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Abstract

Cancer cell invasion, one of the crucial events in local growth and metastatic spread of tumors, possess a broad spectrum of
mechanisms, especially altered expression of matrix metalloproteinases. LFG-500 is a novel synthesized flavonoid with
strong anti-cancer activity, whose exact molecular mechanism remains incompletely understood. This current study was
designed to examine the effects of LFG-500 on tumor metastasis using in vitro and in vivo assays. LFG-500 could inhibit
adhesion, migration and invasion of MDA-MB-231 human breast carcinoma cells. Meanwhile, it reduced the activities and
expression of MMP-2 and MMP-9 via suppressing the transcriptional activation of NF-kB rather than AP-1 or STAT3.
Moreover, LFG-500 repressed TNF-a induced cell invasion through inhibiting NF-kB and subsequent MMP-9 activity. Further
elucidation of the mechanism revealed that PI3K/AKT but not MAPK signaling pathway was involved in the inhibitory effect
of LFG-500 on NF-kB activation. LFG-500 could also suppress lung metastasis of B16F10 murine melanoma cells in vivo.
Taken together, these results demonstrated that LFG-500 could block cancer cell invasion via down-regulation of PI3K/AKT/
NF-kB signaling pathway, which provides new evidence for the anti-cancer activity of LFG-500.
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Introduction

Activating invasion and metastasis, the key hallmark of cancer

[1], has been widely recognized as a primary cause of cancer-

related mortality. Excessive basement membranes and extracellu-

lar matrix (ECM) degradation is crucial for tumor invasion and

metastasis [2]. Matrix metalloproteinases (MMPs), a family of

zinc-dependent endopeptidases, are associated with tumor cell

invasion and metastasis [3,4]. Tumor-secreted MMPs can

hydrolyze ECM components in tissues surrounding the tumor,

which facilitates the invasion of tumor cells through the basement

membrane to distant organs and resulting in metastasis [5].

Among the MMPs, MMP-2 (gelatinase A, 72 kDa) and MMP-9

(gelatinase B, 92 kDa) play pivotal roles in ECM degradation [6].

Accordingly, they are abundantly expressed in various malignant

tumors [7]. Therefore, MMPs and their regulatory pathways are

considered as promising targets for anti-cancer drugs and

chemotherapeutic agents [8].

It is generally demonstrated that phosphatidylinositol 3-kinase

(PI3K)/AKT and mitogen- activated protein kinase (MAPK)

signaling pathways regulate metastasis in a variety of cancer cells

[9,10]. The activation of downstream transcription factors

including activator protein-1 (AP-1), STAT3, and nuclear factor-

kB (NF-kB) are reported to stimulate the expression of MMPs at

transcriptional level [11]. Especially, NF-kB, the extremely

important transcription factor in cancer cells, has been implicated

in many hallmarks of cancer development, including growth

factor-independent proliferation, preventing apoptosis, unlimited

replicative potential and tissue invasion and metastasis [12,13].

NF-kB proteins comprise a family of structurally-related tran-

scription factors, including p50 (NF-kB1), p65 (RelA), c-Rel, p52,

and RelB. Among these factors, only p65, RelB, and c-Rel contain

potent transactivation domains within sequences C-terminal to the

Rel homology domain (RHD), which contains the DNA-binding

and dimerization regions. Activated NF-kB is present in the

nucleus where it binds to specific DNA sequences called response

elements and regulates the transcription of target genes. While in

the cytoplasm, NF-kB is kept in an inactive state, which complexes

with the inhibitory IkB proteins. NF-kB can be activated through

the classical IKK-dependent pathway leading to nuclear translo-

cation of p50/p65 heterodimers [14].

Flavonoids are a group of compounds rich in seeds, citrus fruits,

olive oil, tea, and red wine. In recent years, the anti-tumor effects

of flavonoids have been widely recognized and studied, especially

their potent anti-metastasis activity [15,16]. According to previous

studies, flavonoids could inhibit invadopodia formation and MMP

secretion [17] and prevent cell migration by up-regulating the

expression of transgelin [18]. The multiple actions are attributable
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to their poly-phenolic structure. However, flavonoids have very

low oral bioavailability due to its extensive first-pass metabolism,

which would most likely happen at their hydroxyl groups.

Therefore, based on the structure of flavonoids, LFG-500

(C30H32N2O5, Fig. 1A) was designed to improve oral bioavail-

ability and prevent the metabolism of flavonoids at its hydroxyl

groups by introducing a piperazine and a benzyl groups. These

substitutions also gave LFG-500 better lipid solubility, making it

more easily to enter into the intracellular space. Our previous

study demonstrated that LFG-500 induced apoptosis through a

reactive oxygen species (ROS)-mitochondrial-mediated pathway

in HepG2 cells [19]. Since metastasis is extremely important in

cancer progression, it is essential to investigate the effect of LFG-

500 on cancer metastasis and the mechanism involved. The

consequent findings can provide new evidence of the anti-cancer

activity of LFG-500 as well as flavonoids.

Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by the Committee on the Ethics of Animal

Experiments of the China Pharmaceutical University. All surgery

Figure 1. LFG-500 inhibits adhesion, migration, and invasion of MDA-MB-231 cells in vitro. (A) Chemical structure of LFG-500. (B)
Inhibitory effect of LFG-500 on the growth of MDA-MB-231 cells for 24 h. MTT assay was employed. (C) Trypan blue dye exclusion assay of LFG-500
on the growth of MDA-MB-231 cells. Cells were treated with indicated concentrations of LFG-500 for 24 h. (D) LFG-500 (8 mM) has no influence on the
normal size and shape of cells (6200, the scale bar represents 30 mm). (E) Inhibitory effect of LFG-500 on adhesion of MDA-MB-231 cells to
fibronectin. Cell suspension (100 ml, 26105 cells/ml) was added to fibronectin pre-coated plates and incubated at 37uC for 1 h. Then culture media
was carefully suctioned out. Each well was washed three times with PBS. MTT assay was adopted to determine the number of adherent cells. (F) LFG-
500 inhibits cell migration. Cell monolayer was wounded by a 200 mL yellow pipette tip followed by treatment with various concentrations (2, 4, and
8 mM) of LFG-500 for 24 h. The number of the cells in the denuded zone was quantified under an inverted microscope. White lines indicate the
wound edge. The migrated cells across the white lines were counted in six random fields from each treatment. Photographs of the wound of cells
treated with LFG-500, 6100 (left). Quantification of the migrated cells (right). (G) LFG-500 inhibits cell invasion. Photographs of the invaded cell
stained by hematoxylin and eosin,6200 (left). Quantification of the invaded cells (right). *P,0.05 or **P,0.01 represents significant difference from
the control group.
doi:10.1371/journal.pone.0091332.g001
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was performed under sodium pentobarbital anesthesia, and all

efforts were made to minimize suffering.

Materials
LFG-500 (99.1% purity), supplied by Professor Zhiyu Li (China

Pharmaceutical University, China), was dissolved in dimethyl

sulfoxide (DMSO) to a concentration of 10 mM as the primary

stock solution. The solution was stored at 220uC, and diluted with

medium before each experiment. The controls were treated with

the same amount of DMSO (0.1%) as used in corresponding

experiments. For in vivo study, LFG-500 solution was prepared by

the School of Pharmacy in China Pharmaceutical University.

