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Abstract: Gastric cancer is the most common malignant tumor and globally the third leading cause of cancer-
related deaths. Therefore, there exists an urgent need to identify new effective gastric cancer treatments. Given
the important roles in tumorigenesis and progression, p21-activated kinase 4 (PAK4) has been regarded as an
attractive high-value druggable target. In this study, we examined the effects and molecular mechanisms of action
of the small molecular compound LC-0882 on gastric cancer cells in vitro. LC-0882 was found to significantly inhibit
the proliferation of human gastric cancer cells by repressing phospho-PAK4/cyclin D1 and CDK4/6 expression.
In addition, LC-0882 was found to attenuate cell invasion by blocking the PAK4/LIMK1/cofilin signaling pathway.
Finally, analysis of immunofluorescence revealed that LC-0882 exposure decreased filopodia formation and induced
cell elongation in BGC823 and SGC7901 gastric cancer cells. These findings suggest that targeting PAK4 with the

novel compound LC-0882 may provide a new chemotherapeutic approach in gastric cancer treatment.
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Introduction

Gastric cancer is a common malignancy world-
wide. According to the World Health Organi-
zation (WHOQ), gastric cancer is the third lead-
ing cause of global cancer-related deaths, ac-
counting for about 700,000 deaths in 2012 [1].
Despite major advances in chemotherapy and
surgical treatment, long-term outcomes among
gastric cancer patients remain poor, due to dis-
ease progression, tumor invasion and metas-
tasis [2, 3]. Therefore, there exists an urgent
need to characterize new pharmaceutical treat-
ment targets within gastric cancer cells and to
identify effective compounds that can improve
survival outcomes and prevent gastric cancer
progression.

P21-activated kinase 4 (PAK4) is one of the
PAK family members which are downstream
effectors of Rho GTPases Rac and Cdc42 as

serine/threonine protein kinases [4, 5]. It is the
first identified member of the Group Il division
of the PAK family and is the most extensively
studied member in this group [6]. Genetic am-
plification and overexpression of PAK4 have
been observed in a variety of tumors, including
breast cancer, pancreatic cancer, prostate can-
cer and in particular, gastric cancer [7-9]. More
recently, studies have further characterized
PAK4 is overexpressed in metastatic gastric
cancer, and the level of activated PAK4 expres-
sion has been found to correlated with worse
prognosis [10-12].

PAK4 has been proposed to serve multiple criti-
cal roles in the regulation of cancer cell signal-
ing networks. In ovarian cancer cells, overex-
pression and activation of PAK4 have been
found to significantly promote cell prolifera-
tion, while depletion of PAK4 has been found
to suppress cell proliferation [13]. Other stu-
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dies have reported that PAK4 promotes cell
proliferation by regulating expression of cyclin
D1, CDC25A, Smad2/3, and CDK6 [14-16]. In
addition, through its regulation of actin assem-
bly, PAK4 has been strongly implicated in cyto-
skeletal dynamics contributing to cell migration
[17, 18]. In further support of the critical role in
cell migration, PAK4 has been identified to be
involved in regulating the HGF/LIMK1/cofilin
pathway, interacting with DGCR6L and phos-
phorylating SCG10 [9, 19, 20]. Other studies
have also reported that PAK4 could inhibit cell
adhesion [21], promote anchorage-indepen-
dent growth [8, 21, 22], and mediate the in-
duction of filopodia formation [18]. Consequ-
ently, these important roles in key tumorigene-
sis and progression processes make PAK4 an
attractive candidate drug target.

In this study, we investigated the effects and
potential mechanisms of action of the small
molecule compound LC-0882 on the prolifera-
tion and invasion of human gastric cancer cells.
Our observations suggested that LC-0882
might target PAK4 and its related signaling
pathways, thereby presenting a potential new
therapy for gastric cancer treatment.

Material and methods
Cell lines and culture

Human gastric cancer cell lines (SGC7901, BG-
C823, and MKN-45) were cultured in Dulbec-
co’'s Modified Eagle’s Medium (DMEM) (Life)
with 10% fetal calf serum (Life) in a humidi-
fied incubator with 5% CO,, at 37°C.

