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Abstract
To evaluate the role of the MEK/ERK pathway in NSCLC
survival, we analyzed NSCLC cell lines that differed in tumor
histology and status of p53, Rb, and K-ras. Constitutive
ERK1/2 activity was demonstrated in 17 of 19 cell lines by
maintenance of ERK1/2 phosphorylation with serum
deprivation. Phosphorylation of ERK1/2 correlated with
phosphorylation of MEK1/2 and p90RSK, but was inversely
correlated with phosphorylation of c-Raf at S259. With
serum deprivation, the MEK inhibitors, PD98059 and U0126,
inhibited ERK1/2 activity but did not increase apoptosis.
PD98059 and U0126 induced cell cycle arrest in G0/Gi in
cells with the highest levels of ERK1/2 activity, which
correlated with induction of p27 but not p21. To confirm the
cytostatic response to MEK inhibitors, we performed
transient transfections with dominant negative forms of
MEK or ERK. Surprisingly, dominant negative MEK and ERK
mutants increased apoptosis without affecting cell cycle or
p27 levels. When combined with paclitaxel, MEK inhibitors
had no effect on apoptosis. In contrast, dominant negative
ERK2 potentiated paclitaxel-induced apoptosis. Our studies
show that constitutive ERK1/2 activity in NSCLC cells
promotes cellular survival and chemotherapeutic resis-
tance. Moreover, our data are the first to demonstrate
divergent cellular responses to inhibition of the MEK/ERK
pathway by small molecule inhibitors or dominant negative
mutants.
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Introduction

The mitogen activated protein kinase (MAPK) family is
composed of three subfamilies that serve to coordinate key
cellular processes such as gene regulation, cellular differ-
entiation, cellular growth, and cell death with extracellular
stimulation by growth factors, cytokines, and phorbol esters
(reviewed in1). The extracellular signal-regulated kinase
(ERK) subfamily of MAP kinases promotes cellular survival
by successive phosphorylation of mitogen-activated protein
kinase/ERK kinase (MEK), ERK, and downstream substrates
such as Elk-1 and p90RSK. Activation of the MEK/ERK
pathway may contribute to tumorigenesis or cancer growth,
because activated MEK or ERK has been observed in many
tumor cell lines and primary tumors.2 These observations led
to the hypothesis that targeting the MEK/ERK pathway might
have therapeutic value in cancer, and thus prompted the
development of approaches to inhibit this pathway. This
hypothesis was validated recently, as Sebolt-Leopold et al.
showed that a small molecule MEK inhibitor attenuated the
growth of colon cancer cells in mice.3

Lung cancer is the most lethal form of cancer for both
men and women in the US, with over 150 000 deaths in
1998.4 Non-small cell lung cancer (NSCLC) comprises the
majority of lung cancer (over 75%), and when clinically
extensive, is typically characterized by inexorable disease
progression despite treatment with chemotherapy and/or
irradiation. To better understand the biochemical basis for
therapeutic resistance of NSCLC cells, we began an
analysis of activation of signal transduction pathways in
NSCLC cell lines. Using small molecule inhibitors and
dominant negative mutants (DNMs), we recently demon-
strated that the PI3K/Akt pathway is constitutively active in
a majority of NSCLC cell lines and promotes both cell
survival and therapeutic resistance.5 In that study, two cell
lines, A549 and H1355, had low levels of Akt activity yet
were resistant to chemotherapy. Because both the PI3K/Akt
pathway and MEK/ERK pathway are activated by K-ras
mutations (which are common in NSCLC), we tested
whether the MEK/ERK pathway was active in NSCLC cell
lines, and whether the therapeutic resistance of cells with
low Akt levels was related to activation of other signaling
pathways such as the MEK/ERK pathway. Our data show
that in addition to the PI3K/Akt pathway, the MEK/ERK
pathway is constitutively active in the majority of NSCLC
cell lines and promotes cellular survival and resistance to
chemotherapy in NSCLC cells. In these studies, however,
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the use of small molecule inhibitors and DNMs resulted in
divergent cellular responses. The importance of the ERK
pathway was only effectively demonstrated by using DNMs.

