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ABSTRACT

ARTICLE HISTORY

Epithelial-mesenchymal transition (EMT), the transdifferentiation of epithelial cells into
mesenchymal cells, has been implicated in the metastasis and provides novel strategies for cancer
therapy. Osthole (OST), a dominant active constituent of Chinese herb Cnidium monnieri, has been
reported to inhibit cancer metastasis while the mechanisms remains unclear. Here, we studied the
inhibitory effect and mechanisms of OST on TGF-b1-induced EMT in A549 cells. Cells were treated
with TGF-b1 in the absence and presence of OST. The morphological alterations were observed with
a microscopy. The protein and mRNA expressions were determined by Western blotting and realtime PCR. The protein localization was detected with immunoﬂuorescence. The adhesion,
migration, and invasion were determined by Matrigel, wound-healing, and Transwell assays. TGF-b1
treatment induced spindle-shaped alterations of cells, upregulation of N-cadherin, Vimentin, NF-kB
p65, and downregulation of E-cadherin. Dysregulated membrane expression and mRNA expression
of E-cadherin and N-cadherin were observed after TGF-b1 treatment. TGF-b1 increased abilities of
migration and invasion and triggered the nuclear translocation of NF-kB p65. These alterations were
dramatically inhibited by OST. Furthermore, PDTC, a NF-kB inhibitor, showed similar effects. In
addition, TGF-b1-induced expression of Snail was signiﬁcantly inhibited by OST and silenced Snail
partially reversed TGF-b1-induced EMT biomarkers without affecting NF-kB p-65. In conclusion,
OST inhibited TGF-b1-induced EMT, adhesion, migration, and invasion through inactivation of
NF-kB-Snail pathways in A549 cells. This study provides novel molecular mechanisms for the
anti-metastatic effect of OST.
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Introduction
As known to all, cancer metastasis is the most common
cause of cancer-related death in patients with solid
tumors.1 Lung cancer, the leading cause of cancer-related
deaths, is prone to metastasis to brain and bone.,2,3
Metastasis is a rather complicated process including several basic steps such as the detachment of tumor cells,
invasion to surrounding tissues and basal lamina, crossing the basal lamina and entrance to the blood stream,
transportation in the blood stream, and extravasation at
a distal site and proliferation into a new foci.4 A number
of fundamental mechanisms such as cellular motility
inducement,5 lymphangiogenesis and angiogenesis,6 degradation of matrix barriers,7 tumor cell and endothelial
cell interactions.8 were required in metastasis.
Epithelial-mesenchymal transition (EMT) is a biological process characterized by loss of cell-cell junctions,
polarity and epithelial markers, and in turn, acquisition
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of mesenchymal features and motility.9,10 During this
process, the immobile epithelial-like cancer cells switch
to a motile mesenchymal-like phenotype thus resulting
in alterations in morphology, cellular architecture, adhesion, and migration.11,12 EMT is one of the key events in
metastasis and often occurs at the invasive front of
tumors.13 Cancer-associated EMT also contributes to
increased resistance to cell death, chemoresistance,
bypass of senescence, immune system evasion and exhibition of cancer stem cell properties.14-17 Therefore, the
EMT pathways provide novel targets and potential
strategies for anticancer therapy.18,19
Osthole (OST), a natural coumarin isolated from the
Chinese herb Fructus Cnidii, showed various biological
functions, such as neuroprotective, osteogenic, cardiovascular protective, immunomodulatory, hepatoprotective,
and antimicrobial activities.20 Furthermore, accumulating
evidence indicated that OST possessed anti-tumor
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activities by inhibiting tumor cell growth and inducing
apoptosis.21-24 It has been reported recently that OST
inhibited the migration and invasion of various cancer
cells in vitro.25-28 However, the molecular mechanisms of
these effects was not fully clariﬁed. In the present study,
we demonstrated a novel signal pathway involved in
OST’s inhibitory effect on TGF-b1-induced EMT in
A549 lung cancer cells.
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Nuclear and cytoplasmic protein extraction
After exposure to TGF-b1 (5 ng/ml) with or without
OST (20 mM) for 48 h, the nuclear and cytoplasmic proteins were prepared using Nuclear and Cytoplasmic
Extraction Reagents (Thermo scientiﬁc, Rockford, IL,
USA) according to the manufacturer’s instructions.
Western blotting

