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MEK1 and MEK?2 isoforms regulate distinct
functions in pancreatic cancer cells
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Abstract. The mitogen-activated protein kinase kinase 1/2
(MEK1/2) signalling pathway plays a central role in tumour
progression. Small molecules that inhibit MEK1/2 are
therefore considered attractive candidates for anti-cancer drugs.
However, the exact contributions of MEK 1 and MEK2 to the
development of pancreatic cancer remain to be established.
To differentiate the functions of MEK1 and MEK2 in a
cultured pancreatic cancer cell line, we utilised sShRNA-
mediated knockdown of their two mRNAs individually. We
studied the effects of MEK1 and MEK?2 knockdown on cell
morphology, proliferation, mitotic arrest, and in vitro invasion
capability in PC-1.0 cells. The results showed that inhibition
of MEK1 expression was an effective and specific approach
to inhibit cell proliferation and induce G,/G, arrest. On the
other hand, MEK?2 knockdown specially altered cell
morphology and inhibited the invasive ability of pancreatic
cancer cells. Therefore, MEK1 and MEK?2 mediate different
biological responses in cultured pancreatic cancer cells. These
proteins could become distinct targets for the inhibition of
specific cellular functions in the treatment of pancreatic
cancer.

Introduction

By the time it is diagnosed, pancreatic cancer has often
undergone extensive local invasion and/or metastasis,
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precluding a therapeutic surgical solution. Development of
new molecular therapeutic methods targeting the invasion/
metastasis-related factors is a promising avenue for improving
the prognosis of patients with pancreatic cancer. However,
the cellular and molecular mechanisms of invasion/metastasis
of pancreatic cancer have not been fully elucidated.

Two hamster pancreatic cancer cell lines with different
potentials for invasion and metastasis after intra-pancreatic
transplantation, PC-1 (low potential) and PC-1.0 (high
potential), were established from a pancreatic ductal carcinoma
induced by N-nitrosobis (2-oxopropyl) amine (BOP) in a
Syrian golden hamster (1-3). In our previous study, gene
expression differences between PC-1.0 and PC-1 cells were
examined using the representational difference analysis
(RDA) method. We identified mitogen-activated protein
kinase kinase 2 (MEK?2) as a factor that was correlated with
the invasion and metastasis potential of these cell lines (4).
Further investigation confirmed that MEK?2 was involved in
invasion/metastasis of both hamster and human pancreatic
cancer cells (5).

MEK?2 is a key kinase in the mitogen-activated protein
kinase (MAPK) signal transduction pathway, which is involved
in many cellular processes, including cell proliferation,
differentiation, cell division, stress, and apoptosis (6-9). The
MAPK pathways are evolutionarily conserved in all eukaryotes
and can be organized into a three-kinase hierarchy: a MAPK,
a MAPK activator (MAP kinase kinase, MKK or MEK), and
a MAP kinase kinase activator (MAP kinase kinase kinase,
MAPKKK) (10). MEK1 and MEK?2 are the only two isoforms
of the MEK family and are commonly referred to as MEK1/2.
Their amino acid sequences are ~85% identical and they are
expressed ubiquitously in cell lines and tissues. Although it is
commonly assumed that the two isoforms are functionally
equivalent, several lines of evidence indicate that they are
regulated differentially and may exert non-redundant
functions (11-13). Thus far, the individual roles of MEK 1
and MEK?2 in pancreatic cancer cells remain to be explored.

In this study, short-hairpin RNAs (shRNAs) expressed in
a retroviral vector were used to specifically silence the
expressions of MEK1 and MEK?2 in the highly invasive and
metastatic pancreatic cancer cell line PC-1.0 to demonstrate
the distinct functions of regulation by MEK1 and MEK?2 in
pancreatic cancer cells.
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Materials and methods

