
Abstract. Up-regulation of extracellular-regulated kinases 1/2
(ERK1/2) has been implicated in tumor progression and
metastasis in many types of cancer. We have previously
shown that ERK1/2 is necessary for invasiveness of Dunning
rat prostatic adenocarcinoma cell lines in which levels of
activated ERK1/2 correlate with the metastatic potential.
Here, we further examined the biological effects of elevated
ERK1/2 in the highly metastatic Dunning cell line, MLL,
in which the abilities to invade and metastasize are enhanced
relative to its progenitor strain. Inhibition of ERK1/2 activation
by the MEK1 inhibitor, PD98059, dose-dependently reduced
MLL cell invasiveness and motility with similar IC50 values.
On the other hand, the abilities of MLL cells to adhere to
the extracellular matrix, phosphorylate myosin regulatory
light chain and secrete matrix-degrading enzymes, matrix
metalloproteinase (MMP)-2 and urokinase plasminogen
activator (uPA) were marginally, if at all, affected by
PD98059 treatment. These data indicated that the inhibitory
effect of PD98059 on the invasiveness of MLL cells was
primarily due to the suppression of cell motility, and the
up-regulation of ERK1/2 is, at least in part, responsible for
the enhanced cellular motility and invasiveness of the MLL
cells.

Introduction

Metastasis, the spreading of malignant cells from the primary
site to form a tumor mass at distant organs of the body, is the
major cause of death in cancer patients. One of the critical
characteristics of a metastatic cell is invasion, the ability to
penetrate and invade the extracellular matrix and surrounding
tissue. Invasion is a multistep process, requiring the
coordination of various events, including alteration of cell

adhesion, promotion of cell migration, and degradation of the
extracellular matrix barrier (1). Specifically, metastatic cells
adhere to the basement membrane, secrete matrix-degrading
enzymes [viz. matrix metalloproteinases (MMPs) and urokinase
plasminogen activator (uPA)] to degrade the extracellular
matrix barrier, and migrate from its original site. Many of
these processes are regulated by various signaling pathways,
one of the best characterized being the Ras/MEK/ERK
signaling pathway.

ERK1/2 is a mediator that can be activated by a phos-
phorylation cascade caused by a variety of growth factors,
cytokines and adhesion molecules such as integrins. Up-
regulation of the MEK/ERK pathway has been found in
many types of cancer, including breast, prostate, colon, and
kidney cancer (2), and is correlated with tumor progression
and metastasis (3,4). Apart from proliferation, ERK1/2 has
been associated with diverse biological processes involved in
acquisition of the invasive phenotype, such as cell motility
and extracellular matrix degradation. Inhibition of the ERK
pathway by the MEK1 inhibitor, dominant negative MEK or
antisense ERK inhibits cell migration in a variety of cell types,
such as COS-7 (5) and MCF-7 cells (6). In addition, ERK1/2
is involved in the regulation of matrix-degrading enzymes,
such as MMPs and uPA. A MEK inhibitor, U0126, suppresses
uPA expression as well as MMP-9 and MMP-2 secretion in
an ovarian cancer cell, OVCA 433 (7).

The Dunning sublines are a family of rat prostatic
adenocarcinoma cell lines developed from the same parental
origin, a Dunning tumor. Their invasion, migration, adhesion
and matrix-degrading enzyme production correlate with their
metastatic ability (8,9). Previous studies from our laboratory
on these cell lines showed that inhibition of ERK1/2
activation suppresses their invasive ability, and the level of
activated ERK1/2 also correlates with their metastatic
potential (10). Here, we further explored how ERK1/2 regulates
the cell invasiveness of MLL, a highly metastatic Dunning
cell line, and whether the enhancement of those metastatic
factors results from an increase in ERK activation. The role of
ERK1/2 in cell invasiveness was investigated by determining
the effects of a MEK1 inhibitor, PD98059, on features
critical for the invasiveness acquired by MLL cells. We show
that PD98059 inhibited cell motility at a level similar to its
inhibition of cell invasiveness, whereas its effects on adhesion
and matrix-degrading enzymes were minimal, implying that
PD98059 primarily inhibited cell invasion by suppressing
cell motility.
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Materials and methods

