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Metastasis remains the primary cause of lung cancer. The molecules involved in metastasis may be can-
didates for new targets in the therapy of lung cancer. The MEK/ERK signaling pathway has been high-
lighted in a number of studies on invasiveness and metastasis. In this paper, we show that the MEK
inhibitor U0126 induces flattened morphology, remodels the actin-based cytoskeleton, and potently
inhibits chemotaxis and Matrigel invasion in the human lung cancer A549 cell line. Furthermore, down-
regulation of ERK by small interfering RNA significantly inhibits the invasion of A549 cells and induces
stress fiber formation. Taken together, our findings provide the first evidence that the inhibition of inva-
sion of lung cancer A549 cells by inhibiting MEK/ERK signaling activity is associated with remodeling of

the actin cytoskeleton, suggesting a novel link between MEK/ERK signaling-mediated cell invasion and

the actin-based cytoskeleton.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Lung cancer is the most commonly diagnosed malignancy and
the main cause of cancer-related deaths in males in Asian and
Western populations [1]. Metastasis remains the primary cause
of lung cancer. The inhibition of lung cancer metastasis is thought
to be an important therapeutic strategy. The molecules involved in
metastasis may be candidates for new targets in the therapy of
lung cancer [2].

The MEK/ERK signaling pathway is likely one of the most com-
monly activated pathways in malignant human cancers [3]. Its role
in the control of proliferation and survival during tumorigenesis
has been extensively studied [4,5]. In addition to its role in regulat-
ing cell proliferation and survival, MEK/ERK signaling has been
highlighted in a number of studies of invasiveness and metastasis.
For example, using effector domain mutants of the Ras oncoprotein
designed for the activation of specific downstream effectors, Webb
et al. [6] showed that although all of the mutants were tumorigenic
in nude mice when overexpressed in NIH3T3 fibroblasts, only a
mutant that activated the ERK MAPK pathway (V12 S35) induced
lung metastasis. In epithelial cells, other studies have shown that
MEK/ERK signaling, in cooperation with TGFB, induces invasive-
ness in vitro and metastasis in vivo [7,8].

A recent group of studies has shown that ERK plays a critical
role in the metastasis of lung cancer. In orthotopic human lung
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cancer models, combined MEK and VEGFR inhibition results in en-
hanced inhibition of tumor angiogenesis, growth, and metastasis
[9]. Ueno et al. [10] reported that asialoglycoprotein receptor pro-
motes cancer metastasis by activating the EGFR-ERK pathway.

In this paper, we provide the first evidence that the inhibition of
invasion of lung cancer A549 cells by inhibiting MEK/ERK signaling
activity is associated with remodeling of the actin cytoskeleton.
We have identified a novel link between MAPK-mediated cell inva-
sion and the actin-based cytoskeleton.

2. Materials and methods
2.1. Antibodies and reagents

The following primary antibodies (Abs) were used: rabbit
polyclonal antibodies against MEK1 and GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA) and antibodies against phospho-
MEK1/252171221 phospho-ERK1/2Thr202/Tyr204 and ERK1/2 (Cell Sig-
naling Technology, Beverly, MA). The MEK1/2 inhibitor (U0126)
and actin polymerization inhibitor jasplakinolide were purchased
from Calbiochem (San Diego, CA).

2.2. Cell culture

Human lung cancer A549 cells were maintained in F12K
medium supplemented with 10% FBS, 1% penicillin-streptomycin
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(100 units/ml penicillin and 100 pg/ml streptomycin) and 1% glu-
tamine and grown at 37 °C and 5% CO,.

2.3. Cell morphology

A549 cells plated overnight in 6-well dishes in the presence or
absence of U0126 (10 uM) or jasplakinolide (200 nM) were photo-
graphed under a phase-contrast microscope.