Cell lines and cell culture. Two hamster pancreatic cancer
cell lines, the weakly invasive and metastatic cell line PC-1
and the highly invasive and metastatic cell line PC-1.0 were
used. The PC-1 cell line was established from pancreatic
ductal/ductular adenocarcinomas induced by BOP in a Syrian
golden hamster (1). The PC-1.0 cell line was established from a
subcutaneous tumour produced after inoculation of PC-1
cells (2). These two cell lines exhibited differential growth
morphology in vitro. The PC-1 cells formed island-like cell
colonies, and PC-1.0 cells mainly grew as single cells (3).
Subclones of the PC-1.0 cells that expressed the MEK1 or
MEK?2 shRNA, as well as GP2-293 packaging cells (for
production of retrovirus), were used. These cell lines were
incubated in RPMI-1640 (Gibco-BRL, Grand Island, NY),
supplemented with 10% foetal bovine serum (Bioserum,
Victoria, Australia), 100 U/ml penicillin G, and 100 pg/ml
streptomycin at 37°C in a humidified atmosphere of 5% CO,.
The cells were serum-starved overnight before experiments.

Antibodies. Rabbit polyclonal antibodies raised against
epitopes of human MEK1, MEK2, and B-actin (Santa Cruz
Biotechnology, Santa Cruz, CA) were used as primary
antibodies. Horseradish peroxidase-conjugated secondary
antibodies and FITC-labelled fluorescent antibodies (Santa
Cruz Biotechnology) were used as secondary antibodies for
Western blotting.

Design of anti-MEK1 and anti-MEK2 RNAi sequence and
construction of sShRNA-expressing retroviral vector. The
MEKI1- and MEK2-specific target sequences were chosen
according to the comprehensive online RNAI tool (Clontech
Laboratories, Inc., CA, USA) at http://bioinfo2.clontech.
com/rnaidesigner using the MEK1 (Gene Bank Accession
no.: NM_002755) and MEK2 (Gene Bank Accession no.:
NM_030662) reference sequences. The MEK 1 shRNA targeted
nt 614-632 of the mRNA (5'-GGAGAAGCACAAGAUC
AUG-3") and the MEK2 shRNA targeted nt 1216-1234
(5'-CCUGGACUAUAUUGUGAAC-3") of the mRNA. The
shRNAs were chemically synthesized and cloned into the
retroviral vector pSIREN-RetroQ-Zsgreen as described
previously (14). Sequencing of the vectors to confirm shRNA
insertion was performed in an ABI Prism 3100 genetic
analyzer with a BigDye Terminator sequencing kit according
to the manufacturer's instructions (Applied Biosystems, CA,
USA).

Production of retroviruses and retroviral infection. GP2-293
cells (8x105) were cotransfected with the packaging vector
pVSV-G and RNAi-Ready pSIREN-RetroQ-Zsgreen vector
containing the MEK1 or MEK2 shRNA inserts (Clontech
Laboratories, Inc.) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). Control cell lines were generated by
infecting GP2-293 cells with the appropriate empty control
vectors (RNAi-Ready pSIREN-RetroQ-Zsgreen vector and
pVSV-G vector). After transfection, cells were cultured for
48 h in RPMI-1640. The retrovirus-containing supernatants
were filtered and used to infect PC-1.0 cells according to the
manufacturer's recommendations of Retroviral Gene Transfer
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and Expression User Manual (PT3132, Clontech Laboratories,
Inc.). For stable silencing of MEK1 and MEK?2, the colonies
of the infected PC-1.0 cells were picked under a fluorescent
microscope, expanded, and analysed separately.

Analysis of MEK1 and MEK2 mRNA expressions by RT-
PCR. Total RNA was isolated from the MEK1 or MEK2
shRNA-expressing PC-1.0 cells and the empty vector-infected
control PC-1.0 cells. An aliquot of 1 ug of total RNA from
each sample was reverse-transcribed to cDNA using the
SuperScript II kit (Life Technologies, Inc.) as previously
described (5). The specific PCR primer sequences for MEK1,
MEK?2 and B-actin were: MEK1 forward: 5'-ATTATTGTTC
CCCTAAGTGGATTG-3', reverse: 5'-TTACAACAGCATT
GGTACTTGGAT-3'; MEK2 forward: 5'-GCAGTCGGACA
TCTGGAGCA-3', reverse: 5'-CACCGTTG GGCAGCTTA
GGA-3'; B-actin forward: 5'-GTGGGGCGCCCCAGGCA
CCA-3', reverse: 5'-CTCCTTAAGTCACGCACGATTCC-3'.
B-actin was used as a normalising control. After an initial
denaturation step of 95°C for 5 min, the PCR was run for 30
cycles of 94°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min,
with a final extended step at 72°C for 7 min. Independent
experiments were done in triplicate. For mRNA quantification,
samples were normalised against the expression of $-actin
mRNA and analysed using GeneSnap and GeneTools software
(Syngene, Cambridge, UK).

