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ABSTRACT: FIP-fve is an immunomodulatory protein isolated from Flammulina velutipes that possesses anti-inflammatory and
immunomodulatory activities. However, little is known about its anticancer effects. It is suppressed cell proliferation of A549 lung
cancer cells on MTT assay following 48 h treatment of FIP-fve. FIP-fve treatment also resulted in cell cycle arrest but not
apoptosis on flow cytometry. This immunomodulatory protein was observed to increase p53 expression, as well as the expression
of its downstream gene p21, on Western blot. FIP-fve inhibited migration of A549 cells on wound healing assay and decreased
filopodia fiber formation on labeling with Texas Red-X phalloidin. To confirm the effect of FIP-fve on the role of Rac1 in
filopodia formation, we investigated the activity of Rac1 in A549 cells following FIP-fve treatment. FIP-fve inhibited EGF-
induced activation of Rac1. We demonstrated that FIP-fve decreases RACGAP1 mRNA and protein levels on RT-PCR and
Western blot. In addition, the reporter activity of RACGAP1 was reduced by FIP-fve on RacGAP1 promoter assay. Silencing of
RacGAP1 decreased cell migration, and overexpression of RacGAP1 increased cell migration in A549 cells. In conclusion, FIP-fve
inhibits lung cancer cell migration via RacGAP1 and suppresses the proliferation of A549 via p53 activation pathway.
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■ INTRODUCTION

Lung cancer is one of the most common malignancies in the
world and is a leading cause of cancer-related death in many
countries. Nonsmall cell lung cancer (NSCLC) accounts for
approximately 85% of all lung cancers. Despite advanced
therapy, NSCLC still has poor clinical response. To improve
the clinical responses and outcomes of NSCLC patients, it
needs to develop novel drugs and strategies for preventing
proliferation and metastasis of cancer cells.1

Cell migration is a complex process involving the reorganiza-
tion of actin cytoskeleton that correlates with cancer prognosis.
Rho GTPases are key factors in cell proliferation, polarity,
cytoskeletal remodeling, and migration. Abnormal function
of their regulators may result in cell transformation.2 Rho
GTPases, including Rac, Cdc42, and Rho, are essential factors
for facilitating cell migration. It has been reported that δ-catenin
affects cytoskeletal assembly and promotes cell migration via
regulation of the activity of small GTPases. NSCLC patients
with coexpression of δ-catenin and small GTPases have a
shorter survival time than those without coexpression.3 The
activity of Rho GTPases is down-regulated in nonmalignant
mammary epithelial cells (MECs) on three-dimensional
culture, with particular suppression of Rac1 and Cdc42.4 Rac
signaling also regulates cellular functions in the initiation and

maintenance of hematopoietic malignancies.5 Increasing Rac
activity not only induces autonomous protrusion but also leads
to retraction of side and back cells. This results in net cluster
polarization and movement in the direction of highest Rac
activity.6 Deleted in liver cancer-1 (DLC1) is a tumor suppressor
gene that encodes a protein with strong RhoGAP (GTPase
activating protein) activity and weak Cdc42GAP activity. It is
inactivated in various human malignancies.7

Fungal immunomodulatory protein (FIP-fve) has been
isolated and purified from the edible golden needle mushroom
(Flammulina velutipes).8 It is a glycoprotein in which a potential
N-glycosylation site is present at position 54.9 FIP-fve exhibits
hemagglutinating activity toward four types of human red blood
cells. In BALB/c mice sensitized by subcutaneous or intra-
peritoneal injection of BSA, treatment with six or seven biweekly
injections of FIP-fve resulted in no anaphylactic reaction.8

FIP-fve has also been found to stimulate the production of IFN-γ
in human peripheral blood mononuclear cells (PBMCs).10 In a
previous study, FIP-fve stimulated IFN-γ production via the
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modulation of Ca2+ release.11 Tumor growth suppression is
associated with an increase in polyfunctional T cells that secrete
multiple effector cytokines, such as IFN-γ, IL-17, and IL-2. In
mice deficient in IL-17 or deprived of IFN-γ, therapeutic
protection is abolished.12 IFN-γ pretreatment and silencing
of antiapoptotic protein XIAP may lead to a rise in TRAIL-
induced apoptosis and to caspase-8 up-regulation.13

In this study, RACGAP1 served as a novel therapeutic target
in lung cancer. FIP-fve may be a potential anticancer agent able
to inhibit A549 migration via decreasing RACGAP1 expression
and to suppress proliferation via p53 activation pathway.

