
Abstract. Background: This study aimed to evaluate the
impact of selective abrogation of either the MEK/ERK1/2
(UO126 or PD98059) or the PI3K/AKT (LY294002) signaling
cascade on cell proliferation, motility and invasion and
production of VEGF (collectively termed pro-metastasis
phenotypes) in cultured malignant pleural mesothelioma
(MPM) cells. Materials and Methods: Treatment-induced
cytotoxicity was evaluated by MTT or Annexin V assays. Cell
motility was assessed by wound healing and Matrigel invasion
assays. VEGF in conditioned media of cancer cells was
measured by ELISA. Results: LY294002 and UO126
significantly inhibited cell proliferation and clonogenicity of
MPM cells in vitro. A substantial reduction of cell motility,
Matrigel invasion as well as inhibition of basal or EGF-
induced VEGF production were observed in drug-treated cells.

Conclusion: The selective MEK or PI3K kinase inhibitors are
equally effective in down-regulating the expression of pro-
metastasis phenotypes, suggesting that MEK or PI3K are
appropriate targets for the development of molecular
therapeutics for malignant pleural mesothelioma.

Malignant pleural mesothelioma (MPM) is a rare but deadly
disease etiologically linked to asbestos exposure and possibly
SV40 infection (1-3). The annual incidence of MPM in the
USA (2,000 to 2,500 new cases/year) is expected to decrease
in the next quarter of the century (4, 5) yet its incidence in
other parts of the world, particularly in Europe, is projected
to remain high in the same period of time (6, 7). MPM is
characterized by unrelenting locoregional invasion causing
death from encasement of contiguous intrathoracic organs.
Current aggressive multimodality therapy for MPM,
consisting of surgical resection, cytotoxic chemotherapy and
radiation, offers survival benefit to only a small subset of
patients with early stages of the disease (8). The major mode
of treatment failure following ablative therapy is
local/regional recurrence and/or contiguous metastasis to the
peritoneal cavity. In conjunction with ongoing clinical efforts
to design more effective therapy for MPM, considerable
attention has been focused on the development of molecular
therapy for this malignant disease by targeting the signal
transduction pathways that regulate the process of
tumorigenesis and metastasis formation. 

The development of a malignant tumor from its
microscopic focus, similar to the formation of metastasis, is
a multistep process. This involves acquisition of multiple
cellular characteristics such as enhanced proliferation,
motility and invasion through extracellular ground substance
matrix, resistance to apoptosis, as well as the ability to
stimulate angiogenesis (collectively termed as pro-metastasis
phenotypes) (9). Substantial evidence has indicated that
extracellular signals transmitted into the cells via membrane
receptors with intrinsic tyrosine kinase activity, such as those
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of the EGFR superfamily, PDGFR, IGFR and c-MET
(HGF/SF receptor), regulate the expression of pro-
metastasis phenotypes (10-17). Binding of ligands to their
cognate receptors, regardless of receptor specificity, results
in activation of the intrinsic tyrosine kinase activity of the
membrane receptors, leading to autophosphorylation of
tyrosine residues in their intracellular domains.
Phosphorylated tyrosines within their unique amino acid
motifs provide docking sites for a variety of adaptor
molecules (for example, SOS, Grb2), as well as functional
proteins (for instance PI3K p110 subunit) that lead to the
activation of parallel yet interconnecting cascades of
downstream intracellular signaling pathways such as the
Ras/Raf/MEK/ERK, the PLC-Á, the PI3K/PDK/AKT and
the JAK/STAT pathways. Activated receptors can also
directly phosphorylate functional proteins (such as STAT or
PLC-Á) (17). The biological responses from such diverse
intracellular signaling include cell proliferation, survival,
motility, invasion and angiogenesis. Blocking of upstream

ligand/receptors will provide a global suppression of
multiple downstream signals, but redundancy of the
receptor tyrosine kinase repertoire may make selective
targeting strategy less effective unless the targeted receptors
exert a dominant signal transduction effect via receptor
over-expression or hyper-functioning (Figure 1). 

We have previously demonstrated that MPM cells express
EGFR and yet the EGFR-selective tyrosine kinase inhibitor
PD153035 mediated significant suppression of cell
proliferation and of vascular endothelial growth factor
(VEGF) production in a cell line-dependent fashion,
particularly in those MPM cells expressing very high levels
of EGFR (18). We postulated that PD153035-mediated
inhibition of EGFR signaling may be inefficient in cell lines
expressing normal levels of EGFR due to the presence of
other growth factor receptors that, in parallel with EGFR,
transduce their mitogenic signals to a similar set of
intracellular pathways. A potentially more efficient strategy
is to selectively target the intracellular signal transduction
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Figure 1. Multiple membrane receptor tyrosine kinases (EGFR, IGFR, PDGFR, c-Met and others) converge on distinct intracellular parallel signaling
pathways (PI3K/AKT, Ras/Raf/MEK, PLC-Á/PKC, JAK/STAT) that regulate cell proliferation, motility, invasion, angiogenesis and cellular responses to
cytotoxic stresses. Direct inhibition of a membrane receptor tyrosine kinase (RTK) may not result in efficient suppression of downstream intracellular
signaling pathways emanating from this particular receptor and biological responses due to multiplicity of other RTK’s. Direct inhibition of each of the
intracellular pathways at the converging point may circumvent this limitation.