Analysis of MEKI1 and MEK?2 protein levels by Western
blotting. Cells were grown in 90-mm dishes containing 10 ml
of RPMI-1640 plus 10% foetal bovine serum. The cells were
lysed in 1 ml ice-cold RIPA buffer (50 mM Tris, 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
pH 7.5 with 1 mM phenylmethylsulfonyl fluoride, I mg/ml
leupeptin, and 1 mg/ml aprotinin were added immediately
before use) on ice for 15 min. After centrifugation (5 min at
5000 rpm) at 4°C, the supernatants of cell lysates were
collected and stored at -80°C. B-actin was detected as a loading
control.

Western blotting was performed as described previously
(15). In brief, samples of equivalent total protein (20 ug)
were run in a 5% polyacrylamide slab gel and transferred to
a polyvinylidene fluoride (PVDF) membrane (Bio-Rad,
Anaheim, USA). The membranes were incubated with
primary antibody diluted in 0.1% Tween-20/PBS overnight
at 4°C. The blots were then incubated with horseradish
peroxidase-conjugated secondary antibody (diluted 1:5000)
in 0.1% Tween-20/PBS. Enhanced chemiluminescence (Santa
Cruz Biotechnology) was used to detect the signals, which
were developed on Kodak scientific imaging film (Eastman
Kodak Company, Rochester, NY).

In vitro proliferation assay. The MEK 1-knockdown, MEK?2-
knockdown, and control PC-1.0 cells were seeded at a density
of 5000 cells per well in 96-well plates in culture medium
containing 10% FBS. After 3 days, the number of viable cells
was counted using the Cell counting kit 8 (Dojindo Co.,
Kumamoto, Japan) according to the manufacturer's
instructions. The assay reagent is a tetrazolium compound
(WST-x8) that is reduced by live cells into a coloured
formazan product that can be measured at 450 nm. The
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Figure 1. MEK1 and MEK2 mRNA expression in PC-1.0 cells after shRNA-
mediated knockdown. Expression of MEK1 shRNAs in PC-1.0 cells
significantly decreased MEK1 mRNA levels compared with the empty
vector but showed no inhibition of MEK2 expression. Similarly, MEK2
shRNAs markedly decreased MEK2 mRNA levels but did not affect MEK 1
expression. 3-actin served as the normalisation control.

quantity of formazan product measured at 450 nm is directly
proportional to the number of live cells in the culture. The
experiments were repeated in triplicate wells.

Cell cycle analysis. Analyses of the cell cycle and mitotic
arrest were performed using propidium iodide (PI) to visualise
DNA. The cells were trypsinised, pelleted, and resuspended
in one volume of ice-cold phosphate-buffered saline (PBS).
The suspension was gently agitated while three volumes of
ice-cold 95% ethanol were slowly added. Cold reagents and
the gradual addition of ethanol were used to reduce clumping
of cells. The cells were then pelleted and resuspended in equal
volumes of 30 pg/ml PI and 100 pxg/ml RNase A, both in
PBS. Stained cells were stored overnight at 4°C and protected
from light until analysis. Cell cycle was analysed using a
FACScan flow cytometer (Becton Dickinson, San Jose, CA) to
determine the percentage of cells in the G1, G2, and S phases.