Cell lines and culture condition. The highly metastatic Dunning
rat prostatic adenocarcinoma cell line, MLL, was kindly
provided by Dr Kenneth Pienta (University of Michigan, Ann
Arbor, MI). In animal models, the MLL cells exhibited high
metastatic ability to the lymph node and lung. (11). The cells
were maintained in RPMI-1640 medium supplemented with
10% heat-inactivated fetal bovine serum (FBS), L-glutamine
and 1X antibiotic-antimycotic liquid (Life Technologies Inc.,
Rockville, MD) at 37˚C in a humidified atmosphere containing
5% CO2.

In vitro invasion and migration assays. Cell invasiveness was
determined using Transwell chambers (Corning Costar
Corp., Cambridge, MA). Transwell inserts (8.0 μm pore) were
coated with 100 μl of 0.3 mg/ml of Matrigel (Becton-
Dickinson, Bedford, MA) (12). Cell suspension (2x105 cells)
in serum-free medium containing PD98059 (Cell Signaling
Technology, Inc., MA) was added to the upper compartment
of the Transwell chamber, and culture medium containing
10% FBS was added to the lower compartment. Control cells
were treated with the same vehicle (dimethylsulfoxide,
DMSO). After incubation for 6 h at 37˚C in a humidified
atmosphere containing 5% CO2, non-invaded cells on the
upper surface of the membrane filter were removed using a
cotton swab. Cells that traversed the Matrigel and membrane
layer were fixed and stained with 0.5% crystal violet. The
number of invaded cells in five random microscopic fields
(under 10x objective) was counted and expressed as the
average number of invaded cells/field. Migration assays were
also performed using Transwell chambers in a similar fashion
to the invasion assay, but with no Matrigel coating on the
upper Transwell compartment.

Cell survival assay. Cells (1.5x103) were plated onto 96-well
plates for 48 h to allow attachment and then treated with
medium containing PD98059 for 6 h in the same conditions
as those of the invasion assay. After incubation, viable cells
were analyzed by MTT assay (13). In brief, 50 μg of MTT
(USB Corp., Cleveland, OH) was added to the cell culture.
After 3-h incubation, the solution was aspirated. MTT was
converted into water-insoluble formazan in live cells and then
dissolved by the addition of 200 μl of DMSO. The absorbance
was measured at 540 nm.

Adhesion assay. Adhesion was determined as previously
described (14). In brief, a 96-well plate was coated with
0.3 mg/ml of Matrigel followed by incubation with 3% BSA
for 2 h. Prior to the addition of cells, wells were washed
twice with phosphate-buffered saline (PBS). Cells (5x103) in
medium containing 10% FBS with various concentrations of
PD98059 were added. After 1-h incubation at 37˚C, non-
adhering cells were removed and the wells were gently
washed twice with PBS. Living cells adhering to Matrigel
were quantitated by MTT assay as described above.

The reported values of invasion, migration survival and
adhesion assay are the means ± SEM of results obtained from
three independent experiments, each conducted in duplicate.
Statistical significance, as determined using the t-test, was
set at P-value <0.05.