pathways downstream of the membrane growth factor
receptor repertoire. The theoretical advantage of targeting
the intracellular pathways, such as PI3K/PDK/AKT or
Ras/Raf/MEK, is the ability to collectively block inputs from
multiple upstream receptors which converge on that
particular pathway, while the potential disadvantage of this
approach is that this would only alter the biological
responses mediated by that single pathway alone. As there
are extensive "cross-talks" between pathways that are
somewhat unpredictable and cell-specific, selective down-
regulation of a particular signal transduction pathway using
pharmacological inhibitors or genetic manipulations to
express dominant negative functional proteins may affect
more than one intracellular signaling cascade. The roles of
PI3K-mediated or MEK-mediated signal transduction on
the cellular expression of pro-metastasis phenotypes have
been well described (10, 19-25). Pharmacological inhibitors
of these kinases have been extensively evaluated in
preclinical models and, particularly in the case of the MEK
inhibitor, in early phase clinical trials (26). The primary
objective of this study, therefore, was to evaluate the effect
of selectively blocking either the RTK’s/PI3K/PDK/AKT
pathway using the PI3K pharmacological inhibitor
LY294002, or the RTK’s/Ras/Raf/MEK/ERK1,2 pathway by
the MEK inhibitors UO126 or PD98059, on the expression
of prometastasis phenotypes in a panel of cultured MPM
cells in vitro.

Materials and Methods

Cells and reagents. Cultured MPM cells (H513, H211, M28, H2373,
H2595, H2052) were maintained in RPMI-1640 medium
supplemented with 10% fetal calf serum (FCS), glutamine 
(2 mmol/L) and antibiotics streptomycin (100 Ìg/mL) and penicillin
(100 U/mL). The PI3K inhibitor LY294002 and the MEK inhibitors
UO126 or PD98059, all purchased from Alexis (San Diego, CA,
USA), were dissolved in DMSO as 100 mM stocks, aliquoted and
stored at –20ÆC. 

Cell proliferation, clonogenic and apoptosis assays. Cultured MPM
cells were seeded in 96-well plates (3,000 cells/well) and
subsequently treated with LY294002 (5 to 80 ÌM) or UO126 (5 to
100 ÌM) for 96 hours with replacement of fresh media (with or
without PD) at 48 hours. The cell viability of the control and drug-
treated cells was quantified by MTT (Sigma-Aldrich, St. Louis,
MO, USA). The IC50 values of LY294002 and of UO126
(concentrations of drugs that mediated 50% inhibition of cell
proliferation) were extrapolated from the respective dose-response
curves. Cell cycle analysis was performed in control (grown in 10%
RPMI) and drug-treated cells (LY294002 at 20 and 40 ÌM or
UO126 at 10 or 20 ÌM for 24 hours) using propidium iodine (PI)
staining and flow cytometry. As UO126 creates autofluorescence
of the treated cell (27), which interferes with fluorescence-based
apoptosis assays, the MEK inhibitor PD98059 (28) was used in
apoptosis experiments at drug concentrations and treatment
conditions that mediated comparable degrees of inhibition of MEK

kinase activity (reduction of phosphorylated ERK1/2 and inhibition
of clonogenicity in vitro) as UO126. LY294002- or PD98059-
induced apoptosis was determined by PE-conjugated Annexin
V/7AAD staining and flow cytometry (Pharmigen-BD). Cells were
seeded in 6-well plates (200,000 cells/well) and, after an overnight
incubation, they were continuously treated with either LY294002
(40 ÌM) or PD98059 (50 ÌM) for 72 hours. The controls were cells
grown in 10% RPMI. The cells were harvested and assayed for
apoptosis as per protocol. A clonogenic assay was used to globally
assess the growth inhibitory effect (cell cycle arrest and cell death)
of these selective kinase inhibitors. Cells were plated in 12-well
plates (500 cells/well) and, after an overnight incubation to allow
complete attachment to the plastic surface, 2 ml of media without
or with the respective kinase inhibitors (LY294002 at 10 or 40 ÌM,
UO126 at 10 or 40 ÌM , PD98059 at 25 or 50 ÌM) were added and
the cells were incubated for 10 days. As PD98059 is not sufficiently
potent or soluble in culture media to sustain the inhibition of MEK
activation (29), PD98059-containing media were replaced daily for
3 days and the cells were further incubated until clonogenicity was
evaluated 7 days later. The magnitude of colony formation of the
control and of UO126- or LY294002-treated cells was quantified
by either digital photography of colonies stained with 0.1% crystal
violet or by MTT assay to quantify cell viability which was then
expressed as percentages of untreated control cells.