Materials and methods
Materials
OST (>98%) was purchased from Chengdu Preferred
Biotech Co. Ltd. (Chengdu, China). Human recombinant
TGF-b1 purchased from Cell Signaling Technology
(Danvers, MA, USA) was activated and stored in accordance with the manufacturer’s instructions. 3-(4,5Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethylsulfoxide (DMSO), and Hoechst 33342
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Antibodies for E-cadherin, N-cadherin, and Snail
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies for GAPDH, NF-kB p65,
phosphorylated-p65 (p-p65), IkBa, p-IkBa, Histone H3,
and b-tubulin were purchased from Cell Signaling Technology (Danvers, MA, USA).

Treated cells were collected and were lysed in RIPA
buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet
P-40, 1% sodium deoxycholate, and 0.1% SDS, pH 8.0)
containing a protease inhibitor cocktail and PMSF. Subsequently, the protein concentrations were determined
using BCATM Protein Assay Kit. The western blotting
was performed as our previous report.29
Adhesion assay
Cells seeded in 12-well plates were incubated with TGFb1 (5 ng/ml) alone or in combination with OST
(5–20 mM) for 48 h. Then cells were harvested and
seeded in Matrigel pre-coated 96-well plates. After 3 h,
cells were labeled with crystal violet for 10 min in the
dark. The non-adherent cells were washed mildly with
PBS. Images were obtained under random ﬁelds of each
well using a ﬂuorescent microscopy (IN Cell Analyzer
2000, GE, USA).

Cell culture
Human lung carcinoma epithelial cells A549 were cultured in RPMI 1640 medium supplemented with 10%
(v/v) fetal bovine serum at 37 C in a humidiﬁed atmosphere of 5% CO2 and 95% air.

MTT assay
Cells planted in 96-well plates (5 £ 103 cells/well) were
treated with OST (5–80 mM) for 48 h. Then 20 ml MTT
(5 mg/ml) was added to each well and co-incubated for
another 4 h. After removing the MTT-containing
medium, 100 ml DMSO was added to solubilize the formazan. The absorbance at 570 nm was recorded using a
microplate reader (PerkinElmer, USA).

Morphology observation
Cells (1 £ 105) seeded in 12-well plates were treated
with TGF-b1 (5 ng/ml) alone or in combination with
OST (5–20 mM) for 48 h. The cells’ morphology was
captured by a bright-ﬁeld microscope (IX73;
Olympus, Japan).

Wound-healing assay
Cells (2 £ 105 cells/well) were seeded in 6-well plates for
24 h and a cell-free line was manually created by scratching the conﬂuent monolayers with a 100 ml pipette tip.
The wounded monolayers were washed with PBS and
cultured in RPMI1640 with 1% FBS containing TGF-b1
(5 ng/ml) alone or in combination with OST (5–20 mM)
for 48 h. Five scratched ﬁelds were randomly chosen and
the images were captured by a bright-ﬁeld microscope
(IX73; Olympus).
Invasion assay
Cells (2 £ 105) plated in Matrigel-coated top chambers
(8 nm pore size; Corning Inc., Corning, NY, USA) for
24 h. Cells were plated in serum-free medium (200 ml)
and co-treated with TGF-b1 (5 ng/ml) and/or OST
(5–20 mM). 500 ml normal medium with serum was
used as chemoattractant in the lower chambers. The
non-migrated cells were removed from the upper surface
of the chamber after 24 h. Cells on the lower surface of
the membrane were ﬁxed with 4% paraformaldehyde
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Table 1. Primers for RT-PCR assay.
Primers
E-cadherin
N-cadherin
Snail
GAPDH

