (D)
Comparison of remaining wound area after 24 h of migration. Statistical analysis was performed from octuplicate measurements for each treatment. Treatment with either >10 uM
AR-A0114418 or 20 uM GSKi26 significantly inhibited wound healing. Error bars indicate 95% CI (*p < 0.0001). (E) Effect on cellular attachment to culture surfaces. Average number
of cells attached to dish bottoms over 1 h (MDA-MB-231 cells) or 2 h (RKO cells) were calculated from counts in five fields of 100 x magnification for each well. Statistical analysis
was performed from quadruplicate measurements for each treatment. (*p < 0.0001 and tp < 0.0001 compared with control). (F) Gelatin zymography of MDA-MB-231 and RKO cells
after treatment with DMSO, 20 uM AR-A0114418 or 20 uM GSKi26. After 24 h pre-treatment, cells were allowed to release MMPs into the media for 24 h with or without 100 ng/ml

EGFE.
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wound edge was inhibited by AR-A0114418 in MDA-MB-231 cells
(Fig. 1C). The wound area was significantly larger in cells treated
with >10 uM AR-A0114418 than DMSO (Fig. 1D). In addition,
GSKi26 also significantly inhibited migration of cells (Fig. 1C, D). We
also confirmed that GSK-3f inhibitors exhibited inhibitory effects
on migration of RKO cells (Supplementary Fig. S1A, B), a highly
invasive colon cancer cell line.

Second, we investigated the activity of cellular attachment to
surfaces of culture vessels. To measure attachment activity, we
counted cells attached to gelatin-coated culture dishes 1 or 2 h after
seeding. Pre-treatment with AR-A0114418 significantly decreased
the number of attached cells compared with DMSO (Fig. 1E). Pre-
treatment with GSKi26 also decreased cellular attachment
(Fig. 1E). RKO cellular attachment was also significantly inhibited by
both GSK-3p inhibitors (Fig. 1E). These data suggested that GSK-38
inhibition suppressed cell-extracellular matrix adhesion activity.

Finally, to measure activities of MMPs, we quantified MMP-2
and MMP-9 by gelatin zymography. Pre-treatment with 20 pM
AR-A0114418 or 20 uM GSKi26 did not decrease the activity of
either MMP-2 or MMP-9 released into the media from MDA-MB-
231 cells (Fig. 1F). In addition, GSK-3f inhibition did not affect the
release of MMPs after EGF stimulation (Fig. 1F). Although MMP-2
activity was slightly decreased by both GSK-3f inhibitors in RKO
cells, MMP-9 activity was not affected (Fig. 1F). From these data, we
believed the effect observed on MMP activity was not sufficient to
explain inhibition of invasion by GSK-3f inhibition.

3.2. GSK-3( inhibition disturbs the function rather than the
formation of focal adhesion

Cellular attachment to surfaces of culture vessels is maintained
by cell-extracellular matrix attachment machinery called focal
adhesion [22]; therefore, we examined focal adhesion after GSK-38
inhibition. Immunocytostaining against vinculin revealed that focal
adhesion tended to become larger after AR-A0114418 treatment in
MDA-MB-231 cells (Fig. 2A). Phospho-FAK staining, another focal
adhesion protein, was also enlarged and strengthened after AR-
A0114418 treatment (Fig. 2A). Similar results were observed in
MDA-MB-231 cells treated with GSKi26 (Supplementary Fig. S2A).
This observation was confirmed in RKO cells treated with AR-
A0114418 or GSKi26 (Supplementary Fig. S2B).

Next, we aimed to clarify whether enlargement of focal adhe-
sion was due to an acceleration of construction by AR-A0114418.
Vinculin-positive spots in MDA-MB-231 cells were decreased af-
ter serum starvation (Fig. 2B). When cells were treated with AR-
A0114418 under serum-free conditions, vinculin spots did not
apparently increase in number, size or brightness (Fig. 2B). In
contrast, vinculin spots increased and enlarged when cells were
treated with AR-A0114418 in the presence of serum (Fig. 2B). These
data suggested that AR-A0114418 itself was not sufficient to
accelerate construction of focal adhesion, which was dependent on
serum.

3.3. GSK-3 inhibition dysregulates actin fibre organisation

Focal adhesion tethers the intracellular actin cytoskeleton to the
extracellular matrix [22]. We investigated changes in the actin
cytoskeleton after treatment with GSK-3f inhibitors. Actin formed
a fine mesh-like structure in MDA-MB-231 cells treated with DMSO
(Fig. 3A). In contrast, actin fibres became denser and tended to
make large bundles in the periphery of cells treated with AR-
A0114418 (Fig. 3A). GSKi26 also induced a decrease in the actin
mesh-like structure and deposition of actin in the periphery of
MDA-MB-231 cells (Fig. 3B). Treatment with the two GSK-3f in-
hibitors did not affect focal adhesion-actin cytoskeleton junctions,
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Fig. 2. Enlargement of focal adhesions by GSK-3f inhibition. (A) Changes in focal ad-
hesions by 20 tM AR-A0114418 over time in MDA-MB-231 cells. Inset shows a higher
power image indicated by a small white rectangle (scale bar = 20 pm). (B) Serum-
dependent construction of focal adhesions in MDA-MB-231 cells. Cells were grown
in media containing indicated reagents for 48 h before staining (scale bar = 20 pum).

which were indicated by contact points of fibrous actin and
phospho-FAK (Fig. 3A, B). RKO cells had a large number of filopodia,
which intermingled with those of neighbouring cells
(Supplementary Fig. S3). Because of the intense signal from filo-
podia, changes in the cytoplasmic actin structure were difficult to
assess. Although, actin fibres seemed to lose their cytoplasmic
mesh-like structure and have increased intensity in the periphery
of RKO cells treated with either GSK-3f inhibitor at higher con-
centrations (Supplementary Fig. S3).