Cell motility assay. Cell motility was evaluated by the in vitro
wound-healing assay as previously described (30). MPM cells were
seeded in 6-well plates to obtain 90% confluence. After an
overnight incubation, "wounds" were made by scratching the cell
monolayer with sterile plastic pipette tips. The cells were then
treated with LY294002 (40 ÌM) or UO126 (40 ÌM) for 24 to 48
hours. Movement of cells from the wound edges into the "wounds"
was indicative of cell motility. The cells were fixed with 1%
paraformaldehyde, stained and the magnitude of "wound-healing"
was recorded by digital microphotography.

Matrigel invasion assay. Cell migration and invasion through the
Matrigel membrane was quantitated using the commercially
available cell invasion kit (Chemicon International, Temecula,
CA, USA). MPM cells were treated with LY294002 (40 ÌM) or
UO126 (40 ÌM) for 4 hours in FCS-free media prior to being
seeded in the invasion chambers (in the presence of drug) and
stimulated to migrate and invade the Matrigel-containing filter
using serum-containing media in the lower wells. Filters
containing cells that successfully traversed the Matrigel layer were
stained with the staining solution provided in the kit and
photographed with a digital camera.

VEGF assay. VEGF in conditioned media of cultured MPM cells
(baseline control or following LY294002 (40 ÌM) or UO126 (20 ÌM)
for 24 hours) was measured by ELISA (R&D Biosystems,
Minneapolis, MN, USA). Cells were seeded in 12-well plates at 1.0
or 1.5x105 cells/well then, after an overnight incubation, the cells
were either incubated in 2 ml of 10% RPMI (baseline control) or
in 10% RPMI with LY294002 or UO126 for 24 hours. The VEGF
levels in the conditioned media were normalized for total cellular
protein and expressed as pg VEGF/mg of cellular protein/24 h. To
evaluate the ability of either LY294002 or UO126 to inhibit EGF-
mediated up-regulation of VEGF production, the cells were serum-
starved for 8 hours and then pre-treated with LY294002 (40 ÌM) or
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UO126 (20 ÌM) for 4 hours prior to EGF (20 ng/ml) exposure while
being continuously treated with the kinase inhibitors. The controls
were cells incubated in serum-free media with or without LY294002
or UO126.

Western blots. The levels of total and phosphorylated EGFR, AKT
and ERK1/2 in H211 and H513 cells treated with either the
selective EGFR tyrosine kinase inhibitor PD153035 or LY294002
or UO126 were quantified by Western blot analysis using the
following monoclonal antibodies: total EGFR (Santa Cruz
Biotechnology, Santa Cruz, CA, USA, 1:500 dilution), pY1173
(Santa Cruz, 1:500 dilution), pY1068 for phosphorylated EGFR
(Cell Signaling Technology, Beverly, MA, USA, 1:500 dilution),
total phosphorylated tyrosine pY20 (BD Transduction
Laboratories, San Jose, CA, USA, 1:2,500 dilution), phosphorylated
AKT (ser473) and total AKT (Cell Signaling Biotechnology, 1:1,000
dilution), phosphorylated ERK1/2 (Thr202/Tyr204) and total
ERK1/2 (Cell Signaling Biotechnology, 1:1,000 dilution) and ‚-actin
(Oncogene Research Products, Cambridge, MA, USA, 1:10,000
dilution). Cells were plated in 10% FCS RPMI at a density of 5x106

per plate in 10-cm2 plates. The following day, the cells were treated
with either PD153035 or LY294002 or UO126 (at concentrations
indicated in the figure legends) for 6 hours. Cell pellets were lysed
by Laemmli buffer, incubated at room temperature for 15 min and
heated at 95ÆC for 5 min to enhance protein extraction. The
supernatants of the cell lysates were collected by centrifugation at
14,000 rpm for 5 min and their protein concentrations were
measured by the BCA protein assay (Pierce Biotechnology,
Rockford, IL, USA). Proteins in the pre-cleared cell lysates were
resolved by electrophoresis through 4% to 20% SDS-
polyacrylamide gels, transferred to nitrocellulose membrane and
immunoblotted with specific antibodies. The blots were also probed
with ‚-actin to confirm equal loading of the proteins. In order to
obtain an optimal signal, the amount of loading proteins was
adjusted according to the sensitivity and specificity of the
antibodies used in the study.