■ MATERIALS AND METHODS
Purification of Fungal Immunomodulatory Protein FIP-fve.

FIP-fve was purified as previously described.8 In brief, the fruit bodies
of F. velutipes (300 g) were homogenized with ice-cold 5% acetic acid
in the presence of 0.05 M 2-mercaptoethanol. Soluble proteins in the

supernatant were precipitated by the addition of ammonium sulfate to
80% saturation. The precipitate was collected and then dialyzed against
10 mM sodium acetate pH 5.2 at 4 °C for 36 h with three changes
in dialysis solution. The dialysate was applied to a CM-52 column
(2 cm × 5 cm), which was previously equilibrated with 10 mM sodium
acetate, pH 5.2. The column was first washed with 200 mL of
equilibration buffer and then eluted with 200 mL of 0−0.5 M NaCl in
10 mM sodium acetate, pH 5.2. The active fractions were collected
with 80 mg (300 μM) of purified FIP-fve.
Cell Culture. A549 human lung adenocarcinoma cells were ob-

tained from the American Type Culture Collection. Cells were main-
tained at 37 °C in a 5% CO2 humidified atmosphere in Dulbecco’s
Modified Eagle’s Medium (DMEM) (GIBCO, Rockville, MD) con-
taining 10% fetal bovine serum (FBS; Life Technologies, Inc., Rockville,
MD), 100 units/mL penicillin, and 100 μg/mL streptomycin
(Life Technologies, Inc.).

MTT Assay. Following FIP-fve treatment for 48 h, cell viabilities
of the A549, CaLu-1, and MRC-5 cells were analyzed on MTT assay.
The complete protocol for MTT assay has been described elsewhere.14

Figure 1. Effect of FIP-fve on cell viability. (A) A549, CaLu-1, and MRC-5 cells (5 × 103/well of 96-well plate) were treated with varying
concentrations of FIP-fve (0, 3.75, 7.50, and 15.00 μM) for 48 h, followed by MTT assay to estimate cell viability. (B) A549 cells (3 × 105/6 cm
dish) were incubated with FIP-fve (0, 3.75, 7.50, and 15.00 μM) for 48 h. Cell cycle phases were analyzed using a fluorescence activated cell sorter
with ModFIT 3.0 software. (C) A549 cells (5 × 105/6 cm dish) were untreated or treated with 3.75, 7.50, and 15.00 μM FIP-fve for 48 h. The total
cellular lysates were analyzed using Western blot for the expressions of p21, p27, p53, E2F-1, and β-actin proteins. (D) A549 (3 × 105/6 cm dish)
cells were treated with various concentrations of FIP-fve (0, 3.75, 7.50, and 15.00 μM) for 48 h. The induction of apoptosis was determined by flow
cytometric analysis of Annexin V-FITC and PI-staining. (E) phase percentages for upper right quadrant and lower right quadrant are depicted on
bar graph.
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Cell Cycle Analysis. The cell cycle distribution was analyzed by
flow cytometry. The complete protocol for flow cytometry has been
previously described.15

Annexin V−FITC/PI Staining. Percentage of apoptosis was mea-
sured using the FITC Annexin V apoptosis detection kit I (556547,
BD Pharmingen) with flow cytometry. Staining was performed accord-
ing to the manufacturer’s protocol. Then 1 ×106 cells per sample were
analyzed using a flow cytometer (FACScan, Becton-Dickinson, San
Jose, CA) with Cellquest software.
Wound Healing Assay. A549 cells were seeded onto culture