2.4. Chemotaxis and invasion assays

Chemotaxis and invasion were measured with the Boyden
chamber assay using BD BioCoat Control Inserts (BD Biosciences).
A549 cells were plated in the insert chambers in serum-free
F12K medium. The lower chambers were filled with medium sup-
plemented with 10% FBS. The cells were allowed to migrate for
16 h (chemotaxis) and 24 h (invasion), and cells that had not pen-
etrated the filters were removed with cotton swabs. Chambers
were fixed and stained using a Diff-Quik Stain Set (Dade Behring
Inc., Newark, DE) and examined under a bright-field microscope.
Values for migration were obtained by counting six fields per
membrane (20x objective) and represent the average of three
independent experiments. For drug treatment, U0126 (10 uM) or
jasplakinolide (200 nM) was added to A549 cells for 18 h in F12/
10% FBS prior to and during the migration and invasion assays.
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2.5. Western blotting

A549 cells grown in the presence or absence of U0126 were pla-
ted in 10 cm dishes and serum starved overnight by incubation
with serum-free F-12K medium. The cells were stimulated with
10% FBS in medium for 10 min and immediately lysed in RIPA
buffer. A total of 30 ng total protein per sample was separated
through SDS-PAGE, blotted onto PVDF membranes, blocked for
30 min with 5% bovine serum albumin in 1x TBS/T (0.1% Tween-
20 in Tris-buffered saline) and then probed with the indicated
antibodies. The membranes were washed in TBS/Tween/milk and
incubated with goat anti-rabbit (1:1000) secondary antibody con-
jugated to horseradish peroxidase (Amersham Pharmacia Biotech,
Piscataway, NJ). Visualization of the protein bands was performed
with the Enhanced Chemiluminescence Plus kit as recommended
by the manufacturer (Perkin Elmer, Boston, MA).

2.6. siRNA transfection

Synthetic ERK1 and 2 siRNA ON-TARGETplus SMARTpool,
ONTARGETplus nontargeting siRNA and DharmaFECT 1 transfec-
tion reagent were purchased from Dharmacon. A549 cells were
plated at equal densities in 6-well plates (3.0 x 10* per well) over-
night. Cells were transfected with 50 nM of siRNA-NS or 50 nM of
siRNA against ERK for 24 h using DharmaFECT 1 transfection
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Fig. 1. Inhibition of ERK1/2 in A549 cells induced flattened morphology and remodeled the actin-based cytoskeleton. (A) Morphological changes induced in A549 cells treated
with U0126. (B) U0126 induces actin stress fiber formation. A549 cells grown in the presence or absence of U0126 were imaged with phase-contrast microscopy (left panel)
or fixed and stained for F-actin (rhodamine-phalloidin) (middle panel) and the nucleus (DAP], right panel). sf: stress fibers. (C) Immunoblot analysis of p-MEK, MEK1, p-ERK1/
2, ERK1/2 and GAPDH protein levels in A549 cells grown in the presence or absence of U0126.
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Fig. 2. U0126-mediated inhibition of chemotaxis and invasion correlates with the actin-based cytoskeleton. (A) U0126 inhibits chemotaxis. A549 cells treated with U0126
exhibit an approximately 3-fold reduction in chemotaxis (to 10% FBS) compared with the control. *p < 0.01. (B) U0126 leads to an approximately 6-fold decrease in Matrigel
invasiveness. *p <0.01. (C) The morphology change of A549 cells treated with jasplakinolide. Consistent with treatment with U0126, jasplakinolide induced flattened
morphology. Jas: jasplakinolide. (D) Jasplakinolide inhibits Matrigel invasiveness. *p < 0.01.

reagent according to the manufacturer’s protocol. Following trans-
fection, the cells were harvested for experiments as indicated.

2.7. Immunofluorescence analysis

A549 cells were plated on glass coverslips, treated with DMSO
or U0126 for 48 h, washed twice with PBS, fixed with 60% ace-
tone/3.7% formaldehyde in PBS, and blocked with 3% non-fat dry
milk in PBS for 30 min at room temperature. Actin filaments were
stained with rhodamine-labeled phalloidin (1:500; Sigma), and nu-
clei were stained with DAPI (1:1000; Invitrogen). Fluorescent
images were obtained using an Olympus inverted microscope.

2.8. Statistics

The statistical significance between groups was determined
with a two-tailed Student’s t-test.