Gelatinase and plasminogen activator assay by zymography.
Cells (2x105) were cultured in 60-mm dish for 48 h, washed
twice and incubated in serum-free medium containing
PD98059 for 6 h, then conditioned medium and/or cells were
harvested for zymogram analysis. Gelatinase activity of
MMP-2 and MMP-9 secreted in the conditioned medium was
analyzed in SDS-gelatin gel under non-reducing conditions as
described previously (14). Briefly, 20% of total concentrated
conditioned medium was mixed with non-reducing SDS sample
buffer and electrophoresed in a 7.5% SDS-PAGE containing
1 mg/ml of gelatin (Sigma-Aldrich Corp., St. Louis, MO).
After electrophoresis, the gel was washed twice with 2.5%
Triton X-100 and incubated in 50 mM Tris-HCl pH 7.5 buffer
containing 10 mM CaCl2, 1 mM ZnCl2 and 1% Triton X-100
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Figure 1. Effects of MEK1 inhibitor on in vitro invasion, motility and cell
survival of MLL cells. MLL cells were resuspended in media containing
indicated concentrations of PD98059 and plated on the upper compartment
of a Matrigel-coated (for invasion assay) and non-coated (for motility assay)
Transwell chamber. Cells treated with the same vehicle were used as the
control. After 6-h incubation, the number of invaded cells was counted. In
cell proliferation assay, cells were plated on a 96-well microplate for 48 h,
replenished with media containing PD98058, and incubated for 6 h. The
viable cells were analyzed by MTT assay, and OD was measured at 540 nm.
The results represent mean ± SEM obtained from three separate experiments,
each performed in duplicate. *Significant difference of P<0.05.

Figure 2. Effect of MEK1 inhibitor on adhesion of MLL cells to Matrigel.
MLL cells were resuspended in media containing PD98059 and plated on a
Matrigel-coated 96-well microplate. After 1-h incubation, the adherent cells
were analyzed by MTT assay, and OD was measured at 540 nm. The results
represent mean ± SEM obtained from three separate experiments, each
performed in triplicate.
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for 16-18 h at 37˚C, before staining with 0.5% Coomassie
blue. After destaining, the gelatinolytic activity, appearing as
a clear band on a blue background, was quantitated using a
Bio-Rad GS700 gel scanner.

uPA activity in conditioned medium and bound uPA, eluted
from cell surface by 50 mM glycine pH 3.0, were analyzed
using SDS-plasminogen-gelatin gel under non-reducing
conditions as described by Evans et al (15). The conditioned
medium was concentrated 100 times, and the total amounts
were used for analysis. The concentrated conditioned media
and bound uPA were electrophoresed in a 10% SDS-PAGE
containing 1 mg/ml gelatin and 10 μg/ml plasminogen (Roche
Diagnostic GmbH, Mannheim, Germany). After electro-
phoresis, the gel was washed twice with 2.5% Triton X-100
and incubated in reaction buffer containing 100 mM Tris-
HCl pH 7.8, 0.15 M NaCl, and 1% Triton X-100 for 16-18 h
at 37˚C, and then stained with Coomassie blue dye followed
by a destaining step. The clear band at the molecular weight
of approximately 40 kDa represented urokinase plasminogen
activator. Plasminogen-free gel was used as a negative control
to confirm that the activity in plasminogen gelatin gel required
the presence of plasminogen.

Quantification of total and phosphorylated forms of ERK1/2
and myosin regulatory light chain (MRLC). The levels of
total and phosphorylated forms of ERK1/2 and MRLC were
analyzed by immunoblotting using antibodies specific to total
and phosphorylated forms of ERK1/2 and MRLC, respectively.
Cells treated with various conditions were lysed with lysis
buffer containing 0.1% SDS, 1% sodium deoxycholate,
1% Nonidet P-40, 1X protease inhibitor cocktail (Roche
Diagnostics GmbH), 2 mM sodium orthovanadate, 40 mM
ß-glycerophosphate and 50 mM sodium fluoride. The lysates

were centrifuged at 12,000 x g for 10 min and then proteins
were electrophoresed on 8% SDS-PAGE for analysis of
ERK1/2 and 15% SDS-PAGE for analysis of MRLC. After
electroblotting, the nitrocellulose membranes were incubated
with primary antibodies specific to ERK1/2 and phospho-
ERK1/2 (Cell Signaling Technology Inc.) and to MRLC
(Sigma-Aldrich Corp.) and phospho-MRLC (Thr18/Ser19)
(Santa Cruz Biotechnology, Inc., CA). The protein bands were
visualized using an ECL kit (Pierce Biotechnology, Inc.,
Rockford, IL).