Test compound

LC-0882 (C,H,,CINO,, Mass: 449.89) was pur-
chased from the SPECS database and the
structure of this compound is shown in Figure
1A. LC-0882 was dissolved in dimethyl sulfox-
ide (DMSO) at 20 mM concentration and sto-
red as small aliquots at -20°C. Aliquots were
thawed and diluted in cell culture medium to
the desired concentrations immediately before

use.

Cell viability assay

Cell viability was evaluated using the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazoli-

um bromide (MTT) assay. Gastric cancer cells
were seeded in 96-well Corning plates at a den-
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sity of 1x10* cells/well and incubated over-
night. Then the medium was removed and re-
placed with 100 pl of medium containing indi-
cated concentrations of LC-0882 for 24 hours
(h). At the end of incubation, 10 ul MTT solution
(5 mg/ml in phosphate-buffered saline (PBS))
was added to each well and incubated for 4 h
at 37°C. The medium was then replaced with
150 ul DMSO for 15 minutes (min) at 37°C.
Finally, optical densities at 595 nm were de-
tected using a microplatereader (BIO-RAD).

Cell cycle analysis using flow cytometry

SGC7901 and BGC823 cells were treated
with the indicated concentrations of LC-0882
for 24 h. Cells were then collected, washed with
PBS, fixed with 70% ethanol, and stored for 2 h
at -20°C. Finally, cells were suspended in a
staining buffer (0.1% RNase, 0.5% Tween 20,
10 pg/ml propidium iodide in PBS). Analysis of
the proportion of cells in different cell cycle
phases was performed using flow cytometer
(FACSVantage, Becton Dickinson and Co., San
Jose, CA). Gating was set to exclude cell debris,
doublets and clumps.

Transwell assay

The invasive capability of the cultured and
treated cells was assessed using Boyden cha-
mbers with polycarbonate Nucleopore mem-
brane. Matrigel pre-coated membranes (8-um
pore size, 6.5 mm in diameter, matrigel 100
ug/cm?) were first rehydrated with 100 ul
medium. Next, gastric cancer cells (1x10°) in
100 pl serum-free DMEM were placed in the
upper part of each chamber, while the lower
part of each chamber contained 600 ul DM-
EM including 10% serum. Chambers were in-
cubated for 18 h at 37°C. Following incubation,
cells which had not invaded through the mem-
brane pores were discarded using a cotton
swab. Cells adherent to the lower surface of
the filter were then fixed, stained, and counted
microscopically.

Lentivirus production and transduction

Recombinant lentiviruses (PAK4-RNAi-Lentivi-
rus and PAK4-Lentivirus) and NC-GFP-LV and
pGC FU-GFP-LV vectors were purchased from
the Shanghai GeneChem Company. To gener-
ate a stable PAK4 knockdown model, SGC79-
01 cells were infected with lentivirus carrying
shPAK4, and infected cells were then selected
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Figure 1. Chemical structure and the

™ inhibitory effect of LC-0882 on hu-

man gastric cancer cell proliferation.
A: Chemical structure of LC-0882
(C,,H,,CINO,). B: The inhibitory effect
of LC-0882 on human gastric cancer
cell proliferation by MTT assay. MKN-
45, BGC823 and SGC7901 cells
were cultured with indicated concen-
trations of LC-0882 for 24 h, after

which MTT assay was performed.

LC-0882 to investigate the
influence of this compound
on PAK4 kinase activity. The
Kinase reaction was launch-
ed by combining MBP and a
mixture of 1 mM ATP and
[y-32P] ATP. Kinase activity
was detected in 40 yl kinase
buffer containing 10 uCi
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out with puromycin (1.5 pg/ml). The pGC NC-
GFP-LV vector was used as a control. To stably
overexpress PAK4, MKN-45 cells were infected
with lentivirus carrying PAK4, and selected with
puromycin. NC-GFP-LV and pGC FU-GFP-LV vec-
tors were used as controls for this experiment.

Real time monitoring of cell invasion

Invasion assays were conducted on CIM-16
plates with 8 ym pore membranes (Roche).
Plate wells were pre-coated with 20 yl matrigel
at 37°C for 4 hours. Next, 160 yl medium with
10% serum was added to the bottom chamber
of each well, and the top and bottom portions
of the plates were assembled. After adding
50 ul serum-free medium to the top cham-
ber wells, the assembled CIM-16 plates were
allowed to equilibrate at 37°C for 2 h. Finally,
gastric cancer cells were seeded onto the top
chambers of the plates at a density of 8x10*
cells/well and these plates were incubated for
30 min. Samples were then analyzed using anx-
CELLigence data collection system.