Dacarbazine (DTTC, Nanjing pharmaceuticals company, China)

was adopted as the positive control, which was dissolved in 0.9%

NaCl before use. Fibronectin and matrigel were purchased from

BD Biosciences (Bedford, MA, USA) [20]. Antibodies to MMP-9

(H-129) (sc-10737), MMP-2 (H-76) (sc-10736), c-Jun (D) (sc-44), c-

Fos (4) (sc-52), NF-kB p65 (C-20) (sc-372), Lamin A (133A2) (sc-

56137), IKKa/b (H-470) (sc-7607), IgG (H-270) (sc-66913), GFP

(FL) (sc-8334), p-ERK1/2 (Thr 177/Thr 160)-R (sc23759-R),

JNK (D-2) (sc-7345), p-JNK (G-7) (sc-6254), p38 (H-147) (sc-7149),

p-p38 (Thr 180) (sc-101758), AKT1/2/3 (H-136) (sc-8312), b-

actin (sc-130301), and protein A-agarose (sc-2001) were obtained

from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Antibodies to STAT3 (T721) (BS-1336), p-STAT3 (S727) (BS-

4180), p-STAT3 (Y705) (BS-4181), ERK1/2 (L352) (BS1112),

PI3K p85a/c (Y463) (BS-3006), and p-AKT (S246) (BS-4286)

were purchased from Bioworld (St. Louis Park.nneapoli, MN,

USA). Antibodies to p-IKKa/b (Ser176/180) (16A6) (#2697),

IkBa (44D4) (#4812), and p-IkBa (Ser32) (14D4) (#2859) were

from Cell Signaling Technology, Inc. (Beverly, MA, U.S.A).

MTT, trypan blue, gelatin, paraformaldehyde, formaldehyde,

glycine, Triton X-100, DAPI, Tris, NaCl, Hepes, KOH, KCl,

EDTA, NP-40, PMSF, NaF, SDS, DTT, and NaHCO3 were

purchased from Sigma-Aldrich (St. Louis, MO, USA).

Animals
Male C57BL/6 mice (6–8 weeks old) weighting 20–25 g were

obtained from the Shanghai Laboratory Animal Center (Shang-

hai, China). The animals were maintained in a temperature and

humidity controlled environment with a 12:12-h light/dark cycle.

Feed and water were available ad libitum. All animal experimental

and surgical procedures were strictly performed in accordance

with the Guide for the Care and Use of Laboratory Animals.

Figure 2. LFG-500 suppresses the activity and expression of MMP-2/9 in MDA-MB-231 cells. (A) LFG-500 inhibits the activity of MMP-2/9
in MDA-MB-231 cells. Cells were treated with various concentrations (2, 4, and 8 mM) of LFG-500 for 24 h. The conditioned media were collected, and
then MMP-2/9 activity was determined by gelatin zymography assay. (B) LFG-500 decreases the levels of MMP-2/9 mRNA. Cells were incubated with
indicated concentrations of LFG-500 for 12 h. The mRNA levels were detected by real-time PCR analysis. (C) LFG-500 suppresses the protein
expression of MMP-2/9. MDA-MB-231 cell lysates were subjected to immunoblotting with antibodies against MMP-2 (1:400) and MMP-9 (1:400). *P,
0.05 or **P,0.01 represents significant difference from the control group.
doi:10.1371/journal.pone.0091332.g002
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Cell culture
MDA-MB-231 (a human breast carcinoma cell line) and

B16F10 (a highly metastatic murine melanoma cell line) were

purchased from the Cell Bank of the Shanghai Institute of Cell

Biology (Shanghai, China). MDA-MB-231 cells and B16F10 cells

were cultured in Leibovitz’s L15 and DMEM medium (Gibco,

Invitrogen, Carlsbad, CA, USA), respectively, both of which

contain 10% fetal bovine serum (Gibco, Invitrogen, Carlsbad, CA,

USA), 100 U/mL penicillin (Beyotime, Nantong, China), and

100 mg/mL streptomycin (Beyotime, Nantong, China). The cells

Figure 3. LFG-500 inhibits the nuclear translocation of NF-kB rather than AP-1 or STAT3 in MDA-MB-231 cells. (A) LFG-500 has no
significant effects on AP-1 or STAT3. Cells were treated with various concentrations (2, 4, and 8 mM) of LFG-500 for 24 h. The nuclear levels of the
proteins were detected by Western blot assay using specific antibodies. Lamin-A was used as nuclear loading control. (B) LFG-500 inhibits the nuclear
translocation of NF-kB. Cytosolic and nuclear extracts in the cells were prepared according to the ‘‘Materials and methods’’. The nuclear and
cytoplasmic levels of NF-kB p65 were determined by Western blot assay. (C) The inhibitory effect of LFG-500 on the nuclear translocation of NF-kB.
MDA-MB-231 cells were immunostained with anti-NF-kB p65 (1:50) and DAPI (6400, the scale bar represents 30 mm). (D) The effects of LFG-500 on
phosphorylation levels of IKKa/b and IkBa. Cells were treated with various concentrations (2, 4, and 8 mM) of LFG-500 for 24 h, and the expression of
target proteins was detected by Western blotting using specific antibodies where b-actin was used as loading control. *P,0.05 or **P,0.01
represents significant difference from the control group.
doi:10.1371/journal.pone.0091332.g003
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were maintained in a humidified atmosphere of 95% air/5% CO2

at 37uC.

Colorimetric MTT assay
Cells (104/well) were seeded on Falcon 96-well plates (BD

Biosciences, Bedford, MA, USA) for 24 h and then exposed to

different concentrations of LFG-500. After incubation for 24 h,

20 mL of 5 mg/mL MTT was added to the medium, and the cells

were incubated at 37uC for another 4 h. Then the culture medium

was discarded and 100 mL DMSO was added to each well to

dissolve the precipitate. The absorbance (A) was measured at

570 nm using an Automated Microplated Reader ELx800

(BioTek Instruments, Inc. Winooski, VT, USA). Cell growth

inhibitory rate (I%) was calculated by the following equation:

Inhibitoryrate%~ Acontrol{Atreatedð Þ=Acontrol|100%

where Atreated and Acontrol were the average absorbance of three

parallel experiments from treated and control groups, respectively.

IC50 was taken as the concentration that caused 50% inhibition of

cell growth and was calculated by the Logit method.