insert (Ibidi, München, Germany). Cells were plated onto 24-well
plates at 2 × 104 cells/well to nearly confluent cell monolayer. The
monolayer was then washed twice with phosphate-buffered saline
(PBS) to remove debris or detached cells following treatment with
differing concentrations of FIP-fve (0, 3.75, 7.50, and 15.00 μM).
Following incubation for 24 and 48 h, the cells were photographed
under a light microscope (magnification, × 200).
Reporter Gene Assay. Reporter plasmid pGL3-RacGAP1-luc

was constructed by excising the KpnI/HindIII fragment from the
amplified RacGAP1 promoter DNA and subcloning it into pGL3-Basic
(Promega). Reporter plasmid pGL3-RacGAP1-luc (77783−79123)
was constructed according to accession no. AC025154.31 (Genbank).

The RacGAP1 promoter was cloned upstream of the firefly luciferase
reporter in the pGL3-Basic vector (Promega, Madison, WI, USA).
Briefly, a −1240 to +99 segment of the 5′-flanking region of the
human RacGAP1 gene was amplified by PCR using specific primers
with restriction enzyme site from the human RacGAP1 gene:
5′-GGGGTACCCCTGCGTGACAGAGTAAGACCCT (forward/KpnI)
and 5′-GGAAGCTTCTCACTTCAGTCAGCCTGGCCCC (re-
verse/HindIII). A549 cells were seeded onto 24-well plate and
incubated for 16 h. Then RacGAP1 promoter-luciferase construct and
β-galactosidase expression plasmid were cotransfected as previously
described.16 After 24h transfection, cells were treated with FIP-fve for
48 h followed by collection and analysis on a Luciferase Assay System
(Promega, Madison, WI, USA). Finally, luciferase activities were
standardized for β-galactosidase activity.

Actin Staining. A549 cells were fixed with 3.7% paraformalde-
hyde−PBS solution for 10 min. After two additional washes with PBS,
cells were permeabilized with 0.1% Triton X-100 in PBS. Texas Red-X
phalloidin (2 units/ml) and Alexa Fluor 488 DNase I conjugate
(9 μg/mL) in 1% bovine serum albumin and 0.025% saponin−PBS
were used to localize filamentous actin (F-actin) and DNase I staining
(G-actin) for 1 h. After three washes with PBS, coverslips were
mounted onto a microscope slide with Prolong Gold antifade reagent

Figure 2. Effect of FIP-fve on cell metastasis. (A,B) A549 cells were seeded onto culture insert overnight (2 × 104/well), then treated with FIP-fve.
After incubation for 24 and 48 h, cell migration (wound healing) was monitored by microscopy. A549 lung cancer cells (2 × 105) treated with
FIP-fve (0, 3.75, 7.50, and 15.00 μM) were allowed to migrate to 10% FBS-DMEM for 8 or 24 h. The migrated (C,D) and invaded (E,F) cells were
quantified by counting. Cells were fixed, stained, and counted as described in the text. The data represent mean ± SD.
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with DAPI (Life Technologies). Cell imaging was performed with a
confocal laser scanning microscope.
RT-PCR and Real-Time PCR. The primer sequences used for PCR