Kinase assay

Exogenous MBP was used as a substrate to
assess the activity of PAK4 kinase. Commer-
cially available PAK4 kinase (life) was co-in-
cubated with the indicated concentrations of
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BMKN-45
oBGC823
O0SGC7901

[y-32P] ATP (5,000 Ci/mmol)
at 30°C for 30 min. The
kinase reaction was stopped
by adding 6xSDS buffer and
loading on 12% SDS-PAGE.
32P-labelled proteins were
transferred onto PVDF mem-
branes and visualized throu-
gh autoradiography. To assure
equal loading amounts, MBP
was detected by Ponceau
stain and PAK4 by western
80 blot analysis.

Molecular modeling

Docking simulation was conducted by Glide in
Schrodinger (version 2014). The non-bonded
interactions between LC-0882 and PAK4 were
visualized using Discovery Studio 4.0 Visual.

Immunofluorescence and confocal microscopy

BGC823 and SGC7901 cells grown on glass
coverslips were pre-treated with indicated con-
centrations of LC-0882 or DMSO (control) for
24 h. Cells were then fixed in methanol for 15
min and blocked with goat serum for 1 h. Cells
were then exposed to FITC-conjugated phalloi-
din (Sigma) for 1 h and washed three times
in PBS with 1% TritonX-100 (PBT). DAPI (4’,6-
diamidino-2-phenylindole) was used to co-
stain the DNA. Cells were viewed and photo-
graphed using a Leica laser confocal scanning
microscope.

Western blot analysis

Proteins were extracted from 1x10° cells in
RIPA buffer (150 mM NaCl, 50 mM Tris/HCL
pH 7.4, 1 mM EDTA, 1% Nonidet P-40, 0.25%
Na-deoxycholate and protease inhibitors). De-
natured protein samples were separated by
SDS-PAGE and transferred to a PVDF mem-
brane (Millipore). The membrane was blocked
for 3 h in 5% skimmed milk in TBS-T (137 mM
NaCl, 20 mM Tris, pH 7.4, 0.05% Tween-20),
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Figure 2. LC-0882 suppresses the transition of gastric cancer cells from G1 to S phase. SGC7901 and BGC823 cells
were incubated with indicated concentrations of LC-0882 for 24 h. Cells were then collected, washed with PBS, fixed
with 70% ethanol and stained. Analysis of the proportion of cells in different cell cycle phases was performed using
flow cytometry. A: LC-0882 suppresses the transition of SGC7901 cells from G1 to S phase. B: LC-0882 suppresses
the transition of BGC823 cells from G1 to S phase.
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Figure 3. LC-0882 suppresses invasion of human gastric cancer cells. SGC7901, BGC823 and MKN-45 cells were
incubated with indicated concentrations of LC-0882 for 24 h. A: Invasive capacity of SGC7901 cells were evaluated
using a Boyden chamber matrigel invasion assay. B: Invasive capacity of BGC823 cells were evaluated using a Boy-
den chamber matrigel invasion assay. C: Number of cells invading is shown as bar diagram + SEM, the left one is for
SGC7901, and the right one is for BGC823, **P<0.01. D: The effect of LC-0882 on MKN-45 cell invasive ability was
detected using real-time invasion monitoring.

and proteins were probed with specific anti- Ser560, CDK4, CDK6 (Cell signal); cyclin D1
bodies: LIMK1, phospho-LIMK1 Thr508/LIMK2 (Neomarker). All PVDF membranes were assay-
Thr505, cofilin, phospho-cofilin Ser3, PAK4, ed by chemiluminescence (ECL, Pierce Techno-
phospho-PAK4  Serd74/PAK5 Ser602/PAK6 logy). To assure equal loading, membranes
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Figure 4. LC-0882 inhibits PAK4 kinase activity. A: The effect of LC-0882 on
PAK4 kinase activity was detected by kinase assay. Different concentrations
of LC-0882 was co-incubated with PAK4 kinase for 45 min in kinase buf-
fer. Kinase assays were then performed to detect the effect of LC-0882 on
PAK4 kinase activity. B: Proposed binding mode of LC-0882 within the PAK4
binding site. Docking simulation was conducted using Glide, Version 2014
(Schrédinger). The non-bonded interaction between LC-0882 and PAK4 was