Figure 4. LFG-500 represses cell invasion through inhibiting the transcriptional activation of NF-kB and subsequent MMP-9
activity. (A) LFG-500 suppresses the DNA-binding activity of NF-kB. The binding activity of nuclear extracts to oligonucleotides was detected by
EMSA. A labeled probe containing the area of NF-kB binding site was utilized, and the bolt was representative of three experiments. (B) The binding
activity of NF-kB to MMP-9 promoter following LFG-500 treatment was determined by ChIP assay. The relative enrichment is shown. (C) LFG-500
inhibits the activity of NF-kB-dependent reporter. The pNF-kB-luc plasmid containing four NF-kB binding motifs (GGGAATTTCC) was transiently
transfected into the cells. After treatment with LFG-500 (2, 4, or 8 mM) for 24 h, luciferase assays were performed where GFP served as normalization
control. (D) LFG-500 (8 mM) inhibits the nuclear translocation of NF-kB induced by TNF-a, as well as TNF-a-activated phosphorylation of IkBa and
IKKa/b (E). Cells were stimulated with TNF-a (20 ng/mL) for 1 h. The expression of target proteins was detected by Western blotting analysis.
Densitometric analysis of the proteins studied (down). (F) LFG-500 suppresses the activity of MMP-9 induced by TNF-a. Gelatin zymography assay was
used. (G) LFG-500 inhibits cell invasion induced by TNF-a. Photographs of the invaded cell stained by hematoxylin and eosin, 6200 (up).
Quantification of the invaded cells (down). *P,0.05 or **P,0.01 represents significant difference from the control group. &&P,0.01 represents
significant difference between TNF-a group and TNF-a + LFG-500 group. #P,0.05 or ##P,0.01 represents significant difference between LFG-500
group and TNF-a + LFG-500 group.
doi:10.1371/journal.pone.0091332.g004
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Trypan blue dye exclusion assay
After exposed to LFG-500 at indicated concentrations for 24 h,

cells were harvested and mixed with 0.4% trypan blue. Then, both

unstained (viable) and stained (nonviable) cells were counted

separately with a cell counting chamber (Qiujing, Shanghai,

China) under the microscope (CX21; Olympus, Tokyo, Japan).

Cell morphological assessment
Cells were seeded in 6-well cell culture plates (Corning, New

York, NY, USA) and treated with LFG-500 (8 mM) for 24 h. At

the end of incubation, cell morphology was monitored using an

inverted light microscope (IX51, Olympus Corp., Tokyo, Japan).

Cell adhesion assay
Cell adhesion assay was performed as described [20] with

modifications. 96-well plates were coated with fibronectin (5 mg/
mL) at 4uC overnight and then blocked in BSA (1%) for 1 h.

Serum-starved cells were exposed to LFG-500 (2, 4, or 8 mM) for

24 h before seeding. Target cells were harvested and suspended in

serum-free medium. The cells (26105/mL) were seeded to

fibronectin-coated plates and then incubated at 37uC for 1 h.

Non-adherent cells were removed by gentle washing with PBS.

Then, colorimetric MTT assay was employed to analyze the

adhesion ability of cells.

Wound healing assay
Cells were seeded in 6-well plate and allowed to grow to 80%

confluence. Subsequently, cell monolayer was scratched with a

pipette tip (Axygen, Union City, CA, USA) to create a narrow

wound-like gap. Shortly after wounding, the cells were washed

with PBS twice and incubated with LFG-500 (2, 4, or 8 mM). The

plates were photographed at 0, 12, and 24 h using an inverted

light microscope. The number of migrated cells was quantified by

manual counting and six randomly chosen fields were analyzed for

each well [21].

Cell invasion assay
Transwell chamber system (10 mm diameter, 8 mm pore size

with polycarbonate membrane, Corning Costar, Cambridge, MA)

coated with matrigel was employed to examine the invasive ability

of cancer cells in vitro as described previously [22]. Briefly,

transwell chambers were initially coated with matrigel (40 mg/
100 mL/chamber) at 37uC for 1 h. The cells treated with or

without LFG-500 (2, 4, or 8 mM, 24 h) were suspended in

Leibovitz’s L15 medium (56105 cells/ml) and seeded in the upper

Figure 5. PI3K/AKT signaling pathway is involved in the inhibitory effect of LFG-500 on NF-kB activation. (A) LFG-500 has no influence
on MAPK signaling pathway. MDA-MB-231 cells were treated with various concentrations (2, 4, and 8 mM) of LFG-500 for 24 h. Total expression and
phosphorylation of ERK, JNK, and p38 were analyzed by Western blotting. b-actin was used as a loading control. (B) LFG-500 inhibits the expression of
PI3K p85a/c and p-AKT. The expression of target proteins was determined by Western blotting. Densitometric analysis of the proteins studied (right).
*P,0.05 or **P,0.01 represents significant difference from the control group.
doi:10.1371/journal.pone.0091332.g005
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compartment, while the medium containing 10% fetal bovine

serum was added in the lower compartment. After incubation in a

humidified atmosphere of 95% air/5% CO2 at 37uC for 24 h, the

non-invaded cells on the upper side of the membrane were

removed with a cotton swab. The invaded cells on the bottom

surface were fixed with 100% methanol and stained with

hematoxylin and eosin (Nanjing Sunshine Biotechnology Ltd.,

Nanjing, China). The invaded cells were quantified by manual

counting and six randomly chosen fields were analyzed for each

group.

Gelatin zymography assay
Cells were treated with or without LFG-500 (2, 4, or 8 mM) in

serum-free medium for 24 h, and then the supernatants were

collected for the samples. Gelatin zymography assay was

performed according to previous method [16]. After treatment,

enzyme-digested regions were observed as white bands against

blue background. The zones of enzymatic activity were seen as

negatively stained bands.

Real-time PCR analysis
Cells were treated with LFG-500 (2, 4, or 8 mM) for 12 h, and

then the levels of MMP-9 and MMP-2 mRNA were determined.

The primer sequences synthesized by Sangon Biotech Co., Ltd.

(Shanghai, China) were listed as follows: MMP-9: 59-GCA GAG

GAA TAC CTG TAC CGC-39 (forward) and 59-AGG TTT

GGA ATC TGC CCA GGT-39 (reverse); MMP-2: 59-CAG GCT

CTT CTC CTT TCA CAA C-39 (forward) and 59-AAG CCA

CGG CTT GGT TTT CCT C-39 (reverse); b-actin: 59-CTG
TCC CTG TAT GCC TCT G-39 (forward) and 59-ATG TCA

CGC ACG ATT TCC-39 (reverse). Reactions were conducted as

described [23]. Samples were run on the ABI 7500 Real-Time

PCR system (ABI, Foster City, CA, USA) as follows: 30 s at 95uC,
followed by 40 cycles of 95uC for 5 s and 60uC for 34 s. Each

reaction was done in triplicate. The threshold values (Cs) for each

mRNA were subtracted from that of b-actin mRNA, averaged,

and converted from log-linear to linear terms. Data were analyzed

with the SDS 2.1 program.

Western blot analysis
Cells were treated with various concentrations of LFG-500 (2, 4,

or 8 mM) for 24 h, then collected and lysed. Western blotting

analysis was conducted according to previous methods [24].

Detection was performed with the Odyssey Infrared Imaging

System (LI-COR Inc., Lincoln, NE, USA). All blots were stripped

and reprobed with polyclonal anti-b-actin to verify equal protein

loading.

Preparation of cytosolic and nuclear extracts
Collected cells were lysed with buffer A (10 mM Hepes-KOH

(pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.5% NP-40, 1 mM

DTT, and 0.5 mM PMSF) on ice for 15 min to allow cells to swell,

and then centrifuged at 14 0006g at 4uC for 15 min. The

supernatants were saved as the cytosolic fractions. The nuclear

pellets were incubated with high-salt buffer (20 mM Hepes, 0.5 M

KCl, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF, pH 7.9) on

ice for 30 min, and then centrifuged at 12 000 rpm at 4uC for

15 min to obtain nuclear fractions.