amplification were: RacGAP1 sense 5′- 5′ACAGGGACACATTAG-
CTTTCCTC-3′ and antisense 5′- CTG ACTTCACTTGAGCATTG-
GAG-3′; lipocalin 2 sense 5′-GAGTTACCCTGGATTAACGA-3′ and
antisense 5′-CTCCTTTAGTTCCGAAGTCA-3′;16 β-actin sense
5′-CAGGGAGTGATGGTGGGCA-3′ and antisense 5′-CAAACATCA-
TCTGGT CATCTTCTC-3′;11 PAI-1 sense 5′-GGATCCGTGCCG-
GACCACAAAGAGGAA-3′ and antisense 5′-GGATCCAGC-
CACTGGAAAGGCAACATG-3′; NM23 sense 5′-TGCTGCGAAC-
CACGTGGGTCCCGG-3′ and antisense 5′-TCATTCATAGATC-
CAGTTCTGAGCA-3′; and MMP2 sense 5′-GGCCCTGT-
CACTCCTGAGAT-3′ and antisense 5′-GGCATCCAGGTTATC-
GGGGA-3′. The detailed protocols for RNA isolation and RT-PCR
have been previously described.17 By using the ABI PRISM 7000 real-
time PCR system and a TaqMan gene expression probe (Applied
Biosystems, Foster City, CA), real-time PCR analyses of NM23
(Hs00264824_m1), MMP2 (Hs00234422_m1), and GAPDH
(Hs99999905_m1) gene expression levels were carried out by using
assays-on-gene expression products. Concentrations of synthesized
primers and probes were optimized for each assay, then, real-time PCR
was performed in triplicate in a 10 μL reaction volume. The PCR
reaction included 50 °C 2 min and 95 °C 10 min, followed by 45 °C
cycles, each consisting of 95 °C 15 s and 60 1 min. Quantitative values
were obtained from the threshold PCR cycle number (CT), where the
increase in signal associated with an exponential growth of PCR
product became detectable. The relative mRNA levels of nm23
and MMP2 in each sample were normalized to its GAPDH content.
Real-time PCR quantification of NM23 and MMP2 was carried out by
using TaqMan analysis. All values are normalized to the level of
GAPDH and are the averages of three independent readings.
Rac1 and Cdc42 Activity Assay. Active Rac1 and Cdc42 were

detected on pull-down assay. The complete protocol has been
described in a previous study.18 In short, serum-starved A549 cells
were collected in 800 μL of ice-cold lysis buffer following stimulation
for 3 min with EGF. Lysates were centrifuged and supernatant was
removed to measure protein content using Protein Assay Kit (Bio-Rad,
Hercules, CA) at 5 μL per sample. Then 20 μL of lysates were used to
determine total Rac1 and Cdc42 of total lysate, with the remainder
used for pull-down assay. Equal amounts of protein lysates were then
mixed with 15 μg of GST-PAK-PBD-beads (Pierce, Rockford, IL,
USA). Samples for total Rac1 and Cdc42 in total lysate and pelleted
beads were diluted in Laemmli sample-buffer and boiled. SDS-PAGE
(12% gel) was performed to separate the proteins. After transfer to
polyvinylidene fluoride membranes (PALL, Pensacola, FL), the
transferred membranes were blocked with 3% bovine serum albumin,
followed by incubation with Rac1 antibody overnight. Binding of the
antibody was visualized using antimouse IgG HRP conjugated
antibody and chemiluminescence substrate (Perkin-Elmer Life
Sciences). Equal loading was confirmed by reprobing of membranes
with anti-β-actin antibody.
Western Blot Analysis.Western blot was performed to investigate

the presence of particular proteins or phosphorylated forms of
proteins. Cells were washed with ice-cold phosphate buffered saline
and lysed in RIPA with Complete and Phosphostop buffer (Roche).
Whole cell lysate were lysed by sonication. Cell lysates were cen-
trifuged 12000 rpm for 10 min. Supernatant was used for Western blot
assay. Whole-cell extracts (WCE) were prepared on ice, quantified
using Bio-Rad protein assay (Bio-Rad, Hercules, CA), and resolved by
SDS-PAGE electrophoresis, followed by immunoblot analysis. Proteins
were immunodetected using anti-p21 (no. 2946, Cell Signaling), anti-
p27 (no. 06-445, Upstate), anti-p53 (M 7001, DakoCytomation), anti-
E2F-1(no. 05-379sp, Millipore), anti-RacGAP1 (GTX113320, Gene-
Tex, Inc.), and anti-β-actin (AC-40, Sigma, St. Louis, MO) diluted in
PBS containing 0.5% Tween and 5% nonfat dry milk. The membranes
were further incubated for 1 h with horseradish peroxidase-labeled
antirabbit or antimouse IgG (Cell Signaling Technology, Beverly, MA,
USA) or blocking solution. ECL Western blotting detection reagents
(Amersham Milan, Italy) were used to visualize specific hybridization

signals. Blots were then developed with an enhanced luminol chem-
iluminescence (ECL) reagent (NEN, Boston, MA).