cancer cells in a dose-de-
pendent manner (Figure 1B).
To further elucidate the me-
chanisms by which LC-0882
might have this effect, cell
cycle progression was inves-
tigated using flow cytometry.
Cell cycle analyses for SGC-
7901 and BGC823 cells tr-
eated with LC-0882 for 24 h
revealed significant concen-
tration-dependent increases
in the number of cells in G1
phase and a remarkable de-
crease in S phase cells, com-
pared with controls not ex-
posed to LC-0882 (Figure 2).
These findings indicate that
LC-0882 induces G1 phase
cell cycle arrest in SGC7901
and BGC823 cells.

LC-0882 attenuates the
invasive capacity of gastric
cancer cells

Transwell migration assays
were performed to evaluate
the impact of LC-0882 on the
invasive capacity of gastric
cancer cells. To control for the
effects of cell proliferation
inhibition on cell invasion, we

visualized using Discovery Studio 4.0 Visual.

were stripped and reprobed with an antibody
against GAPDH (Shang HaiKangchen).

Statistical analysis

Comparison between two groups was per-
formed by Student’s t test using SPSS 16.0
software. Values of P<0.05 were considered
statistically significant.

Results

LC-0882 suppresses proliferation and induces
G1 cell cycle arrest in human gastric cancer
cells

Effects of LC-0882 on proliferation of MKN-
45, BGC823 and SGC7901 cells were evaluat-
ed by MTT assay. LC-0882 exposure signifi-
cantly inhibited proliferation of human gastric

2741

counted the same number of

cells pre-incubated with indi-
cated concentrations of LC-0882 or DMSO.
LC-0882 was observed to prominently decre-
ase the invasive capacity of SGC7901 and
BGC823 in a dose-dependent manner (Figure
3A, 3B). Consistent with these findings, real-
time invasion monitoring data from the xCELLI-
gence system indicated a dose-dependent de-
crease in cell invasiveness after treatment with
LC-0882 in MKN-45 cells (Figure 3D). Thus,
these results strongly suggest that LC-0882
could play an important clinical role in decre-
asing the invasive potential of gastric cancer
cells.

LC-0882 inhibits PAK4 kinase activity
Previous studies have reported that PAK4 plays

important roles in the regulation of cell prolif-
eration, invasion and morphology of various

Am J Transl Res 2017;9(6):2736-2747
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Figure 5. LC-0882 treatment resulted in inhibitory effects on cell invasion comparable to PAK4 knockdown.
SGC7901 cells were incubated with indicated concentrations of LC-0882 for 24h. A: The invasive ability of SGC7901
treated with LC-0882 and PAK4 knockdowns were evaluated using a Boyden chamber matrigel invasion assay. B:
The number of cells invading is shown as bar diagram = SEM (left), "*P<0.01. Western blot analysis was used to

detect cellular protein levels of PAK4 (right).

cancer cell types. Most of these functions for
PAK4 in cancer cell biology have been attri-
buted to its kinase activity. To better assess
the inhibitory potency of LC-0882 on PAKA4,
a kinase assay was performed at a range of
compound concentrations. Kinase assay re-
sults indicated that LC-0882 potently inhibi-
ted the kinase activity of PAK4 in a dose-de-
pendent manner (Figure 4A). The results of
docking simulations performed using Glide in
Schrédinger to detect the modes in which LC-
0882 interacts with PAK4 are shown in Figure
4B. In these simulations, LC-0882 forms three
conventional hydrogen-bonding (H-bonding) in-
teractions, a weak carbon H-bonding interac-
tion, a m-sigma interaction, and three mn-alkyl
interactions with receptor PAK4.