0

0

Type

Sequence (5 to3 )

forward
reverse
forward
reverse
forward
reverse
forward
reverse

GCCTCCTGAAAAGAGAGTGGAAG
TGGCAGTGTCTCTCCAAATCCG
ACAGTGGCCACCTACAAAGG
CCGAGATGGGGTTGATAATG
ACCACTATGCCGCGCTCTT
GGTCGTAGGGCTGCTGGAA
GCACCGTCAAGGCTGAGAAC
TGG TGAAGACGCCAGTGGA

(PFA) and stained with crystal violet. The invading number of cells was counted under a bright-ﬁeld microscope
(£10, 3 random ﬁelds per well).
Quantitative real-time PCR
Treated cells were washed twice with PBS and the
total RNA from each group was extracted with Trizol.
The cDNA was synthesized using Takara reverse
transcriptase and oligo (dT) primer from 2 mg of
total RNA. Reverse transcription was performed at
37 C for 50 min followed by 15 min at 70 C for inactivation. Primer sequences were shown in Table 1.
The PCR ampliﬁcation were performed for 1 cycle of
95 C for 2 min, 40 cycles of 95 C for 15 s, 60 C for
30 s, and 1 cycle of 95 C for 30 s. The samples were
assessed by 2¡DDCt relative quantitative analysis to
determine the expression differences.
Immunoﬂuorescence assay
TGF-b1 (5 ng/ml) treated with or without OST co-treatment for 48 h were ﬁxed with 4% PFA for 30 min. The
immunoﬂuorescence assay for E-cadherin, N-cadherin
and NF-kB p65 were performed as our previous report.29
SiRNA silence
Cells were seeded in 6-well plates (1 £ 106 cells/well) for
overnight. The silence of Snail was performed as our previous report30 using Lipofectamine3000 following manufacturer’s instructions. The siRNA sequences for Snail
were 50 -CAGAUGUCAAGAAGUACCATT-30 and 50 UGGUACUUCUUGACAUCUGTT-30 . The sequences for
negative control were: 50 -UUCUCCGAACGUGUCACGUTT-30 and 50 -ACGUGACACGUUCGGAGAATT-30 .

ANOVA) followed by Student Newman-Keuls test.
p < 0.05 is considered statistically signiﬁcant.

Results
OST reversed TGF-b1-induced morphological
changes
To avoid the effect of cell death on EMT, the cytotoxicity of OST and TGF-b1 alone or in combination
was examined. As shown in Fig. 1A, OST showed no
obvious cytotoxicity even at 20 mM but inhibited cell
proliferation at 40 mM. TGF-b1 showed no cytotoxicity even at the concentration of 40 ng/ml (Fig. 1B).
Furthermore, OST co-treatment with TGF-b1 showed
no obvious cytotoxic effect on cell viability (Fig. 1C).
TGF-b1 remarkably induced the mesenchymal phenotype in time- and dose-dependent manners. TGF-b1
treatment induced disappearance of intercellular junction and spindle-like appearance and demonstrating a
ﬁbroblast-like appearance with longed shape and central nucleus (Fig. 1D and E). These morphological
alterations were obviously reversed by OST co-treatment (Fig. 1F).
OST reversed TGF-b1-induced expression of
EMT biomarkers
TGF-b1 treatment signiﬁcantly inhibited the protein
expression of the epithelial marker E-cadherin and
increased the mesenchymal marker N-cadherin and
vimentin simultaneously in a time-dependent manner
(Fig. 2A). These alterations were dramatically reversed
by OST co-treatment in a concentration-dependent
manner (Fig. 2B). Furthermore, the mRNA expression
of E-cadherin and N-cadherin were downregulated
and upregulated by TGF-b1, respectively, which was
also partially restored by OST (Fig. 2C and D).
Immunoﬂuorescent staining results showed that
intensive green ﬂuorescence was observed on the
membranes in the untreated cells suggesting the
expression of E-cadherin, which was signiﬁcantly
decreased by TGF-b1 treatment. Co-treatment of
OST partially reversed the E-cadherin expression
(Fig. 2E). Similar reversible effect of OST was
observed on TGF-b1-induced N-cadherin expression
(Fig. 2F).