Results

ERK1/2 is constitutively active in NSCLC cells

To determine whether ERK1/2 is active in NSCLC cells, we
analyzed cell lines established at the NCI/National Naval
Medical Center that varied in histology and status of p53, Rb,
and K-ras.6 Cells were grown under normal growth conditions
(10% FBS) or serum-deprived overnight (0.1% FBS), and
ERK activity was assessed indirectly by measuring the
phosphorylation status of amino acids necessary for ERK
activity (T202/Y204 for ERK1 and T183/Y185 for ERK2) using
phospho-specific antibodies in immunoblotting experiments.
Under normal growth conditions, 18/19 NSCLC cell lines
(95%) exhibited phosphorylation of ERK1/2 (data not shown).
When serum starved, phosphorylation was observed in 17/19
(89%) cell lines (Table 1). Levels of native ERK did not change
with serum deprivation (data not shown). The fact that ERK1/2
phosphorylation was observed in 89% of NSCLC cell lines
when cultured in low serum, a condition where ERK
phosphorylation is commonly decreased or absent, sug-
gested that ERK1/2 was constitutively active in NSCLC cells
and that it might contribute to NSCLC survival.

To investigate this pathway more fully, we chose three
NSCLC cell lines with constitutive ERK1/2 phosphorylation
that varied in endogenous Akt activity: H1155 (high Akt
activity); A549 and H1355 (low Akt activity). Figure 1 shows
that H1155 cells had the highest levels of c-Raf
phosphorylated at S259, an Akt site. H1155 cells had the

lowest levels of phosphorylated MEK1/2, ERK1/2, and
p90RSK (a downstream substrate of ERK1/2 that can
promote cellular survival7), which is consistent with
inhibition of the ERK pathway due to c-Raf phosphorylation
by Akt at S259.8 In contrast, A549 and H1355 cells had low
levels of c-Raf phosphorylation at S259, and high levels of
MEK1/2, ERK1/2, and p90RSK phosphorylation. The ratio
of phosphorylated to total ERK was highest in the H1355
cells. There was no variation in protein levels of MKP-1, a
phosphatase that regulates ERK activity. In addition, there
was no variation in phosphorylation patterns with serum
deprivation with or without administration of IGF-I (except
for an increase in MEK1/2 and ERK1/2 phosphorylation in
the H1155 cells). The fact that IGF-I stimulated MEK1/2
and ERK1/2 phosphorylation in H1155 cells without further
increasing S259 phosphorylation demonstrates that phos-
phorylated c-Raf can still be activated by upstream stimuli.
This is consistent with earlier studies that showed an
approximate twofold induction of c-Raf activity when S259
was mutated to A259.9 These studies suggested an inverse
relationship between Akt activity and ERK activity in these
three NSCLC cell lines, and showed that A549 and H1355
cells had the highest levels of activation of the MEK/ERK
pathway.

MEK inhibitors decrease constitutive ERK activity
and cause NSCLC cell cycle arrest in G0/G1

To determine the cellular response of NSCLC cells to
inhibition of constitutive ERK1/2 activity, we treated NSCLC
cells with two commercially available MEK inhibitors,
PD9805910 and U0126,11 under conditions of serum depriva-
tion. Figure 2A (upper two gels) shows that after 2 h of
incubation both compounds inhibited ERK1/2 phosphoryla-
tion. The near complete inhibition of ERK1/2 phosphorylation
by these compounds may reflect the fact that the NSCLC cells
were serum deprived overnight prior to administration of the
MEK inhibitors. Phosphorylation of ERK1/2 was inhibited less
with U0126 (10 mM) than PD98059 (25 mM), but differences in
potency may be related to differences in structure, uptake, or
cell type specific metabolism of these compounds.12 ERK1/2
activity, as assessed by phosphorylation of a downstream
substrate, Elk-1, was detected in all three cell lines and was
inhibited by U0126 or PD98059 (Figure 2A, lower gel
(PD98059 kinase assay not shown)). H1155 cells, which
had the lowest levels of phosphorylated ERK1/2, had the
lowest levels of ERK1/2 activity. ERK1/2 phosphorylation
correlated with ERK1/2 activity in these three NSCLC cell
lines, as well as H157, H1703, H1299, and H727 cells from
Table 1 (data not shown), consistent with numerous reports
showing that ERK phosphorylation correlates with ERK
activity. Inhibition of ERK1/2 phosphorylation and kinase
activity by a single treatment of PD98059 and U0126 with
serum deprivation was maintained up to 96 h (data not
shown).