Immunofluorescence detection
Cells were seeded on glass coverslips and incubated with or

without 8 mM LFG-500 for 24 h. Following steps were performed

as described [24] with modifications. Cells were fixed with 4%

paraformaldehyde in PBS at 1-h intervals, permeabilized with

0.5% Triton X-100, and blocked with 2% BSA for 30 min.

Incubation with primary antibody against NF-kB p65 (diluted

1:50) was done overnight at 4uC. After washing, the cells were

sequentially exposed to FITC-conjugated secondary antibodies

(1:1000, Invitrogen, Carlsbad, CA, USA, L42001) and DAPI.

Images were observed and captured with a confocal laser scanning

microscope (FV1000; Olympus, Tokyo, Japan).

Figure 6. LFG-500 suppresses lung metastases of mouse
melanoma B16F10 cells in vivo. (A) The representative images for
the lung metastatic nodules of different treatment groups. (B)
Quantification of the number of lung metastatic nodules. (C) The
WBC count of C57BL/6 mice in different groups. *P,0.05 or **P,0.01
represents significant difference from the control group.
doi:10.1371/journal.pone.0091332.g006
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Electrophoretic mobility shift assay (EMSA)
Cells were treated with 2, 4, and 8 mM LFG-500 for 24 h. The

DNA binding activities of NF-kB in nuclear extracts was assessed

by EMSA [25] using the EMSA kit (Beyotime, Nantong, China)

with biotin-labeled double-stranded NF-kB oligonucleotides

(Beyotime, Nantong, China). The sequences of the oligonucleo-

tides adopted were as follows: 59-AGT TGA GGG GAC TTT

CCC AGG C-39 and 39-TCA ACT CCC CTG AAA GGG TCC

G-59. Briefly, nuclear extracts (6 mg/sample) were incubated with

the oligonucleotides in reaction buffers for 30 min. Protein DNA

complexes were separated on a 6% nondenaturing acrylamide gel,

transferred to positively charged nylon membranes, and cross-

linked in a Stratagene cross-linker. Band shifts were detected by

chemiluminescence method with Chemidoc XRS + System (Bio-

Rad, Hercules, CA, USA).

Chromatin immunoprecipitation (ChIP) assay
Cells were incubated with LFG-500 (2, 4, or 8 mM) for 24 h,

and then ChIP assay was performed as described [26] with some

modifications. In brief, the cells were cross-linked with formalde-

hyde, quenched with glycine, sonicated on ice, and centrifuged at

4uC. Aliquots of lysates containing 200 mg of protein were used for

each immunoprecipitation reaction with anti-NF-KB p65 or pre-

immune IgG. The mixtures were rotated at 4uC overnight and

then incubated with protein A-agarose for 6 h. Finally, the

captured immune complexes were eluted with elution buffer (1%

SDS and 0.1 M NaHCO3) at 37uC for 30 min. Protein-DNA

crosslinks were reversed at 65uC for 4 h in a high salt buffer

(0.2 M NaCl, 50 mM Tris, pH 6.5, 10 mM EDTA, and 0.2 mg/

ml Proteinase K). Extracted and dissolved immunoprecipitated

DNA was quantified by real-time PCR analysis with primers

encompassing the NF-kB binding sites. The primers for MMP-9

promoter quantification were 59-CAG TGG AAT TCC CCA

GCC TTG CCT-39 and 59-CCA CAC TCC AGG CTC TGT

CCT C-39.

Cell transfection and NF-kB-dependent reporter gene
expression assay
The effect of LFG-500 on NF-kB-dependent reporter gene

transcription was analyzed by luciferase reporter gene assays [27].

Cells (56105 cells/well) were seeded on 6-well plates. Then the

pNF-kB-luc (Beyotime, Nantong, China) containing four NF-kB
binding motifs (GGGAATTTCC) was transiently transfected into

the cells using lipofectamine 2000 (Invitrogen Inc., Grand Island,

NY, USA), according to the manufacture’s instruction. The

pCDNA3.2 plasmid was added to make the total amount of DNA

equal (4 mg/well in a 6-well plate) with GFP served as

normalization control. Following LFG-500 (2, 4, or 8 mM)

treatment for 24 h, luciferase assays were performed with the

Luciferase Reporter Gene Assay kit (Promega, Madison, WI,

USA) using Luminoskan ascent (Thermo, Waltham, MA, USA).

Figure 7. A possible mechanism underlying the inhibitory effect of LFG-500 on the invasion of cancer cells.
doi:10.1371/journal.pone.0091332.g007

LFG-500 Blocks Invasion by PI3K/AKT/NF-kB Pathway

PLOS ONE | www.plosone.org 8 March 2014 | Volume 9 | Issue 3 | e91332



In vivo tumor metastasis assay
B16F10 melanoma cells were collected to an appropriate

concentration in PBS and injected via tail vein into syngeneic

C57BL/6 mice. The mice were equally randomized into five

groups (10 mice/group): 0.9% normal saline control group,

DTTC 100 mg/kg/2 days positive control group, LFG-500

12.5 mg/kg/day group, LFG-500 25 mg/kg/day group, and

LFG-500 50 mg/kg/day group. After inoculation for 24 h, the

mice were intraperitoneally injected with test compounds for

21 days. Then the mice were weighed and sacrificed. White blood

cell (WBC) was analyzed by the Sysmex K-4500 hematology

analyzer (Sysmex Inc., Kobe, Japan). The lungs were removed,

and washed with PBS. The number of surface tumor nodules was

counted under a dissecting microscope [20].

Statistical analysis
All data in the different experimental groups are expressed as

the mean 6 S.E.M. The data shown were obtained from at least

three independent experiments. Differences between the groups

were assessed by one-way ANOVA and Dunnett’s post hoc test.

Significant differences were represented as *P,0.05 or **P,0.01.

Results

LFG-500 inhibits adhesion, migration, and invasion of
MDA-MB-231 cells in vitro
MTT assay showed that cell growth decreased systematically

with increasing concentrations of LFG-500 (Fig. 1B). The IC50

value of LFG-500 on MDA-MB-231 cells for 24 h was

15.6760.82 mM. However, LFG-500 (up to 8 mM) had no

obvious influence on the growth of MDA-MB-231 cells

(Fig. 1B), which was confirmed by trypan blue dye exclusion

assay (Fig. 1C). Cell morphology examination also showed that

LFG-500 (8 mM) did not affect the normal size and shape of cells

(Fig. 1D). Therefore, 8 mM of LFG-500 was determined as the

highest concentration for the subsequent experiments.

Tumor metastasis occurs through a complex series of events.