Statistical analysis
Data were expressed as the means § SD. The differences
between groups were analyzed using Prism 5.0 (Graph
Pad Software Inc., San Diego, CA) and the statistical
analysis was performed by analysis of variance (one-way

OST suppressed TGF-b1-induced migration
and invasion
Compared with control or treated with OST alone,
TGF-b1-treated cells showed enhanced migration
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Figure 1. OST inhibited TGF-b1-induced morphological change. Cells were treated with OST (A) or TGF-b1 (B) or TGF-b1 (5 ng/ml)
co-treated with OST (C) for 48 h and the cell viability was determined by MTT assay. Cells were treated with TGF-b1 for 48 h, the cell
morphology was observed (D and E). Cells were treated with TGF-b1 (5 ng/ml) with or without OST co-treatment for 48 h and the cell
morphology was observed (F). Scale bar D 100 mm. Magniﬁcation, £20. p < 0.05 vs control, p < 0.01 vs control. OST, osthole.

activity in wound-healing assay, which was signiﬁcantly inhibited by co-treated with OST (Fig. 3A).
Furthermore, TGF-b1 promoted the invasion ability
as evidenced by the increased number of migrated
cells in Transwells assay, which was dramatically
decreased by OST co-treatment (Fig. 3B). In addition,
Matrigel assay results showed that TGF-b1 increased
number of adhesion cells, which was signiﬁcantly
inhibited by OST as well (Fig. 3C).
OST inhibited TGF-b1-induced EMT mediated
by NF-kB
To explore the role of NF-kB in OST-induced EMT,
PDTC, a NF-kB inhibitor, was used. TGF-b1-induced
morphological changes were partially reversed by PDTC

(Fig. 4A). PDTC co-treatment demonstrated similar regulatory effects on the expression of E-cadherin,
N-cadherin, NF-kB p65, Snail, and vimentin to those of
OST (Fig. 4B). Furthermore, PDTC pretreatment
showed similar inhibitory effects on TGF-b1-induced
migration, invasion, and adhesion to those of OST
(Figs. 4C–E).
OST inhibited TGF-b1-induced IkBa degradation
and p65 nuclear translocation
Immunoﬂuorescent staining showed that compared
with untreated cells, TGF-b1 treatment signiﬁcantly
increased the green ﬂuorescence in the nuclear suggesting the increased expression of NF-kB p65 in
nuclear. Co-treatment with OST signiﬁcantly
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Figure 2. Effect of OST on the expression of EMT biomarkers. Cells were treated with TGF-b1 and the protein expression was determined
by Western blotting (A). Cells were treated with TGF-b1 (5 ng/ml) for 48 h with or without OST co-treatment and the protein and mRNA
expression were determined by Western blotting (B) and qRT-PCR (C and D), respectively. Immunoﬂuorescence staining was performed for
detecting the expression of E-cadherin (E) and N-cadherin. Scale bar D 10 mm. (F). p < 0.05 and p < 0.01. OST, osthole.

decreased the green ﬂuorescence indicating that
TGF-b1-induced nuclear translocation of NF-kB p65
was inhibited (Fig. 5A). Furthermore, Western blotting showed that after TGF-b1 stimulation, the
expression of NF-kB p65 in cytoplasmic extracts was
decreased (Fig. 5B) while its expression in the
nuclear was increased (Fig. 5C). OST treatment
could partially reverse these effects. In addition,
increased phosphorylation of IkBa by TGF-b1 was
also partially inhibited by OST (Fig. 5B).