In spite of inhibition of constitutive ERK1/2 activity with
PD98059 or U0126, there was no significant effect on
apoptosis when cells were serum-starved for 48 h (Figure
2B). Cell cycle analysis (Figure 2C) revealed an increase in
G1/S ratio in A549 and H1355 cells treated with either MEK

Table 1 Survey of NSCLC cell lines for phosphorylation of ERK1/2

NSCLC P-ERK1/2 Rb Tumor p53 Kras

LINES in LS Status Histology Status Status

H1703 + WT SQ Mut WT
H157 + * SQ WT Mut
A549 + WT SQ WT WT
H1155 + Mut LC Mut Mut
H1355 + WT AD Mut Mut
H1334 + WT LC Mut WT
H460 + WT LC WT Mut
H1299 + WT LC Mut Mut
H727 + WT CA Mut Mut
H838 + WT AD WT WT
H2228 ± Mut AD WT WT
H2594 + WT ME * *
H2444 ± WT * * *
H2009 + * AD Mut Mut
H2409 + WT AD * *
H3072 + WT * * *
H2850 + WT * * *
H2973 + WT * * *
H1374 + WT * * *

Lysates were prepared from cells exposed to 0.1% FBS overnight.
Immunoblotting was performed with phospho-speci®c ERK1/2 and native
ERK1/2 antibodies. (+) indicates presence of phosphorylated ERK1/2. (7)
indicates that there was no detectable ERK1/2 phosphorylation. (*) indicates that
the histology or status is unknown. Histologic de®nitions: SQ, squamous cell
carcinoma; LC, large cell carcinoma; CA, carcinoid; AD, adenocarcinoma; ME,
mesothelioma
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inhibitor. Patterns of cell cycle arrest were similar for both
cell lines, with U0126 (10 mM) being more potent than
PD98059 (25 mM). U0126 increased G1/S ratios from 5 to
23, and PD98059 increased G1/S ratios from 5 to 15.
U0126 slightly increased the G1/S ratio in H1155 cells,
which have lower levels of ERK activity. Because the G1 to
S-phase transition can be regulated by alterations in D-type
cyclins, cyclin E, or the cdk inhibitors, p27 and p21, and
because PD98059 has been shown to increase p27 levels
in other systems,13,14 we measured levels of these cdk
inhibitors and cyclins in NSCLC cells 48 h after the addition
of PD98059 or U0126. Figure 2D, shows that PD98059 or
U0126 increased p27 levels 7.5- and 9.9-fold, respectively,
in A549 cells, but slightly decreased p21 levels. Similar
results were obtained with the H1355 cells, where
PD98059 and U0126 increased p27 levels 2.8- and 4.2-
fold, respectively, but greatly attenuated p21 levels. H1155
cells had no detectable p27 or p21 and the levels were not
affected by MEK inhibition. MEK inhibitors also affected
levels of D-type cyclins and cyclin E in a cell line specific
manner (Figure 2D). In A549 cells, PD98059 decreased
levels of cyclins D1, D2 and E. U0126 had less of an effect
on cyclins D1 and D2, but had a similar inhibition of cyclin
E levels. In H1355 cells, PD98059 or U0126 increased
cyclins D1 and D2, but decreased cyclin E levels. H1155
cells, which did not exhibit cell cycle arrest in response to
MEK inhibitors, lacked cyclins D1 and D2 and MEK
inhibitors had no effect on cyclin E levels. With or without
MEK inhibitor administration, cyclin D3 was undetectable in

all three NSCLC cell lines (data not shown). These studies
show that PD98059 or U0126 effectively inhibited the MEK/
ERK pathway, and caused a G0/G1 arrest in cells with high
levels of ERK activity that correlated with induction of p27,
but not p21. MEK inhibitor-induced increased levels of p27
correlated best with decreased cyclin E levels.