Cell Invasion Assay. Cell invasion assays were performed using
modified Boyden chambers (Transwell; Costar, Cambridge, MA).18

To the lower chamber was added 10% FBS-DMEM, while the
membrane of the upper chamber was coated with Matrigel (0.3 mg/mL;
BD Biosciences Discovery Labware) for 3 h. A549 cells were
pretreated with FIP-fve (0, 3.75, 7.50, 15.00 μM) for 48 h and
collected, followed by resuspension at 2 × 105 cells/well in 0.5% FBS-
DMEM. After 24 h incubation, the cells on the membrane were fixed
with methanol and stained with 20% Giemsa solution (Merck). The
cells were counted under a light microscope (magnification, 100×).
The experiments were performed in triplicate.

■ RESULTS

FIP-fve Reduces Cell Viability of A549 Lung Cancer
Cells through Induction of G1 Arrest. To assess the effects
of FIP-fve on lung cancer cell viability, A549 cells were treated
with FIP-fve for 48 h and analyzed on MTT assay. It has been
reported that P53 and p53-associated factors, p21 and p27,
prevent the emergence of cancer cells by initiating cell cycle
arrest19 and releasing the transcriptional factor E2F-1 to initiate
cell cycle progression to S phase.20 The results of this study
showed that FIP-fve decreases lung cancer cell viability in a
concentration dependent manner (Figure 1A). Compared with
untreated cells, cell viability decreased to 60% at 15.00 μM.
Calu-1 without P53 is more resistant than A549 cells with

Figure 3. Effect of FIP-fve on cell cytoskeleton. (A) A549 cells (1 ×
104/well) were seeded onto 24-well plate with coverslip and pretreated
with varying concentrations of FIP-fve (0, 3.75, 7.50, and 15.00 μM)
for 24 h. They were then stained with Texas Red-X phalloidin and
Alexa Fluor 488 DNase I conjugate to detect F-actin (red) and G-actin
(green). F-Actin labeling with Texas Red-X phalloidin revealed that
A549 cells exhibit numerous filopodia fibers, whereas FIP-fve-treated
cells exhibit fewer filopodia fibers. (B) A549 cells (2 × 106/10 cm
dish) were treated with varying doses of FIP-fve (3.75, 15.00 μM) for
24 h before being stimulated with 10 ng/mL EGF for 3 min. GTP-
bound Rac1 was pulled down using the GST-PBD fusion protein of
PAK1 immobilized on glutathione beads, and total Rac1 was detected
with anti-Rac1 and antibodies.
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wild-type P53 under FIP-fve treatment in the MTT assay. They
are low cytotoxicity for normal lung fibroblast MRC-5 cells
(Figure 1A). Flow cytometry was used to determine whether
A549 cells treated with FIP-fve undergo cell cycle arrest or
increase in apoptosis. FIP-fve treatment resulted in an increase
in the G1 population after 48 h treatment (Figure 1B). We
detected p21, p27, p53, and E2F-1 proteins using Western blot.
After treatment with FIP-fve for 48 h, p21, p27, and p53
increased and E2F-1 decreased (Figure 1C). Flow cytometric
analysis of Annexin V-FITC and PI-staining were performed to
detect apoptotic cells. Compared with untreated cells, there was
no significant induction of apoptosis following treatment with
FIP-fve at various concentrations (Figure 1D). Apoptotic cells

in the LR (Annexin+PI−) and UR (Annexin+PI+) regions were
counted, and no more than 7% apoptotic cells were observed
(Figure 1E).

Filopodia of Cytoskeleton and Metastasis Decrease
Following FIP-fve Treatment in Lung Cancer Cells. To
assess the effects of FIP-fve on migration, A549 cells were
treated with FIP-fve for 48 h and analyzed on wound healing
assay. The results showed that FIP-fve represses A549 cell
migration (Figure 2A). At FIP-fve concentrations of 3.75 and
7.50 μM, percentages of migrating cells decreased to 43% and
14% at 24 h and 13% and 3% at 48 h, respectively (Figure 2B).
Modified Boyden chamber assay was performed to quantify the
migratory and invasive potentials of A549 cells. The results