Snail mediated TGF-b1-induced EMT
TGF-b1 treatment signiﬁcantly increased the protein
expression of Snail in a time-dependent manner
(Fig 6A), which was dramatically decreased by OST in a
dose-dependent manner (Fig 6B). The qRT-PCR results
showed that TGF-b1-induced increase of Snail was
suppressed by OST (Fig 6C). Furthermore, compared
with the control, silencing Snail by siRNA (Fig 6D)
dramatically reversed TGF-b1-induced dysregulation of
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Figure 3. OST inhibited TGF-b1-induced migration, invasion, and adhesion. Cells were treated with TGF-b1 (5 ng/ml) with or without
OST co-treatment for 48 h. The migration, invasion, and adhesion capacities were measured by the wound healing (Magniﬁcation, £4)
(A), Transwell (Magniﬁcation, £10) (B), and Matrigel (Magniﬁcation, £10) (C) assay, respectively. p < 0.01. OST, osthole.

E-cadherin, N-cadherin, and vimentin while showed no
effect on NF-kB p65 (Fig 6E).

Discussion
Accumulated data showed the anticancer effect of OST
by induction of cell cycle arrest,25,31 apoptosis,22,24 and
inhibition of invasion and migration.25,27,32 In this study,
the anti-metastatic effect of OST was investigated. The
main ﬁndings were: 1). OST inhibited TGF-b1-induced
EMT in A549 cells. 2). OST inhibited TGF-b1-induced
A549 cells invasion, migration, and adhesion. 3). Inhibition of Snail mediated by inactivation of NF-kB was the
underlying mechanisms.
EMT is characterized by the morphological alterations
in cell shape and the biochemical changes of the downregulation of epithelial markers (E-cadherin, ZO-1, and
b-catenin) and the upregulation of mesenchymal
markers (N-cadherin and vimentin).12,33 Our results

showed that the epithelial phenotype of A549 cells gradually transferred to mesenchymal phenotype in response
to TGF-b1 treatment suggesting that EMT occurred.
This was further conﬁrmed by the downregulation of
E-cadherin and the upregulation of N-cadherin both at
protein and mRNA levels. Vimentin, a protein ubiquitously expressed in normal mesenchymal cells, has also
been recognized as a biomarker for EMT.34 The activation of vimentin and the membrane localization of
E-cadherin and N-cadherin provided further evidence
for the occurrence of EMT. Increased EMT promote cancer progress by increasing tumor cell adhesion, invasion,
and migration. Here, we found that TGF-b1 signiﬁcantly
enhanced the migration, invasion, and adhesion as
evidenced by the increased ability of A549 cells in
response to TGF-b1 in the wound healing, Transwell,
and Matrigel assays. Thus, these increased cell mobility
in response to TGF-b1 was resulted from, at least in
part, EMT in A549 cells.
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Figure 4. OST inhibited EMT through inactivation of NF-kB signaling. Cells were treated with TGF-b1 (5 ng/ml) alone or co-treatment
with OST (20 mM) or PDTC (10 mM) for 48 h and the morphological changes (Magniﬁcation, £20) (A), the protein expression were
detected (B). Cells were treated with TGF-b1 with or without PDTC co-treatment for 48 h and the migration, invasion, and adhesion
capacities were measured by the wound healing (Magniﬁcation, £4) (C), Transwell (Magniﬁcation, £10) (D), and Matrigel
(Magniﬁcation, £10) (E) assay, respectively. p < 0.01. OST, osthole.