Results

Effects of PD98059 on in vitro invasion, migration and
survival of MLL cell lines. We have previously shown that
ERK1/2 is essential for the invasiveness of Dunning cells
(10). Here, we further investigated how ERK1/2 regulates
cell invasion by studying the effects of a MEK1 inhibitor,
PD98059, on cell migration and adhesion, which are crucial
events that occur during cell invasion. MLL cell invasiveness
and migration were assayed using the in vitro Transwell
method. Fig. 1 shows that treatment with PD98059 resulted
in a dose-dependent reduction of cell migration with an
inhibition profile similar to that of cell invasiveness.
Moreover, the IC50 values of cell migration (8.9±1.3 μM) and
invasiveness (7.7±1.0 μM) were not significantly different.
Both cell invasiveness and motility were almost completely
inhibited by 100 μM PD98059.

To ensure that the migration inhibitory effect was not the
result of PD98059 toxicity, the effect of the drug on cell
survival was determined using the same conditions for the
migration assay. Fig. 1 shows that 0-50 μM PD98059 did not
have a significant effect on cell survival. At 100 μM where
migration and invasion were almost completely blocked, cell
survival was inhibited by <10%.

Effect of PD98059 on adhesion of MLL cells to extracellular
matrix. Given that MLL cells acquire great ability to adhere
to the ECM component compared to their parental, low
metastatic cells, and adhesion to ECM is a critical requirement
for cell migration, we determined whether ERK activation was
important for cell adhesion. Cells were treated with various
concentrations of PD98059 and then allowed to adhere to
Matrigel for 1 h. Surprisingly, PD98059 treatment had no
effect on MLL cell adhesion to the artificial extracellular
matrix, Matrigel, at doses where migration and invasion of
MLL cells were drastically inhibited (Fig. 2).

Effects of PD98059 on levels of secreted MMP and uPA.
Besides migration and adhesion, extracellular matrix
degradation is another key factor required for cell invasiveness.
Many types of cancer cells secrete a large amount of matrix-
degrading enzymes. The MLL cells overexpress MMP-2 and
uPA, correlating with its enhanced metastatic ability (9). We
determined the levels of MMP-2 and uPA secreted in the
conditioned medium and uPA bound on the cell surface using
gelatin (for MMP-2) and plasminogen-gelatin zymography
(for uPA). Although PD98059 slightly reduced secreted
MMP-2 levels in some experiments (Fig. 3), this inhibitory
effect was neither dose-dependent nor statistically significant.
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Figure 3. Gelatin zymography showing the effect of MEK1 inhibitor on the
amount of MMP-2 secreted in conditioned medium of MLL cells. Cells
were treated with PD98059 in serum-free media for 6 h and then 20% of the
total concentrated conditioned medium was analyzed by gelatin zymography
(a). The clear band at approximately 72 kDa represents the gelatinase
activity of MMP-2. The relative band densities (b) were quantitated using a
gel densitometer, and the data represent the mean ± SEM of band density as
a percentage related to the control from three separate experiments
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Fig. 4 shows that both soluble and bound uPA were marginally,
if at all, affected by PD98059.

To show that the lack of change in MMP-2 and uPA
activities was not due to the inability of PD98059 to execute
inhibitory effects, we showed that phospho-ERK1/2 was
drastically reduced in a dose-dependent manner (Fig. 5A).
Furthermore, ERK1/2 phosphorylation was suppressed after
the first 15 min of treatment with PD98059 and continued to
be suppressed throughout the assay period (6 h) (Fig. 5B).

These results suggest that downstream effectors of phospho-
ERK1/2 should have been affected under this assay condition.

Effect of PD98059 on myosin regulatory light chain
phosphorylation. The data shown above indicated that
ERK1/2 activation is critical for cell migration. To investigate
if the regulation of cell migration by ERK1/2 occurs through
phosphorylation of MRLC, we determined the levels of
MRLC phosphorylation upon treatment with PD98059 by
immunoblotting. Treatment with up to 100 μM PD98059 had
no significant effect on the levels of phospho-MRLC,
although this concentration had earlier been shown to suppress
in vitro invasion of MLL cells by >95% (Fig. 1). On the
contrary, cells treated with ML-7, a MLCK inhibitor, showed
an approximate 25% reduction of MRLC phosphorylation
after normalizing with total MRLC (Fig. 6).