Figure 4. Effect of FIP-fve on LCN2, RacGAP1, PAI-1, nm-23, and MMP2 mRNA expressions of A549 cells. (A) A549 cells (5 × 105/6 cm dish)
were untreated or treated with 3.75, 7.50, or 15.00 μM FIP-fve for 48 h. The total RNA was analyzed using RT-PCR for LCN2, RacGAP1, PAI-1,
nm-23, MMP2, and β-actin mRNA expressions. (B) Total cellular RNA and protein from A549 cells (5 × 105/6 cm dish), untreated or treated with
3.75, 7.50, or 15.00 μM FIP-fve for 48 h, were analyzed using RT-PCR (upper photo) or Western blot (lower photo) for RacGAP1 and β-actin
expressions. (C) A549 cells were plated onto 24 wells (5 × 104/well) and incubated at 37 °C. At 70−80% confluency, 0.8 μg of pGL3-RacGAP1-luc
promoter containing pGL3 vector, and 0.2 μg of β-galactosidase vector were transfected using jetPEITM reagent. After 48 h, treatment was carried
out at varying concentrations of FIP-fve. After 48 h incubation, cells were lysed and luciferase activity was measured using a luminometer.
β-Galactosidase activity was measured using o-nitro-phenyl β-galactopyranoside as a substrate. (D) Real-time PCR quantification of NM23 and MMP2 was
carried out by using TaqMan analysis. All values are normalized to the level of GAPDH and are the averages of three independent readings.
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showed that FIP-fve induces dose-dependent decreases in
both migration and invasion (Figures 1C,E). Compared to the
untreated cells, the proportions of migrating cells were reduced
to 79% at 3.75 μM, 22% at 7.50 μM, and 15% at 15.00 μM
(Figure 2D). The proportions of invading cells were reduced to
92% at 3.75 μM, 40% at 7.50 μM, and 8% at 15.00 μM (Figure 2F).
Several studies have shown that actin polymerization, which
leads to filopodia assembly and depolymerization, plays a
crucial role in cell motility.21 To explore the molecular events in
response to treatment with FIP-fve, the formations of the
F-actin and G-actin cytoskeletons in A549 cells were assessed
by staining with Texas Red-X phalloidin and Alexa Fluor 488
DNase I conjugate, respectively. The results showed that FIP-
fve suppresses filopodia formation of A549 cells (Figure 3A).
On pull down assay, FIP-fve was shown to suppressed Rac1 and
Cdc42 activation after EGF treatment. Without EGF induction,

Rac1 and Cdc42 were not activated and could not be sup-
pressed. (Figure 3B). Therefore, FIP-fve suppresses, at least in
part, the migration of A549 disrupting actin assembly and
filopodia formation.

FIP-fve Represses RacGap1 Expression. In previous
studies, some genes have been found to be associated with
survival or metastatic ability of lung cancer cells, such as lipocalin 2
(LCN2),16 Rac GTPase-activating protein 1 (RacGAP1),22

plasminogen activator inhibitor type-1 (PAI-1),23 matrix metallo-
proteinase (MMP2),24 and human nonmetastatic clone 23
(NM23).15 We investigated LCN2, RacGAP1, PAI-1, MMP2,
and nm-23 mRNA expressions after FIP-fve treatment. RacGAP1
mRNA markedly decreased at 7.50 and 15.00 μM (Figure 4A).
The RacGAP1 protein expression level detected on Western
blot decreased in a dose dependent manner (Figure 4B). To
evaluate the effects of FIP-fve on the RacGAP1 promoter, we