Data analysis. The data are expressed mean±SEM of 3 or 4
independent experiments that yielded similar results. Analysis of
variance and the Student’s t-test were used for statistical analysis
and p<0.05 was considered statistically significant.

Results

Inhibition of downstream AKT and ERK1/2 activation by
EGFR tyrosine kinase inhibitor PD153035. We have previously
demonstrated that cultured MPM cells express EGFR and
EGFR-mediated signaling contributes to cellular expression
of pro-metastasis phenotypes in a cell line-dependent fashion
(13). The selective EGFR TKI PD153035 (PD) was very
efficient in suppressing multiple pro-metastasis cellular
phenotypes in H513 cells but not in H211 cells, even though
PD could significantly inhibit EGFR phosphorylation of both
the cell lines. Indeed, treating these cells with PD while
growing them in 10% RPMI resulted in a pronounced dose-
dependent reduction of the levels of phosphorylated EGFR
(using specific monoclonal antibodies to detect
phosphorylated tyrosine residues pY1068, pY1173 or the
general anti-phosphotyrosine antibody pY20 in the 170 kDa
to 180 kDa range). Reduction of EGFR phosphorylation
clearly correlated with the inhibition of AKT and ERK1/2
phosphorylation in H513 but not in H211 cells. Exposure of
these cells to PD at the indicated concentrations did not
affect the total levels of EGFR, AKT or ERK1/2 (Figure 2).
The lack of efficient inhibition of AKT or ERK1/2 activation
by a selective EGFR antagonist in H211 cells may be due to
the presence of other upstream receptor tyrosine kinases
besides EGFR that converge on these intracellular cascades,
or the presence of Ras or Raf mutations that constitutively
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Figure 2. The EGFR RTK inhibitor PD153035 mediated the dose-dependent
suppression of tyrosine phosphorylation of EGFR (reduction of signals detected
by pY1068, pY1173 and pY20 (at 180 kDa) antibodies) in both H513 and
H211 cells, but profound suppression of pAKT and pERK1/2 was only
observed in H513 cells. Cells were treated with PD153035 at 1000, 2500 or
5000 nM for 6 hours and harvested for Western blot analysis of pEGFR, pAKT
and pERK1/2. ‚-actin was blotted to indicate equal loading of the proteins. 

Figure 3. Effect of UO126 or LY294002 on the levels of pERK1/2 or pAKT
in H211 and H513 cells. Cells were treated with UO126 (5 or 10 ÌM) or
LY294002 (10 or 20 ÌM) for 6 hours prior to harvesting for determination
of pAKT and pERK1/2 expressions by Western blots using phospho-
specific antibodies. Selective kinase inhibitors did not affect the total levels
of AKT or ERK1/2. In addition to suppressing AKT activation (reduction
of pAKT), LY294002 also down-regulated ERK1/2 activation (reduction
of pERK1/2) in H513 cells. On the other hand, UO126 suppressed the
activation of both AKT and ERK1/2 in H211 cells.



activate downstream signaling cascades. Direct inhibition of a
downstream intracellular pathway in such an instance may be
a better approach than selective inhibition of a single
membrane receptor. This provides the impetus for further
investigation into the direct inhibition of downstream
pathways using currently available kinase inhibitors such as
the PI3K inhibitor LY294002 or the MEK inhibitor UO126.

Inhibition of AKT activation by LY294002 and ERK1/2
activation by UO126. Treating H513 and H211 cells with
UO126 or LY294002, as expected, resulted in profound
reduction of the levels of pERK1/2 (Thr202/Thr204) and
pAKT (ser473), respectively, in a dose-dependent fashion
(Figure 3). Near complete inhibition of ERK1/2 phos-
phorylation in H153 and H211 was observed following 6-
hour exposure to 10 ÌM of UO126. Similarly, LY294002 at
20 ÌM for 6 hours almost completely abrogated AKT
phosphorylation in both cell lines. It is interesting to note
that LY294002 also mediated the reduction of pERK1/2 in
the H513 cells, probably via interference with the
PI3K/PDK/MEK axis (31). This was not observed in H211
cells. Conversely, UO126, in addition to inhibiting the
activation of ERK1/2, also caused a clear reduction of
pAKT levels in H211 cells, but this was not observed in
H513 cells. Such observations indicate the presence of
significant "cross-talks" between parallel signaling pathways
and selective pharmacological inhibitors may not be that
specific in blocking a single pathway in living cells.