The inhibitory effect of LC-O882 on invasion is
achieved by targeting PAK4

Given that PAK4 is known to promote tumor
invasion, and the findings in this investigation
that LC-0882 treatment inhibited PAK4 kinase
activity, we then sought to determine if the in-
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hibitory effects of LC-0882 on cell invasion
were due to modulation of PAK4 kinase activity.
Transwell migration assays were performed to
compare the invasive capability of SGC7901
cells exposed to LC-0882 with PAK4 knock-
downs. The results of these comparisons dem-
onstrated that the inhibitory effect of LC-0882
was comparable to the effect of sShRNA target-
ed to silence PAK4 in SGC7901 cells (Figure 5).
Furthermore, in MKN-45 cells overexpressing
PAK4, LC-0882 exposure dramatically inhibited
invasiveness in a dose-dependent manner, re-
sulting in behavior similar to that of MKN-45
cells infected only with lentivirus carrying the
control vector (Figure 6).

LC-0882 suppresses filopodia formation of
gastric cancer cells

Among the significant functions of PAK4 is in-
duction of filopodia formation in response to
the Rho GTPase Cdc42. Given the observed
inhibitory effects of LC-0882 on PAK4 kinase
activity, we used FITC-phalloidin staining to in-
vestigate how LC-0882 impacts filopodia for-

Am J Transl Res 2017;9(6):2736-2747
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Figure 6. LC-0882 treatment exhibited the same inhibitory effect on cell invasion in PAK4-overexpressing MKN-45
cells and control MKN-45 cells. PAK4-overexpressing MKN-45 cells were incubated with indicated concentrations
of LC-0882 for 24 h. A: The invasive ability of PAK4-overexpressing and control MKN-45 cells was evaluated using
a Boyden chamber matrigel invasion assay. B: The number of cells invading is shown as bar diagram + SEM (left),
“*P<0.01. Western blot analysis was used to detect cellular protein levels of PAK4 (right).

mation. LC-0882 was found to suppress the
formation of filopodia in a dose-dependent
manner in SGC7901 and BGC823 cells (Fig-
ure 7).

LC-0882 inhibits phosphorylation of PAK4 and
its downstream signaling pathways

Cyclin D1 and CDK4/6 are well-known regula-
tors in the G1 phase of the cell cycle, and PAK4
plays a vital role in the regulation of cyclin D1.
We found that LC-0882 exposure could sup-
press proliferation and induce G1 cell cycle
arrest in human gastric cancer cells. Thus, the
expression levels of these regulators in cells
treated with LC-0882 were further investiga-
ted by western blot. The results showed that
phosphorylated PAK4, cyclin D1 and CDK4/6
were all significantly down-regulated after LC-
0882 treatment (Figure 8A, 8B). In addition, it
is noteworthy that the effects of LC-0882 on
the PAK4/cyclin D1 pathway were similar to the
effect of shRNA expression targeting PAK4.
Taken together, these results indicate that LC-
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0882 exposure induces cell cycle arrest at the
G1 phase and then suppresses cell prolifera-
tion via down-regulation of phosphor-PAK4/
cyclin D1 and CDK4/6.

Subsequently, to explore in further detail the
mechanisms of LC-0882 underlying the inhibi-
tion of filopodia formation and cell invasion,
we investigated the effects of LC-0882 on the
PAK4/LIMK1/cofilin pathway, a pathway previ-
ously recognized for its role in cell invasion. As
shown in Figure 8C, treatment with varying
LC-0882 concentrations down-regulated the
phosphorylation of PAK4, LIMK1 and cofilin
in a dose-dependent manner. In addition, the
effect of LC-0882 exposure on the PAK4/LI-
MK21/cofilin pathway was comparable to the
impact of PAK4 knockdown (Figure 8C).

Discussion
In this investigation, we evaluated the anti-tu-

mor activities of LC-0882, a small molecular
compound selected for further evaluation after

Am J Transl Res 2017;9(6):2736-2747
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Figure 7. LC-0882 inhibits the formation of filopodia in SGC7901 and BGC823 cells. SGC7901 and BGC823 cells
grown on glass coverslips were pre-treated with test concentrations of LC-0882 or DMSO (control) for 24 h. Cells
were then fixed, blocked and stained with FITC-phalloidin. A: LC-0882 inhibits filopodia formation in SGC7901 cells.