In vitro invasion assay. The in vitro invasion assay was done
using Invasion Chambers (Becton Dickinson Labware,
Bedford, MA). RPMI-1640 medium (1 ml) with 10% FBS
and, as a chemoattractant, the same volume of serum-free
conditioned medium of BALB/3T3 cells were added to the
cluster plate well. Cell suspension (500 pl) (1x10°/ml) of
MEK1-knockdown, MEK?2-knockdown, or control PC-1.0
cells in RPMI-1640 medium with 10% FBS and the same
volume of test materials dialysed to PBS were added to the
inside of the transwell. These cells were incubated for 12 h at
37°C. After incubation, cells remaining in the upper surface
of the filter were wiped off with a cotton swab, and cells that
had migrated to the lower side of the filter were fixed and
stained with Diff-Quik reagent (Dade Behring, Dugen,
Switzerland). The number of cells migrating to the lower side
of the filter was determined by counting the number of nuclei
within an area of 1 mm? on the grid at a magnification of
x100.

Statistical analysis. The data are expressed as the mean
values + SD unless otherwise stated. The differences between
each group were evaluated by unpaired Student's t-test with
the Stat View program (SAS Institute, Inc., Cary, NC).
P<0.05 was considered significant.
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Figure 2. MEK1 and MEK2 protein levels in PC-1.0 cells after MEK1 or
MEK?2 knockdown. MEK1 shRNA expression in PC-1.0 cells significantly
decreased MEK1 protein levels compared with the empty vector but had no
effect on MEK?2 expression. MEK2 shRNA expression markedly decreased
MEK?2 protein levels but had no effect on MEK1 protein. -actin was
detected as a loading control.

Results

Construction of MEK1-shRNA and MEK2-shRNA plasmids. To
perform cell-function experiments, we employed pSIREN-
RetroQ-Zsgreen vectors containing a MEK1 or MEK2
shRNA to block MEK1 or MEK?2 expression. PC-1.0 cells
infected with the control retrovirus exhibited cell morphology,
cell proliferation, cell cycle, and in vitro invasion comparable
to those observed in non-infected PC-1.0 cells, suggesting that
the vectors themselves do not affect the biological function
of PC-1.0 cells (data not shown). To block endogenous MEK 1
or MEK2, we tested three shRNA sequences against each
gene in the RNAi-Ready pSIREN-RetroQ-Zsgreen vector. We
found that all three shRNAs targeting either gene lowered
endogenous MEK1 or MEK2 mRNA levels, respectively,
with maximum reductions of 98.4% (MEK1-shRNA 3) and
77.5% (MEK2-shRNA 3) (Fig. 1). The MEK1-shRNA 3 and
MEK?2-shRNA 3 vectors also reduced MEK1 and MEK2
protein levels, respectively, compared with the control
vectors (Fig. 2). Thus, these two vectors that achieved the
greatest degree of knockdown were selected for the following
experiments.

Cellular morphology and growth patterns in MEKI- and
MEK?2-knockdown PC-1.0 cells. We found that the MEK?2-
knockdown PC-1.0 cells grew in an aggregated or clumped
pattern in culture. However, MEK 1-knockdown cells showed
no change in growth pattern compared with that of empty
vector-infected PC-1 cells (Fig. 3).

Effects of MEKI and MEK?2 knockdown on proliferation of
PC-1.0 cells. We investigated the effects of MEK1 and MEK?2
knockdown on cell proliferation in PC-1.0 pancreatic cancer
cells. We found that down-regulation of MEK1 inhibited
proliferation and growth of PC-1.0 cells (Fig. 4). In particular,
48 and 72 h after incubation, PC-1.0 cells showed markedly
decreased proliferative activity, with inhibition rates of 62.0
and 60.5%, respectively, compared with the control cells
(P<0.05). On the other hand, there was no statistically
significant difference in the growth of PC-1.0 cells after
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MEK2shRNA