Growth inhibitory effect of LY294002 and UO126 on MPM cells.
Continuous exposure of cultured MPM cells to either
LY294002 or UO126 resulted in a dose-dependent and cell

line-dependent inhibition of cell proliferation (Figures 4A and
B). The IC50 values of LY294002 in MPM cells ranged from
15 to 47 ÌM. The IC50 values of UO126 ranged from 25 to 95
ÌM. Combining LY294002 (40 ÌM) with UO126 at 20 ÌM to
achieve dual inhibition of both the PI3K/AKT and
MEK/ERK1/2 pathways resulted in an additive growth
inhibitory effect (data not shown). The underlying
mechanisms of LY294002- or UO126-mediated growth
inhibition in MPM cells were examined by evaluating the
effect of these kinases on cell cycle dynamics and on
induction of apoptosis. Cell cycle analysis using PI staining
and flow cytometry indicated that 24-hour exposure of MPM
cells to either LY294002 or UO126 caused cell cycle arrest at
the G1/S checkpoint, as indicated by the significant
accumulation of cells in the G0/G1-phases of the cell cycle
together with corresponding reduction of cells in the S- and
G2/M-phases (Figure 5A). An alternative MEK inhibitor,
PD98059, had to be used in lieu of UO126 for apoptosis
experiments as the strong autofluorescence observed in
UO126-treated cells interfered with the apoptosis assays
utilized for this study. PD98059, at the maximal
recommended concentration of 50 ÌM, was slightly inferior
to UO126 (20 ÌM) in inhibiting MEK activity (reduction of
phosphorylated ERK1/2 at 6 or 24 hours of drug treatment
as evaluated by ELISA) (Assay Designs, Ann Arbor, MI,
USA) (data not shown). Nevertheless, PD98059 (50 ÌM) was
as efficient as LY294002 (40 ÌM) in mediating mild to
moderate apoptosis in 4 representative MPM cells (Figure
5B). The combination of cell cycle arrest and induction of
apoptosis translated into a very strong inhibition of the
clonogenicity of MPM cells treated with either LY294002 or
with UO126 or PD98059 (Figure 5C).
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Figure 4. Dose-dependent inhibition of cell viability by the MEK inhibitor UO126 (20 ÌM)) or the PI3K inhibitor LY294002 (40 ÌM) in MPM cells. Data
are presented as means±SEM of 4 independent experiments. 



LY294002- or UO126-mediated inhibition of cell motility
and invasion through Matrigel membrane. The effect of
inhibiting MEK or PI3K signaling on cell motility was
assessed by the wound-healing assay. At the
concentrations of drug that mediated >90% inhibition of
AKT or ERK1/2 phosphorylation, there was significant
retardation of cell movement from the wound edge into

the denuded plastic surface created by "wounding" the cell
monolayer when compared to the reference "fresh wound’
and the control "healing wound" of cells incubated in
drug-free 10% RPMI culture medium (Figure 6).
Similarly, LY294002 or UO126 also strongly inhibited
MPM cells to invade/migrate through the Matrigel
extracellular matrix membrane (Figure 7) as determined
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Figure 5. A. Treating representative MPM cells H513, H211, H2595 and H2052 with either UO126 or LY294002 resulted in cell cycle arrest at the G1/S
checkpoint with significant accumulation of cells in G1-phase and reduction of cells in S- and G2/M-phases. Representative data of 3 independent
experiments that yielded similar results are shown here. B. Significant induction of apoptosis in MPM cells following exposure to PD98059 or LY294002.
The cells were treated with either the MEK inhibitor (50 ÌM) or the PI3K inhibitor (40 ÌM) for 72 hours and apoptosis was quantified using Annexin V
staining. Data are presented as means±SEM of 3 independent experiments, *,# p<0.05 versus normal media controls. C. Suppression of clonogenicity
of MPM cells H2052, H513, H2595 and H2373 by UO126, PD98059 and LY294002. Digital photographs of representative experiments and quantitative
analysis of inhibition of clonogenicity using MTT staining of viable clones are shown in the histogram (means±SEM of 3 independent experiments).



by the modified Boyden chamber method using 10% FCS
as the chemo-attractant. Movement of cells through
Matrigel requires a combination of cell motility and the
production of matrix proteases to breakdown extracellular
matrix ground substances. This in vitro assay has been
shown to be predictive of the malignant behavior of
cancer cells in vivo (32). 

Inhibition of pro-angiogenic cytokine production by LY294002
or UO126. Tumor angiogenesis is a multifaceted process
that involves a complex interaction of the cancer cells with
the host stromal cells. Malignant cells initiate the
angiogenesis process by secreting cytokines including VEGF