Tumor cells exhibit a variety of properties, including altered

adhesiveness, increased motility and invasive capacity, to complete

the metastatic process [28]. Therefore, tumor cell adhesion to

ECM and basement membrane is considered as a fundamental

step for cancer metastasis. We examined the influence of LGF-500

on the adhesive ability of MDA-MB-231 cells to the substrates pre-

coated with fibronectin, one important component of ECM. LFG-

500 treatment (4 and 8 mM) suppressed MDA-MB-231 cells

adhesion to fibronectin by 33.668.6% (n= 3, P,0.05) and

42.769.1% (n= 3, P,0.05), respectively (Fig. 1E). Moreover,

the effects of LFG-500 on cell migration and invasion are detected.

As shown in Fig. 1F, the migrated cells across the wounded space

were decreased by 41.268.4% (n= 3, P,0.05), 64.969.2% (n= 3,

P,0.01), and 89.164.2% (n= 3, P,0.01), respectively, when the

cells were treated with 2, 4, and 8 mM LFG-500 for 24 h. In

addition, LFG-500 (4 and 8 mM) reduced the invasion ability of

MDA-MB-231 cells by 51.969.3% (n= 3, P,0.05) and

74.7610.2% (n= 3, P,0.01), respectively (Fig. 1G).

LFG-500 suppresses the activity and expression of MMP-
2/9 in MDA-MB-231 cells
MMP-2/9, secreted and activated by cancer cells, hydrolyze the

basement membrane and ECM, which facilitates the invasion of

malignant cells and results in metastasis [29]. To explore the

possible anti-metastasis mechanism of LFG-500, the gelatinolytic

activity of MMP-2/9 secreted from MDA-MB-231 cells was

detected following LFG-500 treatment. As shown in Fig. 2A,
LFG-500 (8 mM) obviously suppressed the activity of MMP-2 and

MMP-9, with inhibition rates of 6268.2% (n= 3, P,0.01) and

8167.9% (n= 3, P,0.01), respectively. Moreover, the inhibitory

effect on the activity of MMP-9 was more significantly.

In order to further understand the down-regulatory effects of

LFG-500 on MMP-2 and MMP-9, real-time PCR analysis was

performed. As shown in Fig. 2B, the inhibition of gene expression

was observed obviously, with the level of MMP-2 mRNA reduced

by 47.569.5% (n= 3, P,0.05) and MMP-9 mRNA decreased by

68.167.1% (n= 3, P,0.01), respectively, following the treatment

of 8 mM LFG-500 for 12 h. The LFG-500-mediated changes in

the levels of MMP-2 and MMP-9 mRNA were consistent well with

their protein expression, as evidenced by Western blot analysis

(Fig. 2C). These results indicated that LFG-500 might regulate

MMP-2/9 at the transcriptional level. More importantly, the

inhibitory effects on MMP-9 were more noticeable.

LFG-500 represses cell invasion through inhibiting the
transcriptional activation of NF-kB and subsequent MMP-
9 activity
It is generally reported that transcriptional regulation by

activating transcription factors including AP-1 [30], STAT3

[31], or NF-kB [32] occurs during the modulation of MMP-9

gene expression. To further clarify the mechanism underlying

LFG-500 suppressing MDA-MB-231 cell invasion, we investigated

the effects of LFG-500 on these transcription factors. The data in

Fig. 3A demonstrated that LFG-500 had no significant effects on

the nuclear levels of c-Jun or c-Fos (components of AP-1). Besides,

there was no noticeable change in the phosphorylation of STAT3

when given the same treatment (Fig. 3A). However, LFG-500

inhibited the nuclear translocation of NF-kB p65, with a decreased

nuclear level but an increased cytoplasmic level (Fig. 3B), which
was confirmed by immunofluorescence assay (Fig. 3C). Moreover,

the total amount of NF-kB p65 was decreased after LFG-500

treatment (Fig. 3D). For the reason that NF-kB activation results

from rapid phosphorylation, ubiquitination, and ultimately pro-

teolytic degradation of IkB [33], as well as IKK is required for

phosphorylation of IkB [34], the phosphorylation levels of IKKa/
b and IkBa were detected. LFG-500 (4 mM and 8 mM) efficiently

inhibited the phosphorylation of IKKa/b and IkBa, whereas the
total steady-state levels remained unchanged (Fig. 3D). These

results indicated that NF-kB rather than AP-1 or STAT3 might be

involved in the anti-invasive effect induced by LFG-500.

Subsequently, the DNA-binding activity of translocated NF-kB
was further evaluated. In vitro, the nuclear extracts were incubated

with DNA probes specific for NF-kB, and their binding was

assessed by mobility shift. As shown in Fig. 4A, LFG-500

remarkably blocked the DNA-binding activity of NF-kB. To

further confirm this finding, ChIP assay was performed to test the

binding activity of NF-kB to the promoter of MMP-9, which is the

NF-kB target gene. Results showed that the binding activity was

significantly inhibited following LFG-500 treatment (Fig. 4B).
Because DNA-binding alone is not always correlate with NF-kB-
dependent gene transcription [35], the effects of LFG-500 on NF-

kB-dependent reporter activity was also analyzed. MDA-MB-231

cells were co-transfected with GFP and pNF-kB-luc plasmids.

LFG-500 obviously suppressed luciferase activity, with about a 3-

fold decrease following 8 mM of treatment (Fig. 4C). These results

indicated that LFG-500 could inhibit the transcriptional activation

of NF-kB.
TNF-a is one of the most potent activators of NF-kB and its

activation mechanism is relatively well established [36]. Accord-

ingly, we examined the effect of LFG-500 on TNF-a-induced NF-
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kB activation in MDA-MB-231 cells. Treatment with LFG-500

(8 mM) could substantially inhibit the nuclear translocation of NF-

kB induced by TNF-a (Fig. 4D), as well as the TNF-a-activated
phosphorylation of IkBa and IKKa/b (Fig. 4E), which meant

that LFG-500 could weaken the activation of NF-kB induced by

TNF-a. More importantly, LFG-500 repressed the activity of

MMP-9 (Fig. 4F) and subsequent cell invasion (Fig. 4G) induced

by TNF-a. These results further indicated that LFG-500

suppressed cell invasion by inhibiting NF-kB activation and

subsequent MMP-9 activity.

PI3K/AKT signaling pathway is involved in the inhibitory
effect of LFG-500 on NF-kB activation
Data in Fig. 3D indicated that LFG-500 suppressed NF-kB

activation at least partly through inhibiting the phosphorylation of

IKKa/b and IkBa. It is reported that the MAPK and PI3K/AKT

pathways can regulate fundamental cellular processes by induction

of IKK dependent NF-kB activation [37,38]. Therefore, the

effects of LFG-500 on MAPK and PI3K/AKT signaling pathways

were determined. As shown in Fig. 5A, LFG-500 had little effect

on MAPK family including JNK, ERK and p38. These results

confirmed the finding that LFG-500 exerted no significant effect

on AP-1 (Fig. 3A), because AP-1 can be activated by the MAPK

signaling pathway [39]. However, LFG-500 significantly reduced

the levels of PI3K and p-AKT, while the total steady-state level of

AKT remained unchanged (Fig. 5B). These data indicated that

LFG-500 could inhibit the activation of NF-kB through PI3K/

AKT rather than MAPK signaling pathway.