3. Results and discussion

3.1. U0126 modifies cell morphology and induces the formation of
actin stress fibers in A549 cells

A549 cells normally have a human alveolar basal epithelial
appearance. However, they acquired a different phenotype follow-
ing U0126 treatment and appeared to be flat and spread (Fig. 1A).
Because actin microfilaments and associated proteins determine
the cell shape [11], the actin skeleton was stained in A549 cells.
Control cells showed a diffuse distribution of actin; however,
U0126 increased the sizes and promoted the formation of actin
stress fibers in A549 cells (Fig. 1A). Indeed, treatment of A549 cells
with U0126 resulted in cell flattening marked by the reestablish-
ment of actin stress fibers. We addressed whether the U0126-in-
duced morphology change was due to inhibition of MEK/ERK
signaling activation. Thus, A549 cells were serum starved in the
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Fig. 3. siRNA ERK inhibits invasion and induces stress fiber formation in A549 cells. (A) Immunoblot analysis showing decreased ERK1/2 protein levels in cells transfected
with siRNA ERK. (B) siRNA ERK inhibits Matrigel invasiveness in A549 cells. *p < 0.01. (C) siRNA ERK induces actin stress fiber formation. sf: stress fibers.

presence or absence of U0126, stimulated with 10% FBS for 10 min,
and the cell lysates were probed for phospho-MEK or -ERK relative
to total MEK or ERK protein levels as an indicator of activated MEK/
ERK signaling. As shown in Fig 1B, MEK and ERK phosphorylation
was decreased after U0126 treatment after serum stimulation.

3.2. U0126 inhibits migration and Matrigel invasion

Cell adhesion and migration are controlled by complex changes
in the cytoskeleton, particularly the actin cytoskeleton, which
plays a pivotal role in controlling cell motility, including cell mor-
phology, adhesion and migration [12-14].

MAPK is involved in cell motility and invasion [15,16]. We
determined whether U0126-induced remodeling of the cytoskele-
ton affected cell motility. Chemotaxis was evaluated in A549 cells.
The cells were incubated in serum-free media with or without
U0126 in the upper chamber of 8 pm pore membranes of Boyden
chambers with 10% FBS as a chemoattractant in the lower wells.
Fig. 1A shows that U0126 treatment decreased chemotaxis approx-
imately 3-fold (p < 0.01; Fig. 2A). To further explore invasive activ-
ity, similar Boyden chamber assays were performed, except the
cells were placed in the upper chamber of inserts with Matrigel-
coated membranes and then assayed for movement toward the
bottom chamber containing 10% FBS. Inhibition of MEK/ERK activ-
ity also decreased invasiveness 6-fold (p < 0.01; Fig. 2B). Indeed,
the inhibition of MEK/ERK signaling in A549 cells resulted in cell
flattening marked by the reestablishment of actin stress fibers.
We determined whether the ability of U0126 to suppress invasion
was associated with the actin cytoskeleton. The cells were treated
with jasplakinolide, which stabilizes actin stress fibers primarily by
decreasing the dissociation rate of actin subunits at a low concen-
tration [17], and jasplakinolide showed similar results as U0126,
inducing cell flattening and the formation of stress fibers
(Fig. 2C) and decreasing cell invasion (Fig. 2D). Taken together,
these data indicate that inhibiting MAPK can inhibit specialized
in vitro parameters of motility associated with remodeling of the
cytoskeleton.

3.3. Knockdown of ERK decreased invasion and established the actin
cytoskeleton

To further determine whether ERK plays a role in A549 cell
migration and invasion, siRNA-ERK1/2 was used to knockdown
ERK1/2 expression in A549 cells, as confirmed with immunoblot
analysis (Fig. 3A). siRNA-ERK decreased A549 cell invasion upon
serum chemical attraction and induced actin stress fiber formation
(Fig. 3B and C), suggesting that the inhibition of ERK-suppressed
A549 cell invasion may be due to changes in the cytoskeleton.

It has become clear that MEK/ERK signaling is an important reg-
ulator of cell motility, including migration and invasion. In this
context, U0126 inhibited MEK/ERK activity and promoted the for-
mation of actin stress fibers, leading to reduced cell migration and
invasion. Because these mechanisms are fundamental for cell
structure and force generation, they are associated with numerous
cellular processes, such as intracellular trafficking, cell morphology
maintenance and changes, cytokinesis, secretion, cell adhesion and
migration.

Thus, inhibition of ERK may provide a mechanism of blocking
tumor cell motility and invasion and metastasis in lung cancer.
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