and IL-8 to stimulate endothelial cell proliferation, vessel
tube formation and in-growth of new blood vessels into the
tumor masses to create tumor neovasculature (33). Either
LY294002 (40 ÌM) or UO126 (20 ÌM) was equally effective
in mediating a 30% to 55% (p<0.05 to p<0.01 versus
untreated control) reduction of the levels of VEGF in the
conditioned media of the 4 cultured MPM cells grown in
10% RPMI. To determine the relative role of either the
PI3K- or MEK-mediated signaling cascades in mitogen-
induced up-regulation of VEGF production, the cells were
serum starved for 8 hours prior to EGF (20 ng/ml)
stimulation, with or without pretreatment with LY294002 or
UO126, respectively, and the culture supernatant collected
24 hours after EGF stimulation for VEGF measurement.
There was a mild reduction of basal VEGF production in
serum-free conditions (for instance, H211: 1,500±200 pg/mg
cellular protein/24 h in 10% FCS RPMI versus 900±120
pg/mg cellular protein/24 h in serum-free media; H2595:
5,500±250 pg/mg cellular protein/24 h in 10% FCS RPMI
versus 3,800±220 pg/mg cellular protein/24 h in serum-free
media) (Figures 8A and B) and EGF mediated a 2- to 4-fold
increase of VEGF concentrations in the conditioned media.
EGF-mediated stimulation of VEGF production in H513
and H2595 cells was equally and significantly suppressed
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Figure 6. UO126- and LY294002-mediated inhibition of motility of MPM
cells. Little cell movement into the created wound was observed in cells
treated with LY294002 or UO126 as compared to near complete filling of
the wound by control cells grown in 10% RPMI culture medium. Fresh
wounds (immediately fixed and stained after creation of wounds) are
shown as baseline references. Representative pictures from 3 independent
experiments with similar results are shown here.

Figure 7. Significant inhibition of cell movement through the extracellular
matrix Matrigel by LY294002 or UO126 as evaluated by the cell invasion
assay using the modified Boyden chamber technique. Representative pictures
from 3 independent experiments with similar results are shown here.



either by the MEK or the PI3K inhibitor. Concurrent
exposure of MPM cells H513 or H211 to LY294002 and
UO126 caused further suppression of VEGF production in
an additive manner, both under 10% RPMI and EGF-
stimulated experimental conditions (data not shown),
suggesting that these two pathways independently regulate
the VEGF expression in cultured MPM cells. 

Discussion

Constitutive activation of the Ras/Raf/MEK/ERK and the
PI3K/AKT signal transduction cascades has been observed
in many human cancers including those of the breast, colon,
lung, pancreas as well as malignant melanoma, making them
attractive targets for the development of novel molecular
therapeutics (34). The purpose of our study was to
functionally modulate intracellular molecular targets
downstream from the membrane-bound receptor tyrosine
kinases at the PI3K or the MEK levels to circumvent the
apparent lack of antitumor efficacy of the anti-EGFR
strategy in MPM. Little data exists regarding the baseline
activity of these kinase pathways or the antitumor efficacy of
pharmacological inhibitors of either PI3K or MEK in MPM
cells. It was demonstrated in this study that either LY294002
or UO126 significantly down-regulated the expression of
multiple malignant phenotypes in a panel of cultured MPM.
It was interesting to note that LY294002, in addition to
blocking PI3K activity, functionally inhibited the
phosphorylative activation of the MEK substrate ERK1/2 in
H513 cells. The PI3K inhibitor LY294002 has been shown to
inhibit integrin-mediated Raf/MEK/ERK activation (35),
Ras and ERK activation by lysophosphatidic acid in COS-7
cells (36), as well as basal MEK/ERK phosphorylation in

leukemia cells (37). PI3K may directly influence MEK
signaling via PKC or PDK1, both of which act as upstream
regulators of MEK/ERK1/2 (38, 39). Moreover, while
LY294002 selectively inhibited AKT phosphorylation in
H211 cells, the MEK inhibitor MEK abrogated both
phosphorylated ERK1/2 and AKT, in a similar way to
previously reported studies (40, 41). These observations
underscore the complexity of the "cross-talks" between
intracellular signal transduction pathways and, thus, the
unpredictable biological effects of "selective" kinase
inhibitors in vivo. Inhibition of cell proliferation (cell cycle
arrest at the G1/S checkpoint), cell motility, Matrigel
invasion and VEGF production were observed following
either LY294002 or UO126 treatments, in complete
agreement with other studies (20-23, 42-52), implying that
both PI3K- and the MEK-mediated signal transduction
cascades regulate the expression of these cellular
phenotypes. More interestingly, selective blocking of either
the MEK or PI3K pathways in MPM cells resulted in a
noticeable induction of apoptosis. This finding is in direct
contrast to the previous study that reported the lack of MEK
inhibitor-induced apoptosis in NSCLC (53), but in complete
agreement with the study by Eisenmann and colleagues that
described significant apoptosis of melanoma cells following
72-hour exposure to the MEK inhibitors PD184352 or
PD98059 (54). PI3K-mediated signal transduction has been
extensively characterized as anti-apoptotic, pro-survival
pathways. PI3K transmits its anti-apoptosis signals via
modulation of many downstream targets including activation
of AKT, which in turn phosphorylates and thereby
modulates the function of numerous target proteins,
including IκK and the NF-κB p65/RelA subunit (to activate
the NF-κB pathway), (55-59) caspase 9 and Bad (to inhibit
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Figure 8. Suppression of VEGF production and secretion into the conditioned media of MPM cells by LY294002 or by UO126, both at baseline condition
(cell grown in 10% FCS RPMI culture media) (A) and following EGF stimulation (cells grown in serum-free media and stimulated with EGF at 
20 ng/ml) (B). Data are presented as means±SEM of 4 independent experiments, # p<0.01 versus baseline control.