Figure 5. Effect of silencing of RacGAP1 on migration and cell cycle of A549 cells. (A) RacGAP1 gene of A549 cells silenced by lentivirus shRNA
system was used to detect RacGAP1 protein expression on Western blot. Lane 1 is parental A549; lane 2 is A549/shLuc as internal control; lane 3 is
A549/shRacGAP1-47293; lane 4 is A549/shRacGAP1-47297. (B) A549, A549/shLuc, A549/shRACGAP1-47297, A549/shRACGAP1-47293 cells
were seeded onto culture insert overnight (2 × 104/well, 70 μL), then treated with FIP-fve (3.75, 7.50 μM) for 24 h and 48 h. After incubation for
24 h and 48 h, the extents of cell migration were monitored by microscopy. (C) The percentages of migration of A549, A549/shLuc,
A549/shRACGAP1-47297, and A549/shRACGAP1-47293 cells were determined. (D) A549, A549/shLuc, A549/shRACGAP1-47297, and
A549/shRACGAP1-47293 cells (4 × 105) were allowed to migrate to 10% FBS-DMEM for 6 h. (E) The migrated cells were quantified by counting.
Cells were fixed, stained, and counted as described in the text. The data represent mean ± SD.
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performed transient transfection with the pGL3- RacGAP1
promoter and analyzed the luciferase activities. As shown in
Figure 4C, the luciferase activity of the transfectants treated
with FIP-fve (3.75, 7.50, 15.00 μM) was reduced. We also did
the real time PCR for NM23 and MMP2. We suggested that
FIP-fve increased NM23 mRNA expressions but no effect on
MMP2 (Figure 4D).
FIP-fve Regulates Migration of A549 cells via

RacGAP1. To clarify the role of RacGAP1 in FIP-fve-mediated
lung cancer cell migration and proliferation, RacGAP1 silenc-
ing (Figure 5A) experiments were carried out with a VZV-G
pseudotyped lentivirus-shRNA system. Cell migration was deter-
mined using in vitro wound-healing assay. The migration ability
of A549 shLuc cells was similar to that of parental A549 cells,
and shRacGAP1-47297 and shRacGAP1-47293 showed slower
migration toward the gap area than controls (Figure 5B).
Compared with the controls, the shRacGAP1-47297 and
shRacGAP1-47293 A549 cells showed 70% and 80%
reductions, respectively, at 24 h. At 48 h, the shRacGAP1-
47297 and shRacGAP1-47293 A549 cells showed 62% and 76%
reductions, respectively (Figure 5C). In addition, we investi-
gated shRacGAP1-47297 and shRacGAP1-47293 that inhibit
the cell migration to 48% and 43%, respectively (Figure 5D,E).
Furthermore, we investigated the migratory ability under the
condition of overexpression of RacGAP1 cells. The RacGAP1
protein showed a 1.54-fold increase in comparison with
pLKO-RacGAP1 and pLKO-EGFP in parental cells (Figure 6A).
Migrating A549/pLKO-RacGAP1 cells increased (Figure 6B)
to 135% and 124% at 24 and 48 h, respectively, when compared
with controls (Figure 6C).

■ DISCUSSION

RacGAP1, also called MgcRacGAP, Cyk4, and ID-GAP, is an
evolutionarily conserved GTPase-activating protein (GAP) in
the Rho family of GTPases. It has been reported that RacGAP1

controls the mitotic spindle and plays an important role in the
completion of cytokinesis, accumulating in the midbody.25

RacGAP1 is one of the genes that have been identified in the
prediction of risk of early recurrence. High expression of
RacGAP1 is significantly associated with the early recurrence of
human hepatocellular carcinoma (HCC).22,26 RACGAP1 is also
overexpressed in the SPC-A-1, GLC-82, 801D, and EPLC-32M1
lung cancer cell lines when compared with the immortalized
human bronchial epithelial cell line BEAS-2B. However,
reduced RACGAP1 expression does not affect the rate of
cellular proliferation or the number of apoptotic cells in SPC-A-1
and GLC-82 cell lines.27 In this study, we have demonstrated
for the first time that FIP-fve significantly inhibits migratory
and invasive capabilities of A549 lung cancer cells by decreasing
RacGAP1 expression and Rac1 activity (Figure 7). In addition,

FIP-fve inhibits filopodia fiber formation to interrupt the
migratory ability of A549 lung cancer cells. There was reported
that GMI inhibited EGF-induced migration and invasion in

Figure 6. Effect of overexpression of RacGAP1 on migration and cell cycle of A549 cells. (A) RacGAP1 overexpression was confirmed by Western
blot. Lane 1 is parental A549; lane 2 is A549/pLKO-EGFP as internal control; lane 3 is A549/pLKO-RacGAP1. (B) A549, A549/pLKO-EGFP, and
A549/pLKO-RacGAP1 cells were seeded onto culture insert overnight (2 × 104/well, 70 μL). After incubation for 24h and 48 h, the extents of cell
migration were monitored by microscopy. (C) The percentages of migration of A549, A549/pLKO-EGFP, and A549/pLKO-RacGAP1 cells were
determined.