Because other investigators have observed apoptosis
with administration of MEK inhibitors under normal growth
conditions (reviewed in15), we analyzed apoptosis and cell
cycle distribution in the three NSCLC cell lines after MEK
inhibitor treatment for 48 h in 10% FBS. Figure 2E, shows
that neither MEK inhibitor increased apoptosis in A549 or
H1355 cells, but both MEK inhibitors increased apoptosis in
H1155 cells. Basal levels of apoptosis were slightly higher
in 10% FBS than 0.1% FBS, perhaps because of an artifact
due to adherence of a small number of early apoptotic cells
to the tissue culture plates throughout experiments
performed in 10% FBS, which lead to their inclusion as
apoptotic cells. In contrast, under conditions of 0.1% FBS,
these apoptotic cells displayed greater loss of cellular
architecture, detached more easily, and appeared to be lost
or disintegrated during the course of processing and thus
were not included in apoptotic measurements. Interestingly,
little change in basal G1/S ratios was observed when
NSCLC cells were grown in 0.1% or 10% FBS for 48 h.
(Figure 2 compare C and F), which is consistent with our
earlier observations,5 and the fact that p27 and p21 levels
remained virtually constant when NSCLC cells were
transitioned from normal growth to serum deprived condi-

Figure 1 Immunoblot analysis of activation of the ERK pathway in three NSCLC cell lines. Cells were plated at 56105/well and media were changed to DMEM
with 10% FBS or 0.1% FBS overnight. Some samples in 0.1% FBS were exposed to IGF-I (50 ng/ml) stimulation for 10 min. Immunoblotting was performed as
described utilizing native and phospho-specific antibodies. Equivalent protein was confirmed by staining membranes with fast green.32 A representative
experiment from three independent experiments is shown
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Figure 2 Effect of MEK inhibitors on ERK1/2 phosphorylation, kinase activity, and cell cycle distribution. (A) Cells were plated at 56105/well and were placed in
0.1% FBS media overnight. MEK inhibitors (PD98059 (25 mM) or U0126 (10 mM)) were added 2 h prior to preparation of cell lysates for immunoblotting and kinase
assays. Immunoblotting and kinase activity assays were performed as described. Levels of phosphorylated ERK1/2 and levels of phosphorylated Elk-1 at S383
after immunoprecipitation of active ERK are shown. A representative experiment from three independent experiments is shown. (B) Cells were plated at 16105