LFG-500 suppresses lung metastases of tumor in vivo
To further confirm the anti-metastatic effect of LFG-500 in vivo,

an artificial lung metastatic model was employed. DTTC, the first

choice for melanoma treatment in clinical setting, was used as the

positive control. As shown in the representative images, LFG-500

(25 mg/kg and 50 mg/kg) significantly suppressed lung metastasis

in mice compared with the control group (Fig. 6A). The number

of lung metastatic nodules in the control group was 85615.7,

while only 36.2611.1 and 1.561.2 nodules were observed in the

25 mg/kg group and 50 mg/kg group (Fig. 6B), respectively.

Moreover, LFG-500 had no obvious influence on white blood cell

(WBC) count (Fig. 6C). In contrast, DTTC could inhibit lung

metastases to a significant extent, but it did suppress WBC count.

Discussion

Breast cancer is the most common cancer around the world,

and also the second leading cause of death owing to cancer in

women in the United States [40]. In most cases, death results from

the metastasis and proliferation of cancer cells at secondary sites.

Tumor metastasis is a complex and multistage process, and tumor

cells are required to express a variety of properties including

altered adhesiveness, increased motility and invasive capacity to

complete the metastatic process [41]. Moreover, degradation of

stromal ECM is a crucial step in tumor invasion and metastasis.

Interruption of this step may be a strategy for prevention and

treatment of breast cancer metastasis. Anti-metastasis drugs

involved in these mechanisms have been extensively investigated

[42]. Flavonoids, as one important group of natural products

derived from flavone, are widely investigated for their variety of

anti-cancer activities. LFG-500 is a newly synthesized flavonoid

with a piperazine and a benzyl group (Fig. 1A). In the present

study, we demonstrated that LFG-500 could inhibit adhesion,

migration, and invasion of MDA-MB-231 human breast carcino-

ma cells in vitro. Then we investigated whether LFG-500 plays a

role in tumor metastasis in vivo, by establishing a spontaneous and

experimental B16F10 melanoma metastasis mode which is

convenient and intuitive. Results showed that LFG-500 signifi-

cantly suppressed the lung metastasis in vivo. This effect could be

explained by suppressing PI3K/AKT/NF-kB signaling pathway,

which consequently inhibited the activity of MMP-9, and in turn

leading to the reduced invasiveness of the cancer cells.

Tumor progression is associated with the activity of MMPs at

multiple stages, such as tumor establishment, growth, neovascu-

larization, and metastasis [43]. An enhanced expression of MMPs,

particularly the gelatinase (MMP-2 and MMP-9), is associated

with high metastasis potential in several types of human

carcinomas including breast cancer [44]. To further explore the

mechanism of LFG-500-induced inhibitory effect on migration

and invasion, the activity and expression of MMP-2/9 in MDA-

MB-231 cells were detected. LFG-500 notably downregulated the

activity of MMP-2 and MMP-9 (Fig. 2A) as wells as the protein

expression (Fig. 2C) through suppressing the transcriptional

activity of MMP-2 and MMP-9 genes in MDA-MB-231 cells

(Fig. 2B). More importantly, the inhibitory effect on MMP-9 was

more noticeable. Therefore, it is worthwhile to elucidate the

mechanism underlying LFG-500 regulating the activity and

expression of MMP-9 at transcriptional level.

The transcription of MMP-9 gene is regulated by upstream

regulatory elements, such as AP-1, STAT3, and NF-kB binding

sites [45–47]. Actually, one or more of these binding sites have

been implicated in mediating the effects of a diverse set of agents.

Consequently, suppression of the activity of AP-1, STAT3, or NF-

kB binding to respective regulatory elements potentially inhibits

tumor invasion [48]. LFG-500 had no significant effects on the

transcriptional activation of AP-1 or STAT3 (Fig. 3A). However,

LFG-500 significantly inhibited the nuclear translocation of NF-

kB (Fig. 3B, 3C), DNA-binding activity (Fig. 4A, 4B) as well as
NF-kB-dependent reporter activity (Fig. 4C), which suggested

that LFG-500 could repress the transcriptional activation of NF-

kB rather than AP-1 or STAT3 in MDA-MB-231 cells. Moreover,

LFG-500 inhibited the cell invasion induced by TNF-a (Fig. 4F,
4G), one of the most potent activators of NF-kB. These data

further indicated that LFG-500 suppressed cell invasion by

inhibiting NF-kB activation and subsequent the activity of

MMP-9. Meanwhile, NF-kB, the most important transcription

factor in cancer cells, regulates the expression of genes responsible

for transformation, tumor promotion, tumor invasion, angiogen-

esis, and metastasis as well as suppressing apoptosis, which

participates in the progress of carcinogenesis [49,50]. The

inhibitory effect of LFG-500 on NF-kB activity might result in

other multiple responses in cancer cells.

It is accepted that the activation of MAPK or PI3K/AKT

signaling pathway is important for regulating NF-kB activation

and subsequent the activity of MMP-9 in response to different

stimulators in several cell lines [51,52]. To investigate the

inhibitory mechanism of LFG-500 on NF-kB activation, the two

key signaling pathways were identified. PI3K/AKT but not

MAPK signaling pathway was involved in the inhibition of LFG-

500 on NF-kB activation (Fig. 5), which indicated that LFG-500

could suppress PI3K/AKT/NF-kB signaling pathway in MDA-

MB-231 cells. Moreover, a major mechanism essential for human

cancer progression is the PI3K/AKT signaling pathway [9]. The

capability of this pathway to induce deregulated proliferation and

survival of human cancer cells may depend not only on the

activation of genes that stimulate cellular proliferation, migration,

and metastasis, but also on the inhibition of those genes that

suppress proliferation and/or induce apoptosis [53]. The inhib-

itory effect on PI3K/AKT signaling pathway might also regulate
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other transcription factors for suppressing cell invasion. Besides,

previous work demonstrated that the apoptosis of HepG2 cells

induced by LFG-500 was related to activated JNK and p38

MAPK pathways [19]. The various effects on MAPK signaling

pathway might due to different concentrations of LFG-500 trigger

multiple processes necessary for carcinogenesis. The underlying

mechanism needs further study.

Nevertheless, further research is required for better understand-

ing the mechanism of LFG-500 to inhibit tumor invasion in our

future study. For example, tissue inhibitors of matrix metallopro-

teinases (TIMPs), which are naturally occurring MMP inhibitors,

can form 1:1 stoichiometric complexes with MMPs to suppress the

activities of their pro-enzymes, representing important physiolog-

ical regulators of matrix turnover [54]. It is possible that TIMP-1 is

involved in the inhibitory activity of MMP-9 when exposure to

LFG-500. In addition, the epithelial-mesenchymal transition

(EMT) plays a pivotal role in tumor progression and metastasis,

which endows epithelial cells with enhanced metastatic and

invasive potential [55]. Such a process requires the involvement

of activated NF-kB [56], and we have determined that LFG-500

can block the activation of NF-kB (Fig. 4). Besides, a recent study
has demonstrated that natural flavonoid can suppress bladder

cancer metastasis via inhibiting b-catenin/ZEB1 signaling and

subsequent EMT [57]. These data indicate that LFG-500 might

also suppress cancer metastasis by regulating EMT. However, it is

just a possible mechanism involved, and we will focus on this point

in the near further. Moreover, LFG-500 has been found to

strongly block tumor cell invasion using a B16F10 melanoma

metastasis model (Fig. 6). The ability of this agent to inhibit MDA-

MB-231 cells in an orthotopic transplantation tumor model needs

further investigation.