pro-apoptotic activity), (60, 61) and p21 or p27 (to suppress
cell cycle regulation activity) (62, 63). The anti-apoptotic
function of Ras/Raf/MEK/ERK1/2 has recently been shown
to involve up-regulation of Bcl2, BclXL and MCL-1,
phosphorylation of Bcl2 to prevent their degradation by
proteosome (64 and refs therein), as well as phosphorylation
of Bad (via a p90RSK-mediated mechanism) (54) or BIM
(65) to inhibit their respective pro-apoptotic functions. The
cumulative effect of cell cycle arrest and apoptosis, mediated
by either MEK or PI3K inhibitors, was evident in the
clonogeneic assay in which profound suppression of
clonogenicity of the selected MPM cell lines was observed in
LY294002-, UO126- or PD98059-treated cells (Figure 6A
and B). The current focus of our laboratory effort is to
further elucidate the molecular mechanism of MEK
inhibitor-induced apoptosis in a larger panel of MPM cells
and also in other cultured thoracic cancer cells in order to
perform comparative analysis of the apoptosis-inducing
effect of the MEK inhibitor in different kinds of thoracic
malignancies. 

In contrast to other tumor histology such as pancreatic,
colon and lung cancers or malignant melanoma (66-68),
mutations of K-ras or B-Raf were rare in MPM (69, 70). It
is conceivable that, without upstream constitutively active
K-ras that can activate other pathways in addition to
MEK/ERK1/2, targeting MEK in this setting may be more
efficacious in mediating meaningful cytotoxicity. Indeed, it
has been shown by Wang and colleagues that K-ras
mutation reduces the therapeutic efficacy of the MEK
inhibitor CI-1040 in colon cancer cell lines in vitro (71).
Growth factor-dependent signal transduction pathways
employ extensive networks of intermediaries and
posttranslational modifications of these proteins to transmit
the signals to their intended targets. There is also ample
redundancy of the receptor repertoire as well as the
intracellular connections with positive and negative
regulatory controls to ensure appropriate and diverse
responses to vast arrays of environmental signals. This
elaborate system of circuitry design of the signal
transduction pathways poses opportunities as well as
challenges for the development of targeted therapy.
Opportunities are the multiple signaling proteins serving as
potential targets. Targeting upstream proteins (for instance,
EGFR or PDGFR) will provide a global alteration of
downstream signaling, but the challenges arise since the
multiplicity of upstream growth factor receptors may make
selective targeting strategy less effective. Targeting
overexpressed or overactive growth factor-mediated
pathways, that are partially or totally responsible for the
malignat behaviors of transformed cells, may circumvent the
above-mentioned problem. One prime example is the
clinical effectiveness of EGFR tyrosine kinase inhibitors
such as Gefitinib or Erlotinib in mediating tumor regression

of tumors harboring EGFR mutations, that make them
particularly sensitive to this drug (72-74) or in patients
whose tumors overexpress EGFR (75-77). Another is the
efficacy of Trastuzumab (Herceptin®) on mediating the
antitumor effect on breast cancers with erbB2 gene
amplification and extreme overexpression of the erbB2
oncoprotein (78, 79). Similar to other carcinomas, the
expressions of IGFR, PDGFR as well as members of the
EGFR superfamily have been reported in cultured MPM
cell lines (14, 15, 18, 80). In many instances, multiple
receptor tyrosine kinases, some of which were
overexpressed, were found on the same MPM cell lines (14,
18). Selective targeting of a single receptor tyrosine kinase
may not be therapeutically effective, as we have observed
when trying to modulate the expression of pro-metastasis
phenotypes in MPM cells using the EGFR tyrosine kinase
inhibitor PD153035 in vitro (18). Targeting intermediate
intracellular signaling proteins such as PI3K, AKT, Ras or
Raf offers the advantage of influencing upstream signals
emanating from many distinct receptor/ligand interactions
at their intracellular common convergent points which
channel signals to distinct transduction cascades. We
noticed that significant PD153035-mediated inhibition of
cell growth or production of VEGF was only apparent in
cell lines that express high levels of EGFR such as H513 or
H2595, but not in other MPM cells such as H211, H2052,
H2373 that have slightly elevated or normal levels of EGFR
(18). The lack of biological effects of EGFR TKI PD153035
in MPM H211 cells was not due to its inability to suppress
growth factor-mediated phosphorylation of EGFR,
as indicated by the almost complete reduction of
phosphorylated EGFR, but due to its inability to suppress
the phosphorylative activation of AKT and ERK1/2 (Figure
2). On the other hand, PD153035 was very effective in
down-regulating the pro-metastasis phenotype expression in
H513 since it was able to inhibit the activation of EGFR,
AKT and ERK1/2 (18). 