3.4. Down-regulation of WAVE2 by GSK-3( inhibition impeded
actin fibre branching

To investigate the mechanism of dysregulation of the actin
cytoskeleton, we examined WASP family proteins WAVE2 and N-
WASP. WAVE2 expression was decreased 48 h after addition of
20 pM AR-A0114418 in MDA-MB-231 cells (Fig. 4A). Densitometric
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Fig. 3. Actin fibre dysregulation by GSK-3p inhibition. (A) Changes in fibrous actin structure after 20 uM AR-A0114418 treatment over time in MDA-MB-231 cells (scale bar = 20 um).
(B) Fibrous actin structure after incubation with two distinct GSK-3 inhibitors in MDA-MB-231 cells. Cells were treated with DMSO, 20 uM AR-A0114418 or 20 uM GSKi26 for 48 h

(scale bar = 20 pm).

analysis showed that WAVE2 expression was significantly lower in
AR-A0114418-treated versus DMSO-treated cells (Fig. 4B). GSKi26
also significantly decreased WAVE2 expression in MDA-MB-231
cells (Fig. 4A, B). N-WASP expression was very low in control cells
and not apparently affected by treatment with AR-A0114418 or
GSKi26 (Fig. 4A). In RKO cells, similar results were observed by
treatment with the two GSK-3p inhibitors (Supplementary Fig. S4).

4. Discussion

In this study, we found functional insufficiency of focal adhesion
and dysregulation of the actin cytoskeleton were mechanisms
inhibiting cancer cell invasion by GSK-3f inhibitors. Focal adhesion
was increased and enlarged after GSK-3f inhibition even though
cellular attachment to culture vessels was impeded. This suggests
functional rather than numerical insufficiency was induced by GSK-
3P inhibition. Enlargement of focal adhesion may be a compensa-
tory change following functional insufficiency.

In addition to functional insufficiency of focal adhesion, actin
filaments that normally made fine mesh-like structures became
large bundle-like structures and deposited in the periphery of cells
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treated with GSK-3f inhibitors. This suggested that GSK-3f in-
hibitors suppressed branching of actin filaments. In fact, WAVE2
was down-regulated by GSK-3B inhibitor treatment. Wis-
kott—Aldrich syndrome proteins, including WAVE2, are necessary
for actin branching from existing actin fibres. Therefore, actin fibres
could not make a mesh-like structure under GSK-3f inhibition. This
actin disorganisation resulted in a decrease in cellular motility.

WAVE2 and N-WASP both belong to the Wiskott—Aldrich syn-
drome protein family and are activated and stabilized by RAC1 and
CDC42, respectively [15]. GSK-3f inhibition has been reported to
inhibit RAC1 activation, although the precise mechanism has not
yet been elucidated [10,11]. In our experiments, only WAVE2 was
decreased by the GSK-3f inhibitors. This result was compatible
with past reports that showed RAC1 repression by GSK-3f in-
hibitors. From these data and past reports, we propose the RAC1/
WAVE2/actin cytoskeleton signalling pathway is an effector of GSK-
3p in the context of cancer cell invasion.

The actin cytoskeleton is tethered to the extracellular matrix by
focal adhesion. Therefore, actin organisation can affect functions of
focal adhesion. It is possible that GSK-3f inhibitors impeded
cellular adhesion activity through dysregulation of actin
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Fig. 4. Down-regulation of WAVE2 by GSK-3 inhibition. (A) Western blot of WAVE2 and N-WASP after 48 h treatment with 20 uM AR-A0114418 or GSKi26. a-tubulin was used as an
internal control. (B) WAVE2 protein levels after 48 h treatment with 20 tM AR-A0114418 or 20 uM GSKi26. Protein levels were normalised by a-tubulin expression. Statistical
analysis was performed from hexaplicate measurements. Error bars indicate a 95% confidence interval (*p < 0.0001).
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organisation. If this was the case, down-regulation of the RAC1/
WAVE2/actin cytoskeletal axis would induce not only a decrease of
cellular motility but also cellular adhesion to surrounding mate-
rials. In this study, the direct target of GSK-38 in actin regulation
and adhesion machinery was not elucidated. Therefore, whether
other small GTPase proteins and Wiskott—Aldrich syndrome pro-
tein family members participate should be clarified in future
studies.

In conclusion, we identified the RAC1/WAVE2/actin cytoskeletal
axis as a potential target signalling pathway of GSK-3 inhibitors in
cancer cell invasion. Because this pathway is a downstream effector
of EMT, the effects of GSK-3 inhibition should be independent of
EMT status. Therefore, inhibition of this pathway may be a useful
strategy for inhibiting cancer cell invasion. Future studies are
required to further clarify the role of GSK-3f in cancer cell invasion,
the mechanisms regulating RAC1 activation and focal adhesion
function by GSK-3f.
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