In conclusion, our studies demonstrate that LFG-500 signifi-

cantly inhibits the invasive ability, activity and expression of

MMP-9 in MDA-MB-231 cells by suppressing PI3K/AKT/NF-

kB signaling pathway (Fig. 7). Therefore, these findings provide

new evidence for better understanding the anti-metastatic activity

of LFG-500, which can facilitate further investigation on its

potential of anti-cancer therapy.

Author Contributions

Conceived and designed the experiments: CL NL QG. Performed the

experiments: CL FL KZ YC. Analyzed the data: CL JY LZ. Contributed

reagents/materials/analysis tools: ZL. Wrote the paper: CL FL NL.

References

1. Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell

144: 646–674.

2. Yilmaz M, Christofori G, Lehembre F (2007) Distinct mechanisms of tumor

invasion and metastasis. Trends Mol Med 13: 535–541.

3. Kessenbrock K, Plaks V, Werb Z (2010) Matrix metalloproteinases: regulators of

the tumor microenvironment. Cell 141: 52–67.

4. Khasigov PZ, Podobed OV, Gracheva TS, Salbiev KD, Grachev SV, et al.

(2003) Role of matrix metalloproteinases and their inhibitors in tumor invasion

and metastasis. Biochemistry (Mosc) 68: 711–717.

5. Valastyan S, Weinberg RA (2011) Tumor metastasis: molecular insights and

evolving paradigms. Cell 147: 275–292.

6. Vu TH, Werb Z (2000) Matrix metalloproteinases: effectors of development and

normal physiology. Genes Dev 14: 2123–2133.

7. Johnson LL, Dyer R, Hupe DJ (1998) Matrix metalloproteinases. Curr Opin

Chem Biol 2: 466–471.

8. Rao JS (2003) Molecular mechanisms of glioma invasiveness: the role of

proteases. Nat Rev Cancer 3: 489–501.

9. Vivanco I, Sawyers CL (2002) The phosphatidylinositol 3-Kinase AKT pathway

in human cancer. Nat Rev Cancer 2: 489–501.

10. Wagner EF, Nebreda AR (2009) Signal integration by JNK and p38 MAPK

pathways in cancer development. Nat Rev Cancer 9: 537–549.

11. Westermarck J, Kahari VM (1999) Regulation of matrix metalloproteinase

expression in tumor invasion. Faseb J 13: 781–792.

12. Baldwin AS Jr. (1996) The NF-kappa B and I kappa B proteins: new discoveries

and insights. Annu Rev Immunol 14: 649–683.

13. Naugler WE, Karin M (2008) NF-kappaB and cancer-identifying targets and

mechanisms. Curr Opin Genet Dev 18: 19–26.

14. Demchenko YN, Glebov OK, Zingone A, Keats JJ, Bergsagel PL, et al. (2010)

Classical and/or alternative NF-kappaB pathway activation in multiple

myeloma. Blood 115: 3541–3552.

15. Chen P, Lu N, Ling Y, Chen Y, Hui H, et al. (2011) Inhibitory effects of

wogonin on the invasion of human breast carcinoma cells by downregulating the

expression and activity of matrix metalloproteinase-9. Toxicology 282: 122–128.

16. Wang L, Ling Y, Chen Y, Li CL, Feng F, et al. (2010) Flavonoid baicalein

suppresses adhesion, migration and invasion of MDA-MB-231 human breast

cancer cells. Cancer Lett 297: 42–48.

17. Lin YC, Tsai PH, Lin CY, Cheng CH, Lin TH, et al. (2013) Impact of

flavonoids on matrix metalloproteinase secretion and invadopodia formation in

highly invasive A431-III cancer cells. PLoS One 8: e71903.

18. Chunhua L, Donglan L, Xiuqiong F, Lihua Z, Qin F, et al. (2013) Apigenin up-

regulates transgelin and inhibits invasion and migration of colorectal cancer

through decreased phosphorylation of AKT. J Nutr Biochem 24: 1766–1775.

19. Wu T, Chen FH, Zhao Q, Yang Z, Zou MJ, et al. (2011) LFG-500, a newly

synthesized flavonoid, induced a reactive oxygen species-mitochondria-mediated

apoptosis in hepatocarcinoma cells. Biomedicine & Preventive Nutrition 1: 132–

138.

20. Zhao J, Qi Q, Yang Y, Gu HY, Lu N, et al. (2008) Inhibition of alpha(4) integrin

mediated adhesion was involved in the reduction of B16-F10 melanoma cells

lung colonization in C57BL/6 mice treated with gambogic acid. Eur J Pharmacol

589: 127–131.

21. Chen Y, Lu N, Ling Y, Gao Y, Wang L, et al. (2009) Wogonoside inhibits

lipopolysaccharide-induced angiogenesis in vitro and in vivo via toll-like receptor

4 signal transduction. Toxicology 259: 10–17.

22. Albini A (1998) Tumor and endothelial cell invasion of basement membranes.

The matrigel chemoinvasion assay as a tool for dissecting molecular

mechanisms. Pathol Oncol Res 4: 230–241.

23. Li CL, Lu N, Qi Q, Li FN, Ling Y, et al. (2011) Gambogic acid inhibits tumor

cell adhesion by suppressing integrin beta1 and membrane lipid rafts-associated

integrin signaling pathway. Biochem Pharmacol 82: 1873–1883.

24. Qi Q, Lu N, Wang XT, Gu HY, Yang Y, et al. (2008) Anti-invasive effect of

gambogic acid in MDA-MB-231 human breast carcinoma cells. Biochem Cell

Biol 86: 386–395.

25. Lee YC, Lin HH, Hsu CH, Wang CJ, Chiang TA, et al. Inhibitory effects of

andrographolide on migration and invasion in human non-small cell lung cancer

A549 cells via down-regulation of PI3K/Akt signaling pathway. Eur J Pharmacol

632: 23–32.

26. Mburu YK, Egloff AM, Walker WH, Wang L, Seethala RR, et al. (2012)

Chemokine receptor 7 (CCR7) gene expression is regulated by NF-kappaB and

AP1 in metastatic squamous cell carcinoma of the head and neck (SCCHN).

J Biol Chem 287: 3581–3590.

27. Tian Y, Jiang W, Gao N, Zhang J, Chen W, et al. (2010) Inhibitory effects of

glutathione on dengue virus production. Biochem Biophys Res Commun 397:

420–424.

28. Ellenrieder V, Adler G, Gress TM (1999) Invasion and metastasis in pancreatic

cancer. Ann Oncol 10 Suppl 4: 46–50.

29. Chambers AF, Matrisian LM (1997) Changing views of the role of matrix

metalloproteinases in metastasis. J Natl Cancer Inst 89: 1260–1270.

30. Hong S, Park KK, Magae J, Ando K, Lee TS, et al. (2005) Ascochlorin inhibits

matrix metalloproteinase-9 expression by suppressing activator protein-1-

mediated gene expression through the ERK1/2 signaling pathway: inhibitory

effects of ascochlorin on the invasion of renal carcinoma cells. J Biol Chem 280:

25202–25209.