Discussion

There is a large amount of evidence demonstrating the role of
ERK in invasiveness in many cancers, including prostate
cancer (2). Our previous study showed that ERK1/2 is
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Figure 4  Plasminogen-gelatin zymography showing the effects of MEK1
inhibitor on the amount of soluble uPA secreted in the conditioned medium
(a and b) and cell surface-bound uPA (c and d). Cells were treated with
PD98059 in serum-free media for 6 h. Then, the total concentrated conditioned
media containing soluble uPA (a) and glycine-eluted cell surface-bound
uPA (c) were analyzed by plasminogen-gelatin zymography. The clear band
represents the plasminogen activator activity of uPA. The relative band
densities of the soluble (b) and bound uPA (d) were quantitated using a gel
densitometer. The data represent the mean ± SEM of band density as a
percentage related to the control from three independent experiments.

Figure 5. Effect of PD98059 on ERK phosphorylation. (a) Cells were treated
with PD98059 in serum-free medium for 6 h and then cell lysates were
analyzed for total and phospho-ERK1/2 by immunoblotting with anti-ERK1/2
and phospho-ERK1/2. (b). Cells were treated under the same conditions and
harvested and lysed at various time points before assaying for total and
phospho-ERK1/2. The results are representative of three independent
experiments.

Figure 6. Effects of MEK1 inhibitor on levels of total and phospho-MRLC.
Cells were treated with PD98059 or ML-7 for 6 h and then cell lysates were
analyzed for total and phospho-MRLC by immunoblotting with antibodies
specific to MRLC and phospho-MRLC. The results are representative of
three independent experiments.
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necessary for cell invasion of several cell lines in the Dunning
rat prostatic adenocarcinoma family, and the steady-state
levels of phosphorylated or activated ERK1/2 correlate with
their metastatic and invasive abilities (10). When compared
to the low metastatic progenitor cells, MLL cells with a high
active ERK level exhibit enhancement of metastatic potential
as well as other key characteristics of metastatic cells,
namely enhanced cell adhesion, cell motility, and secretion of
extracellular matrix degrading enzymes (8,9). This suggests
that ERK activation, at least in part, underlies the development
of these metastatic phenotypes in MLL cells. To investigate if
this was the case, we inhibited MEK1, an upstream regulator
of ERK1/2, with PD98059 and observed the biological effects
of treated cells. The results showed that PD98059, a specific
MEK1 inhibitor, suppressed the cell motility and invasion of
MLL cells with similar inhibition profiles and IC50 values but
had no effect on MRLC phosphorylation, attachment to
Matrigel or the levels of secreted MMP-2 and uPA.

These data indicate that ERK activation promotes cancer
cell invasiveness by enhancing its ability to move. Consistent
with our data, ERK1/2 has been shown to play an important
role in regulating cell migration in numerous cell types (16).
Inhibition of the ERK pathway by MEK1 inhibitor, PD98059
or U0126, or by dominant negative ERK suppresses cell
motility in diverse cell types in response to extracellular
matrix components, growth factors and uPA (6,17), while
constitutively active MEK1 promotes cell migration (5).

MEK1 promotes cell migration by phosphorylating MLCK,
which leads to the phosphorylation of myosin regulatory
light chain and enhanced cell motility in COS (5) and MCF-7
cells (18). Previous data from our laboratory have demonstrated
that MLCK is also critical for the invasiveness and motility
of MLL cells (14), suggesting that inhibition of ERK1/2 may
also result in the reduction of MLCK phosphorylation, thereby
inhibiting cell motility and invasion. However, our present
results showed no change in MRLC phosphorylation after
PD98059 treatment, suggesting that MLCK may not be a
major substrate of ERK1/2 in MLL cells. Other ERK substrates
likely to participate in cell migration are focal adhesion kinase
(FAK), paxillin, and calpain (16). Phosphorylation of paxillin
by ERK promotes paxillin-FAK association and FAK phos-
phorylation and activation, which regulates focal adhesion
turnover and PI3K-Rac mediated lamellipodia protrusion
(19-21). M-calpain is also phosphorylated and activated by
ERK. This active M-calpain then degrades FAK and cyto-
skeletal proteins to promote focal adhesion disassembly (22).
These proteins may also play roles in the ERK-induced motility
of MLL cells.