Previous studies have suggested that NF-kB played an
essential role in TGF-b1-induced EMT.35,36 Involvement
of NF-kB pathways in TGF-b1-induced EMT in A549

cells was also documented.37 Consistent with previous
report,38 TGF-b1-induced nuclear translocation of p65
was observed in immunoﬂuorescence assay. This was
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Figure 5. OST suppressed TGF-b1-induced NF-kB nuclear translocation. Cells were treated with TGF-b1 (5 ng/mL) in the absence or
presence of OST for 48 h and the expression of p65 was determined by immunoﬂuorescence assay. Scale bar D 10 mm. (A). The cytosolic
(B) and nuclear (C) protein expression of p-p65, IkBa, and p-IkBa were detected by Western blotting. OST, osthole.

further conﬁrmed by the decreased cytoplasm expression
and increased nuclear expression. Activation of NF-kB
involves the phosphorylation, ubiquitination, and degradation of IkBa and the phosphorylation of p65, which
leads to translocation of NF-kB p65 to the nucleus,
where it binds to speciﬁc response elements in the
DNA.39 The increased phosphorylation of IkBa suggested that TGF-b1 promote p65 translocation by phosphorylation of IkBa. Thus, the NF-kB pathway played a
key role in TGF-b1-induced EMT under our experimental conditions. The inhibitory effect of PDTC, a NF-kB
inhibitor, on TGF-b1-induced morphological alterations,
switch of EMT biomarkers, adhesion, migration, and
invasion, further conﬁrmed this. Various transcription
factors, including Snail, a zinc ﬁnger transcription factor,
has been reported to modulate EMT.40,41 Snail binds to
the promoter of the E-cadherin gene and suppresses its
transcription, which is one of the hallmarks of EMT and

metastasis.42,43 TGF-b1-induced Snail expression was
inhibited by PDTC while silence Snail showed no effect
on p65 expression suggesting that Snail might be regulated by NF-kB pathway. Furthermore, the regulation of
EMT biomarkers by Snail siRNA revealed the participation of Snail in TGF-b1-induced EMT. Thus, NF-kB
mediated Snail activation played potential roles in TGFb1-induced EMT in A549 cells.
The inhibitory effect of OST, a natural product, on
EMT has been reported. OST inhibited EMT induced by
TGF-b1, insulin-like growth factor-1, and hepatocyte
growth factor in prostate cancer cells,44 GBM8401 cells,45
and MCF-7 cells,46 respectively. The underlying mechanisms included inhibition of Snail signaling and miR-23a3p,44 inhibition of PI3K/Akt45 and repression of c-Met/
Akt/mTOR pathway.46 In this study, OST partially
reversed TGF-b1-induced morphological changes, expression of EMT biomarkers suggesting that OST inhibited
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Figure 6. Snail involved in TGF-b1-induced EMT Cells were treated with TGF-b1 in the absence or presence of OST co-treatment and the protein
and mRNA expressions of Snail were determined by Western blotting (A and B) and qRT-PCR (C). Snail was silenced with siRNA (D) and then
treated with TGF-b1 (5 ng/ml) for 48 h, the protein expression was determined by Western blotting. p < 0.05, p < 0.01. OST, osthole.

TGF-b1-induced EMT in A549 cells. The inhibitory
effect of OST on TGF - b1-induced adhesion, migration,
and invasion indicated that OST might have anti-metastatic effect by suppressing EMT. Furthermore, OST
showed similar inhibitory effect to that of PDTC on

Figure 7. OST inhibited TGF-b1-induced EMT in A549 cells.

TGF-b1-induced alterations morphologically and biochemically. Thus, it suggested that OST inhibited EMT by
modulation of NF-kB pathway. Along with its downregulation of Snail, the inhibitory effect of OST was probably
mediated by inactivation of NF-kB-Snail signal pathway.

CELL ADHESION & MIGRATION

In summary, as depicted in Fig. 7, the study demonstrated that OST inhibited TGF-b1-induced EMT,
adhesion, invasion and migration in A549 cells possibly
through downregulating NF-kB-Snail pathways. These
ﬁndings shed new insights into the anti-metastatic effect
of OST.
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