B: LC-0882 inhibits filopodia formation in BGC823 cells.
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Figure 8. The mechanisms of LC-0882 underlying the inhibition of prolif-
eration and invasion. SGC7901 cells were cultured with indicated concen-
trations of LC-0882 for 24 h. Cells with different treatments, including LC-
0882 exposure and PAK4 knockdown, were collected and western blot was

Actin

2745

then performed. A: LC-0882 de-
creased the expression levels of
phosphorylated PAK4 and cyclin
D1. B: LC-0882 down-regulated
the expression of CDK4/6. C: LC-
0882 inhibited the PAK4/LIMK1/
cofilin pathway.

screening for inhibition effica-
cy in gastric cancer cells. Our
results, for the first time, de-
monstrated that LC-0882 ef-
ficiently suppresses gastric
cancer cell proliferation and
induces G1 cell cycle arrest.
Furthermore, we found dose-
dependent inhibition of gas-
tric cancer cell invasion be-
havior and filopodia forma-
tion by LC-0882.

PAK4 has been previously
found to play a role in a num-
ber of cellular processes [23],
including cell cycle progres-
sion [24], cell survival [25],
and cytoskeletal organization
[18]. Moreover, PAK4 dysre-
gulation has been reported to
promote tumorigenesis and
disease progression in sever-
al types of cancers, in particu-
lar gastric cancer. PAK4 there-
fore offers promise as a po-
tential high-value drug target.
In this investigation, we con-
firmed that LC-0882 could
suppress proliferation and in-
vasion capability of gastric
cancer cells. We then explo-
red whether LC-0882 exerted
these effects by targeting
PAK4. As we had hypothe-
sized, LC-0882 strikingly inhi-
bited the kinase activity of
PAK4 in a dose-dependent
manner. Results from the
docking simulations perform-
ed as part of this investiga-
tion provide further insights
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into the interactions between LC-0882 and
PAK4.

In order to further confirm that LC-0882 inhib-
its cell invasion via targeting PAK4, we also
compared the invasive capability of gastric can-
cer cells treated with LC-0882 and cells in
which PAK4 expression was suppressed by tar-
geted shRNA. The results from this experiment
show analogous effects for LC-0882 treatment
and PAK4 knockdown. These findings provide
further indication that the suppressive effect of
LC-0882 on cell invasion is achieved through
targeting PAK4. Of note, PAK4 has also been
previously reported to mediate filopodia forma-
tion through interaction with activated Cdc42,
and activated PAK4 has been proposed to
induce cell rounding [18]. Accordingly, we dire-
ctly investigated the influence of LC-0882 on
formation of filopadia. Our findings revealed
that LC-0882 inhibited filopodia formation and
induced elongation of gastric cancer cells in a
dose-dependent manner. So it is intelligible
that the effects of LC-0882 exposure on filo-
podia formation and cellular elongation are
mediated by PAK4 kinase inhibition.

Multiple studies have established that cyclin
D1 and CDK4/6 act to regulate G1 phase pro-
gression to control tumor proliferation [26, 27].
Moreover, it has been previously demonstrated
that PAK4 could up-regulate expression of
cyclin D1 via the PAK4/c-Src/EGFR/cyclin D1
signaling pathway in ovarian cancer cells. Our
finding that LC-0882 down-regulates expres-
sion levels of phospho-PAK4/cyclin D1 and
CDK4/6 in a dose-dependent manner provides
a powerful mechanistic connection between
LC-0882 exposure and G1 cell cycle arrest.
Based on the results of our series of experi-
ments, we propose that LC-0882 exposure re-
sults in markedly decreased levels of phos-
phorylated PAK4, cyclin D1 and CDK4/6, sub-
sequently inhibiting the transition of cells from
G1 to S phase and finally leading to an anti-
proliferative effect on gastric cancer cells. In
addition, to further elucidate the mechanisms
by which LC-0882 suppresses gastric cancer
cell invasion, we investigated the effects of
LC-0882 on the PAK4/LIMK1/cofilin pathway,
which had been previously reported to corre-
late with cancer cell migration and invasion. As
previously described in prostate cancer cells
[24], our data supported that LC-0882 sup-
pressed the invasive capacity of gastric cancer
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cells via down-regulating the PAK4/LIMK1/
cofilin signaling pathway.

Taken together, the results of the current study
provide the first evidence that LC-0882 targets
PAK4 and inhibits PAK4-related signaling path-
ways to suppress the proliferation and invasion
of gastric cancer cells. Although these results
warrant further testing research in vivo, our
findings suggest that LC-0882 may be a prom-
ising anti-cancer drug candidate in gastric can-
cer therapy.
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