Our study specifically focused on evaluating the effect of
PI3K or MEK inhibitors on other cellular phenotypes
besides cell proliferation as cellular processes, such as cell
invasion, motility and the production of pro-angiogenesis
cytokines which play crucial and equally important roles in
the development of clinically relevant tumors from
microscopic deposits. In this context, these kinase inhibitors
may be ideal chemopreventive or even chemotherapeutic
agents for appropriate tumors in the setting of minimal
residual disease (post-resection adjuvant therapy). Even if
these inhibitors mediate a cytostatic effect by arresting
cancer cells from progressing through the cell cycle, or mild
induction of apoptosis sufficient to counterbalance the
fractions of cells undergoing division and contributing to the
increase of biomasses, they, together with their ability to
inhibit the production of VEGF to suppress tumor-derived
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angiogenesis, may prevent established tumors from
progressing further to become a health burden. In this
aspect, these kinase inhibitors can not cause regression of
tumor masses, but may keep them under control by
maintenance therapy as in the cases of other tyrosine
kinases like Gefitinib (81) or Gleevec (82) which can be
safely administered over a long period of time. Of the two
classes of kinase inhibitors, the MEK inhibitor (CI-1040)
has entered phase I and II clinical trials as a single agent for
solid tumors. CI-1040, however, was shown to be ineffective
in patients with advanced non-small cell lung, breast, colon
and pancreatic cancers (26). Even though continuous
administration of CI-1040 (800 mg twice /day) resulted in
plasma drug concentrations similar to those reported in the
earlier phase I study, there were no complete or partial
responses and stable disease was observed in only 12% of
cases. Incomplete suppression of pERK1/2 expression, as
determined by quantitative immuno-histochemical staining,
was noted in the majority of cases with constitutive
pERK1/2 expression at baseline, thus raising the possibility
that the degree of MEK inhibition by CI-1040 may be
insufficient to mediate a meaningful tumor response (26).
There appeared to be a positive correlation between
constitutive baseline pERK1/2 expression and stable disease
with CI-1040 treatment. The clinical trial finding was not
that surprising given the fact that Brognard and Dennis had
demonstrated somewhat unpredictable responses of
cultured non-small cell lung cancer cells lines, well
characterized for their K-ras and p53 status, to MEK
inhibition using either pharmacological inhibitors like
UO126 or PD98059 or dominant negative MEK (53).
Pharmacological inhibitors induced cell cycle arrest but no
apoptosis and little sensitization of cancer cells to paclitaxel,
in stark contrast to dominant negative MEK which
efficiently induced apoptosis and chemosensitization of
cultured lung cancer cells to cytotoxic chemotherapeutics.
A more recent study, however, indicated that the clinically
relevant MEK inhibitor CI-1040 synergistically interacted
with paclitaxel to mediate potent antitumor effect on human
heterotransplants in nude mice (83). Moreover, CI-1040,
alone or in combination with paclitaxel, also significantly
inhibited VEGF production and FGF-induced angiogenesis
in vivo (83), compatible with our contention that the
antitumor effect of the MEK inhibitor is more than just
growth arrest or chemosensitization but also depends on its
ability to modulate other cellular phenotypes such as the
pro-angiogenic activities that are necessary for tumor
development. 

In summary, targeting either PI3K or MEK of cultured
MPM cells by the pharmacological kinase inhibitors resulted
in the deactivation of intended targets as well as modulation
of other parallel pathways, which is most probable due to
the "cross-talks" that exist between intracellular signaling

cascades. In addition to mediating profound cytotoxicity via
cell cycle arrest and induction of apoptosis, these kinase
inhibitors also down-modulated the in vitro expression of
multiple malignant phenotypes of transformed cells, further
enhancing their anticancer properties that can only be
evaluated in animal models or in human clinical trials.
There has been a recent renewal of interest in targeting the
Ras/Raf/MEK/ERK1/2 signal transduction pathway for the
development of novel anticancer therapeutics based on
exciting discoveries of the molecular mechanisms of
pathway-mediated induction of apoptosis. This forms the
impetus for our current work of evaluating MEK inhibitors
as the molecularly-targeted drugs for MPM.
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