cells/well and placed in 0.1% FBS media with or without MEK inhibitors for 48 h. Cells were harvested and quantification of apoptosis by flow cytometry as
described. Bars are the means+standard deviation of a representative experiment done in triplicate from three independently performed experiments. (C) Cells
were prepared and treated as in B. Cell cycle distribution was determined and calculated using CellQuest software. Representative histograms used for
calculations are shown. (D) Cells were incubated for 48 h in 0.1% FBS with or without MEK inhibitors, and lysates were prepared for immunoblotting with antibodies
directed against p21, p27, D-type cyclins, and cyclin E. Analysis of cell cycle (F) and apoptosis (E) was also performed in 10% FBS as described above. (G) shows
immunoblotting for p27 and p21 after 48 h exposure to 10% FBS or 0.1% FBS (top) and immunoblotting for phosphorylated and native ERK after 48 h in 10% FBS
(bottom). Quantification of band density was performed using NIH image software. Densitometry was performed over a range of exposures to ensure that relative
differences in kinase activity were consistent. Immunoblotting was performed at least three times
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tions (Figure 2G). In contrast to the cytostatic effects of
MEK inhibitors in A549 or H1355 cells under conditions of
serum deprivation, neither MEK inhibitor increased G1/S
ratios in these cells when they were grown in 10% FBS.
This was perhaps due to less effective inhibition of MEK by
the MEK inhibitors in 10% FBS, as phosphorylation of
ERK1/2 in A549 and H1355 cells was unchanged by the
MEK inhibitors at 48 h. (Figure 2G). H1155 cells, the only
NSCLC cell line to undergo apoptosis in response to MEK
inhibitors in 10% FBS, maintained inhibition of ERK
phosphorylation at 48 h. These studies show that the
cytostatic effects of administering MEK inhibitors to NSCLC
cells with high constitutive levels of ERK activity are
dependent on conditions of serum deprivation, conditions
where MEK inhibitors maintain inhibition of ERK activity.
Whether higher doses of the MEK inhibitors or repeated
dosing of the MEK inhibitors under normal growth
conditions would result in inhibition of the MEK/ERK
pathway and cell cycle arrest is unclear.

Dominant negative mutants cause apoptosis
without cell cycle arrest in NSCLC cells

To confirm the cytostatic response of NSCLC cells to MEK
inhibition by small molecule MEK inhibitors, we performed
transient transfections with HA-epitope tagged, ATP-binding
mutants of MEK (K97M) and ERK2 (K52R), and an activation
mutant of ERK2 (TEYE).16 TEYE has glutamic acids
substituted at T183 and Y185. Similar sites exist within the
activation domain of ERK1 (T202 and Y204), where ERK1
and ERK2 are over 90% similar and the immediate
surrounding amino acids are identical. Because activation
of both ERK1 and ERK2 requires phosphorylation of these
residues, TEYE is thought to behave as a dominant negative
for both ERK1 and ERK2 (M Weber, M Cobb ± personal
communications). After transfection, expression of mutant
proteins, cell cycle distribution, and apoptosis were
assessed.

Figure 3A, left panels, shows expression of the three
dominant negative constructs as assessed by immunoblot-
ting whole cell extracts for the HA epitope tag. To
determine the effects of the DNM constructs on cell cycle
arrest and apoptosis, we co-transfected NSCLC cell lines
with pCEP and GFP or HA-tagged DNMs and GFP and
assessed apoptosis in the GFP-positive cells 48 h after
recovery. Morphological changes characteristic of apopto-
sis including membrane blebbing, increased refractoriness,
chromatin condensation, and cell shrinkage17 were evident
at 48 h. in NSCLC cells transfected with DNMs (data not
shown). Figure 3B, shows that overexpression of the DNMs
increased apoptosis in A549 and H1355 cells, which
contain the highest levels of constitutively active ERK1/2.
DNM ERK constructs were more effective than the DNM
MEK (K97M) construct, and the greatest induction of
apoptosis in the A549 cells was observed with the TEYE
mutant. Basal levels of apoptosis in transfected H1155 cells
were higher than in experiments with MEK inhibitors
because of enhanced sensitivity to nonspecific toxic effects
of the lipid transfection reagent with serum deprivation in
these cells,5 and this precluded definitive evaluation of a

dominant negative effect of these mutants. The lack of
apoptosis observed with DNM MEK (K97M) in the A549
and H1355 cells is consistent with the lack of apoptosis
observed with the MEK inhibitors, and suggests that
inhibition of the ERK pathway at the level of MEK1/2 does
not significantly alter survival of A549 or H1355 cells.