31. Wei D, Le X, Zheng L, Wang L, Frey JA, et al. (2003) Stat3 activation regulates

the expression of vascular endothelial growth factor and human pancreatic

cancer angiogenesis and metastasis. Oncogene 22: 319–329.

32. Shishodia S, Majumdar S, Banerjee S, Aggarwal BB (2003) Ursolic acid inhibits

nuclear factor-kappaB activation induced by carcinogenic agents through

suppression of IkappaBalpha kinase and p65 phosphorylation: correlation with

down-regulation of cyclooxygenase 2, matrix metalloproteinase 9, and cyclin

D1. Cancer Res 63: 4375–4383.

33. Karin M, Ben-Neriah Y (2000) Phosphorylation meets ubiquitination: the

control of NF-[kappa]B activity. Annu Rev Immunol 18: 621–663.

34. Ducut Sigala JL, Bottero V, Young DB, Shevchenko A, Mercurio F, et al. (2004)

Activation of transcription factor NF-kappaB requires ELKS, an IkappaB kinase

regulatory subunit. Science 304: 1963–1967.

35. Campbell KJ, Chapman NR, Perkins ND (2001) UV stimulation induces

nuclear factor kappaB (NF-kappaB) DNA-binding activity but not transcrip-

tional activation. Biochem Soc Trans 29: 688–691.

36. Aggarwal BB (2003) Signalling pathways of the TNF superfamily: a double-

edged sword. Nat Rev Immunol 3: 745–756.

LFG-500 Blocks Invasion by PI3K/AKT/NF-kB Pathway

PLOS ONE | www.plosone.org 11 March 2014 | Volume 9 | Issue 3 | e91332



37. Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM, et al. (1999) NF-kappaB

activation by tumour necrosis factor requires the Akt serine-threonine kinase.
Nature 401: 82–85.

38. Kefaloyianni E, Gaitanaki C, Beis I (2006) ERK1/2 and p38-MAPK signalling

pathways, through MSK1, are involved in NF-kappaB transactivation during
oxidative stress in skeletal myoblasts. Cell Signal 18: 2238–2251.

39. Eferl R, Wagner EF (2003) AP-1: a double-edged sword in tumorigenesis. Nat
Rev Cancer 3: 859–868.

40. Jemal A, Ward E, Thun MJ (2007) Recent trends in breast cancer incidence

rates by age and tumor characteristics among U.S. women. Breast Cancer Res 9:
R28.

41. Fidler IJ, Kripke ML (1977) Metastasis results from preexisting variant cells
within a malignant tumor. Science 197: 893–895.

42. Dolle L, Depypere HT, Bracke ME (2006) Anti-invasive/anti-metastasis
strategies: new roads, new tools and new hopes. Curr Cancer Drug Targets 6:

729–751.

43. Deryugina EI, Quigley JP (2006) Matrix metalloproteinases and tumor
metastasis. Cancer Metastasis Rev 25: 9–34.

44. Jones JL, Shaw JA, Pringle JH, Walker RA (2003) Primary breast myoepithelial
cells exert an invasion-suppressor effect on breast cancer cells via paracrine

down-regulation of MMP expression in fibroblasts and tumour cells. J Pathol

201: 562–572.
45. Troussard AA, Costello P, Yoganathan TN, Kumagai S, Roskelley CD, et al.

(2000) The integrin linked kinase (ILK) induces an invasive phenotype via AP-1
transcription factor-dependent upregulation of matrix metalloproteinase 9

(MMP-9). Oncogene 19: 5444–5452.
46. Schroer N, Pahne J, Walch B, Wickenhauser C, Smola S (2011) Molecular

pathobiology of human cervical high-grade lesions: paracrine STAT3 activation

in tumor-instructed myeloid cells drives local MMP-9 expression. Cancer Res
71: 87–97.

47. Tai KY, Shieh YS, Lee CS, Shiah SG, Wu CW (2008) Axl promotes cell
invasion by inducing MMP-9 activity through activation of NF-kappaB and Brg-

1. Oncogene 27: 4044–4055.

48. Philip S, Kundu GC (2003) Osteopontin induces nuclear factor kappa B-
mediated promatrix metalloproteinase-2 activation through I kappa B alpha/

IKK signaling pathways, and curcumin (diferulolylmethane) down-regulates

these pathways. J Biol Chem 278: 14487–14497.

49. Ichikawa H, Takada Y, Shishodia S, Jayaprakasam B, Nair MG, et al. (2006)

Withanolides potentiate apoptosis, inhibit invasion, and abolish osteoclastogen-

esis through suppression of nuclear factor-kappaB (NF-kappaB) activation and

NF-kappaB-regulated gene expression. Mol Cancer Ther 5: 1434–1445.

50. Chaturvedi MM, Sung B, Yadav VR, Kannappan R, Aggarwal BB (2011) NF-

kappaB addiction and its role in cancer: ‘one size does not fit all’. Oncogene 30:

1615–1630.

51. Moon SK, Cha BY, Kim CH (2004) ERK1/2 mediates TNF-alpha-induced

matrix metalloproteinase-9 expression in human vascular smooth muscle cells

via the regulation of NF-kappaB and AP-1: Involvement of the ras dependent

pathway. J Cell Physiol 198: 417–427.

52. Cheng JC, Chou CH, Kuo ML, Hsieh CY (2006) Radiation-enhanced

hepatocellular carcinoma cell invasion with MMP-9 expression through

PI3K/Akt/NF-kappaB signal transduction pathway. Oncogene 25: 7009–7018.

53. Jiang K, Sun J, Cheng J, Djeu JY, Wei S, et al. (2004) Akt mediates Ras

downregulation of RhoB, a suppressor of transformation, invasion, and

metastasis. Mol Cell Biol 24: 5565–5576.

54. Bode W, Reinemer P, Huber R, Kleine T, Schnierer S, et al. (1994) The X-ray

crystal structure of the catalytic domain of human neutrophil collagenase

inhibited by a substrate analogue reveals the essentials for catalysis and

specificity. EMBO J 13: 1263–1269.

55. Li YM, Xu SC, Li J, Han KQ, Pi HF, et al. (2013) Epithelial-mesenchymal

transition markers expressed in circulating tumor cells in hepatocellular

carcinoma patients with different stages of disease. Cell Death Dis 4: e831.

56. Huber MA, Azoitei N, Baumann B, Grunert S, Sommer A, et al. (2004) NF-

kappaB is essential for epithelial-mesenchymal transition and metastasis in a

model of breast cancer progression. J Clin Invest 114: 569–581.

57. Wu K, Ning Z, Zeng J, Fan J, Zhou J, et al. (2013) Silibinin inhibits beta-

catenin/ZEB1 signaling and suppresses bladder cancer metastasis via dual-

blocking epithelial-mesenchymal transition and stemness. Cell Signal 25: 2625–

2633.

LFG-500 Blocks Invasion by PI3K/AKT/NF-kB Pathway

PLOS ONE | www.plosone.org 12 March 2014 | Volume 9 | Issue 3 | e91332