Figure 7. Summary model of inhibition of lung cancer metastasis and
proliferation function by FIP-fve. FIP-fve inhibited metastasis and
proliferation of A549 cells by decreasing the expression of RACGAP1.
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A549 cells through blocking PI3K/Akt pathway.28 NM23
suppresses migration of cervical cancer cells and enhances the
migration inhibition of FIP-gts.29 It may be suggested that
FIP-fve interrupts the A549 cell migration through blocking
PI3K/Akt pathway or NM23 increased.
As major cell cycle arrest signals, p53, p21, and E2F1 parti-

cipate in G1 arrest.30 Tumor suppressor gene p53 is a crucial
factor in the induction of cell-cycle arrest and apoptosis follow-
ing ionizing radiation or DNA damage in human cells.31,32

In addition, p53-dependent cell-cycle arrest is involved in trans-
activation of p21WAF1/Cip1 or other related factors, while
p21WAF1/Cip1 is induced in G1 or G2/M arrest of the cell
cycle. We demonstrated that FIP-fve results in G1 arrest through
increased P21, P27, and P53 and decreased E2F-1 expressions.
Knockdown of CDCA2 with shRNA system significantly
inhibited (P < 0.05) cellular proliferation when compared
with control cells by arresting G1 phase of cell-cycle progres-
sion and up-regulating the cyclin-dependent kinase inhibitors
(p21(Cip1), p27(Kip1), p15(INK4B), and p16(INK4A)).33

Our previous study showed that FIP-fve stimulates IFN-γ in
PBMCs.11 IFN-γ regulates the trafficking of specific immune
cells to sites of inflammation (e.g., tumor sites) through
induction of expression of adhesion molecules (e.g., ICAM-1,
VCAM-1) and chemokines (e.g., IP-10, MCP-1, MIG-1a/b,
RANTES).34 Combined IFN-γ and TNF treatment drives Tag-
expressing cancers into senescence by inducing growth arrest in
G1/G0 phase, with activation of p16INK4a (also known as
CDKN2A) and downstream Rb hypophosphorylation at serine
795.35 In this study, we demonstrated that FIP-fve inhibits
lung cancer metastasis and proliferation. The role of IFN-r
production in FIP-fve-induced cell cycle arrest requires further
investigation.
Oral administration of FIP-fve generates significant antitumor

activity in mice bearing BNL hepatoma cells. Combination
treatment of FIP-fve with anti-IFN-γ neutralizes mAb, resulting
in lower antitumor effect than with FIP-fve treatment alone.36

Another fungal immunomodulatory protein, Ling Zhi-8 (LZ-8),
has 63% protein sequence identity with FIP-fve.37 Recombinant
LZ-8 (rLZ-8) inhibits cell growth that is correlated with increased
G1 arrest. Moreover, rLZ-8 activates p53 and p21 expressions
and both G1 arrest and antiproliferation are induced by
ribosomal protein S7-MDM2-p53 dependent pathway.38 LZ-8
has been found to enhance dendritic cell-induced antigen-
specific T cell activation in vitro and in a subunit vaccine model
in vivo. Co-treatment with LZ-8 as an adjuvant has been shown
to dramatically improve the therapeutic efficacy of DNA
vaccine against murine bladder (MBT-2) tumor.39 In addition,
reFIP-gts has been found to induce cell cycle G1 arrest and
senescence in lung cancer cells.40 GMI from Ganoderma
microsporum is yet another fungal immunomodulatory protein.
It inhibits metastastic ability regulated by epidermal growth
factor (EGF) in A549 cells.41

In conclusion, our data provide evidence that FIP-fve reduces
RacGAP expression resulting in antimetastasis and suppression
of the proliferation of A549 cells via p53 activation pathway.
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