Because the DNM ERK constructs and small molecule
MEK inhibitors had different effects on apoptosis, we
analyzed cell cycle distribution in the transfected cells
and found no increase in G1/S ratio with transfection of any
of the DNMs (Figure 3C). Although the percentage of
surviving cells transfected with DNMs was decreased in
every phase of the cell cycle, the greatest reductions were
observed with cells in G0/G1 (see representative histogram
of H1355 cells in Figure 3D). When p27 levels were
measured in whole cell lysates (Figure 3E), transfection of
DNMs did not increase p27 levels, even though p27 levels
were nonspecifically increased over baseline in A549 cells.
It is possible that p27 levels were increased in transfected
cells, but because of the efficiency of transient transfection
and possible dilutional effect of surrounding untransfected
cells, these increases could not be detected. Together,
these studies show that only DNMs (specifically K52R or
TEYE) increased apoptosis without changing cell cycle
distribution or increasing p27 levels.

Dominant negative mutants, but not MEK
inhibitors, increase chemotherapy-induced
apoptosis in NSCLC cells

Because our data with DNMs suggested that constitutive ERK
activity contributes to NSCLC survival, we tested whether
U0126 or TEYE would increase chemotherapy-induced
apoptosis. U0126 and/or paclitaxel were added simulta-
neously and apoptosis was measured after 48 h of serum
deprivation. Figure 4A, shows that U0126 alone had no effect
in H1355 cells but slightly increased apoptosis in A549 and
H1155 cells (P50.05). Paclitaxel alone increased apoptosis
in all three cell lines, indicating that even with serum
deprivation a sufficient number of cells were in M phase and
able to undergo apoptosis in response to paclitaxel. When
combined with paclitaxel in A549 and H1155 cells, U0126 did
not potentiate paclitaxel-induced apoptosis (P40.05). In
H1355 cells, U0126 attenuated paclitaxel-induced apoptosis
(P50.05). This data contrasts with that of MacKeigan et al.,18

who showed that U0126 increased paclitaxel-induced
apoptosis in a different NSCLC cell line (H157), but the
potentiating effect of U0126 was dependent on induction of
ERK phosphorylation by paclitaxel. In our studies, paclitaxel
did not increase ERK phosphorylation (data not shown).
Because the lack of effect of MEK inhibitors might be related
to possible antagonism between U0126-induced G0/G1 arrest
and paclitaxel-induced apoptosis in M phase, we repeated
these studies under normal growth (10% FBS) conditions.

Figure 4B, shows that U0126 alone did not increase
apoptosis in A549 or H1355 cells, but increased apoptosis
in the H1155 cells. The addition of paclitaxel alone to the
three NSCLC cell lines in 10% FBS caused greater
apoptosis than that observed in 0.1% (Figure 4A),
suggesting that more cells are in M-phase in 10% FBS
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and thus susceptible to paclitaxel. When added simulta-
neously with paclitaxel, U0126 antagonized the effects of
paclitaxel in A549 and H1155 cells, and had no effect in
H1355 cells. Therefore, these studies show that antagon-

ism between MEK inhibitors and paclitaxel is greatest
under normal growth conditions.

To confirm the effects of U0126 on chemotherapy-
induced apoptosis, we performed similar studies using