Figure 3. Cell morphology of MEK1-knockdown and MEK?2-knockdown PC-1.0 cells. MEK?2 knockdown apparently induced cell aggregation in PC-1.0 cells
(C) compared with the control cells (A). In contrast, MEK1 knockdown showed no significant effect on cell growth patterns in PC-1.0 cells (B). The
fluorescent images show stable transfection of empty control vector (D), MEK1-shRNA (E), and MEK2-shRNA (F).
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Figure 4. Cell proliferation in MEK1- and MEK2-knockdown PC-1.0 cells.
Knockdown of MEKI1 exerted an apparent anti-proliferative effect on PC-
1.0 cells after 48 and 72 h. On the contrary, MEK2 knockdown exhibited
no significant inhibition of cell growth or proliferation in PC-1.0 cells.
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Figure 5. Effects of MEK1 and MEK?2 knockdown on mitotic arrest in PC-
1.0 cells. MEK1 knockdown decreased the percentage of cells in S phase,
but no change to the cell cycle was observed in MEK?2-knockdown PC-1.0
cells. Black bar, control PC-1.0 cells with empty vector; dotted bar, MEK1-
knockdown PC-1.0 cells; white bar, MEK2-knockdown PC-1.0 cells. S,
significant; NS, not significant.
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Figure 6. Invasive capability in MEK1- and MEK2-knockdown PC-1.0
cells. Knockdown of MEK2 significantly inhibited the invasive capability of
PC-1.0 cells compared with cells expressing the empty vector. However,
MEKT1 knockdown did not affect invasive capability. S, significant; NS, not
significant.

down-regulation of MEK2 gene expression compared with
the control cells (P>0.05).

Effects of MEKI1 and MEK2 knockdown on cell cycle phase
in PC-1.0 cells. The cell cycle distributions of MEK1-
knockdown and MEK2-knockdown PC-1.0 cells were
analysed using a FACScan flow cytometer. In MEK1-
knockdown cells, we found only 8.1+0.7% of cells in the
S phase of mitosis. In contrast, 26.6+5.4% of control PC-1.0
cells were in S phase (P<0.05, Fig. 5), and there was no
significant difference between the MEK2-knockdown cells
and the control cells (P>0.05, Fig. 5).

Effects of MEK1 and MEK?2 knockdown on in vitro invasion
in PC-1.0 cells. As shown in Fig. 6, the control cells exhibited
a strong invasive capability (invasive cell number = 52.6+5.8).
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On the contrary, MEK2 knockdown markedly inhibited the
invasive capability of PC-1.0 cells compared with the control
cells (invasive cell number = 20.1+3.1, P<0.05). However,
down-regulation of MEK1 showed no significant inhibitory
effect on the invasive capability of PC-1.0 cells (invasive cell
number = 48 .4+4.3, P>0.05).

Discussion

MEK proteins contain regulatory sites where numerous
signals can be integrated. Two regions of MEK1 and MEK?2
show considerable divergence: the N-terminal ERK-binding
site and the phosphorylation region, where several other
signalling proteins bind. The differences in these important
regions suggest MEK1 and MEK?2 may not have fully
redundant functions. This hypothesis is supported by studies
of knockout mice that revealed functional differences between
the two proteins (16,17). There are also studies that indicate
MEK1 and MEK2 perform specific functions in hepatocytes.
MEK?2 mediates survival, whereas MEK1 is involved in pro-
liferation (18). In the present study, we knocked down MEK 1
and MEK?2 expression to examine their functions in the
progression of pancreatic cancer. Although certain small-
molecule inhibitors of MEK1/2 (e.g., U0126) have been
tested as potential candidates for cancer therapy (5,19), most
of the inhibitors target MEK1 and MEK?2 simultaneously
(20). Therefore, these inhibitors lack specificity. On the other
hand, RNAI is considered a powerful tool to examine gene
function and could form the basis of novel therapeutic
strategies for treating human diseases, including cancer (21).

In this study, we demonstrated that MEK1 and MEK2
mediate different biological functions in pancreatic cancer
cells. The results showed that inhibition of MEK1, but not
MEK?2 expression, was an effective and specific method of
inhibiting cell proliferation and inducing G,/G, arrest.
Moreover, targeting MEK2 mRNA specifically disrupted cell
morphology and reduced the invasive ability of cultured
pancreatic cancer cells. Our findings suggest that recombinant
retroviruses expressing shRNAs against MEK1 and MEK?2
have the potential to serve as therapeutic agents in the treatment
of pancreatic cancer.
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