Motile cells need to attach to the extracellular matrix in
order to migrate. Thus, cell adhesion constitutes one of the
critical properties required for cell migration. The fact that
the highly metastatic motile MLL cell shows greater ability
than its parental cell to attach to the extracellular matrix
protein, fibronectin (8), and that the chemotherapeutic drug,
pentosan, which alters cell-extracellular matrix interaction,
inhibits cell motility and prolongs the survival of rats injected
with MLL cells (23), confirm the association between the
adhesion of cells to the extracellular matrix and motility of
this cell line. However, our results showed that the number of
cells attached to Matrigel within 1 h was not altered after

treatment with PD98059, although the drug drastically inhibited
motility. This is consistent with previous studies reporting
that MEK1 inhibition does not affect cell adhesion but inhibits
motility (5,18). Although ERK has been shown to associate
with adhesion molecules such as integrin (24), this usually
occurs after the cells have been treated with an inhibitor for
48 h (25). In addition to integrin, ERK has also been implicated
in focal adhesion molecules such as FAK and paxillin;
however, these molecules are believed to play a role in focal
adhesion turnover, which is important for cell motility rather
than cell adhesion.

Breakdown of the extracellular matrix barrier is also a
fundamental step for cancer invasion. To overcome this barrier,
invasive cancer cells produce proteases such as MMPs and
uPA to degrade this barrier. Up-regulation of these proteases
is associated with tumor progression and metastasis in many
cancers including prostate cancer (26,27). In MLL cells, two
matrix-degrading enzymes, MMP-2 and uPA, have been
shown to be overexpressed and important for extracellular
matrix degradation (9), invasion and metastasis (15,28,29).
The role of ERK1/2 in regulating MMP-2 expression varies.
ERK1/2 induces MMP-2 expression in pancreatic (30) and
prostate cancer cell lines (31) but plays no role in induction
of MMP-2 in MCF10A (32) and MeWo melanoma cells (33)
and even negatively regulates MMP-2 expression in the Lewis
lung carcinoma cell line (34). ERK1/2 has also been shown
to induce uPA expression in diverse cancer cells such as
squamous cell carcinoma (35), ovarian cancer (7), and
pancreatic cancer cell lines (30). However, ERK1/2 appears
to have a minimal role in inducing MMP-2 and uPA activity
in the MLL cells under our assay conditions. The lack of
change in MMP-2 and uPA activities was not likely caused
by the incapability of PD98059 to suppress ERK1/2 phos-
phorylation and subsequent expression of these genes, as we
have shown that phospho-ERK1/2 was drastically reduced
under this assay condition. Therefore, it may be extrapolated
that the downstream effectors of ERK1/2 were suppressed. It
is thus likely that the MMP-2 and uPA regulation of MLL
cells is independent of the MEK1/ERK pathway. Supporting
this argument is a report by Li et al, demonstrating that
LPS-induced uPA expression involves the Ras/Raf1/NF-κB
pathway, independent of MEK1/ERK (36).

In summary, we have shown that the impairment of
invasion of the MLL cell line by PD98059, an inhibitor of
MEK1, was mainly attributed to the inhibition of cell motility
rather than the suppression of cell adhesion or extracellular
matrix degradation. These findings suggest that the up-
regulation of active ERK acquired in the highly metastatic MLL
cell line results in the enhancement of cell motility and invasion
but not other phenomena associated with metastasis. Although
ERK regulates MLL cell invasion and migration, this process is
unlikely to involve MLCK. The mechanisms of ERK-induced
migration in the MLL cell line remain to be elucidated and
would help provide a better molecular understanding of the
role of ERK1/2 in the development of metastasis.
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