Figure 3 Expression of DNMs and effects on apoptosis, and cell cycle distribution. (A) Cells were plated at 26105/well and samples were transiently co-
transfected with plasmids encoding GFP and pCEP, GFP and K97M, GFP and K52R, or GFP and TEYE as described. HA expression was assessed by
immunoblotting. (B and C) Cells were transiently co-transfected as above with plasmids encoding GFP and pCEP (black bars), GFP and K97M (white bars), GFP
and K52R (striped bars) or GFP and TEYE (dotted bars) as described. Cells were allowed to recover from transfection for 24 h, then exposed to 0.1% FBS for 48 h.
Samples were fixed, stained with propidium iodide, and prepared for flow cytometry. Apoptosis was quantified by gating on GFP positive cells and performing cell
cycle analysis (B). G1/S ratios (C) and a representative histogram of gated A549 cells showing cell cycle distribution are shown in (D and E). Parallel samples were
also harvested for immunoblotting with anti-p27 antibodies. Quantification of band density was performed using NIH Image software. A representative experiment
from three independent experiments performed with each cell line is shown
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DNM TEYE. pCEP and GFP or TEYE and GFP were
transiently co-transfected into H1355 and H1155 cells and
apoptosis was assessed in the GFP positive cells at 72 h
(48 h after serum deprivation and/or paclitaxel exposure).
Figure 4C, shows that transfection of TEYE into H1355
cells increased basal levels of apoptosis from 6 to 34%,
compared to vector alone. Combining TEYE and paclitaxel
appeared greater than additive in potentiating apoptosis in
the H1355 cells, which is remarkable because of the
antagonism observed with U0126 and paclitaxel. Levels of
apoptosis were less with paclitaxel treatment of pCEP-
transfected cells compared with untransfected cells (Figure
4A), because gating on GFP-positive cells eliminated
untransfected, apoptotic cells from being included in the
apoptotic measurement. In fact, the amount of apoptosis in
paclitaxel-treated, GFP-negative control transfectants was
similar to that of paclitaxel-treated, untransfected cells (data
not shown). Similar results were obtained from transient
transfection experiments performed in A549 cells (data not
shown). Because basal levels of apoptosis in H1155 cells
were again higher in these experiments because of
nonspecific toxic effects of the lipid transfection reagent, it
was difficult to assess whether TEYE affected basal- or
paclitaxel-induced apoptosis in H1155 cells. Nonetheless,
these results are similar to the divergent apoptotic
responses observed with MEK inhibitors and DNMs in
cells with high levels of active ERK. Namely, inhibition of
ERK by TEYE, but not U0126, increased chemotherapy-
induced apoptosis. We then repeated these transient
transfection studies under normal growth conditions (10%
FBS).

Figure 4D, shows that in H1155 cells transfected with
pCEP, levels of apoptosis were lower in 10% FBS than
under conditions of serum deprivation (Figure 3C). With
decreased levels of apoptosis with transfection of pCEP
under normal growth conditions, an increase in TEYE-
induced apoptosis could be observed in H1155 cells.
Levels of apoptosis induced by paclitaxel were not affected
by transfection of TEYE, suggesting that ERK inhibition by
TEYE may not have been as effectively sustained in 10%
FBS (similar to the inhibition of ERK activity by MEK
inhibitors in 10% FBS), or that ERK activity was not
necessary for survival in 10% FBS because other pro-
survival signaling pathways were activated by 10% FBS. In
H1355 cells, transfection of TEYE increased apoptosis, but
levels of apoptosis were lower than those observed under
conditions of serum deprivation. In addition, TEYE did not
affect paclitaxel-induced apoptosis, again suggesting less
effective ERK inhibition or activation of ERK-independent
survival pathways by 10% FBS.

When combined with results from experiments per-
formed under conditions of serum deprivation, these
studies show that transfection of TEYE increased basal
levels of NSCLC cell apoptosis in 0.1 or 10% FBS in cells
with the highest levels of constitutive ERK activity, but that
likely due to an artifact, TEYE-induced apoptosis in H1155
cells was only evident in 10% FBS. The effects of
transfecting TEYE on basal- and paclitaxel-induced apop-
tosis were greater in 0.1 than 10% FBS, probably because
ERK inhibition was sustained under conditions of serum

deprivation. Because only approximately 5% of cells in
solid tumors synthesize DNA at any given time,19 and
because the percentage of NSCLC cells in S-phase with
serum deprivation in our studies was 5 ± 10% (data not
shown), we believe that the results obtained with TEYE
under conditions of serum deprivation may be more
physiologically relevant than the results obtained with
10% FBS, where typically greater than 10% of NSCLC
cells were in S-phase (data not shown). Therefore, these
studies with TEYE suggest that ERK activity might promote
both cellular survival and chemotherapeutic resistance of
NSCLC cells.

Discussion

Our studies have identified constitutive ERK activity in 89%
(17/19) of NSCLC cell lines. Previously, Hoshino et al.2 had
showed that ERK activity was increased in 8/21 (38%) of lung
cancer cell lines, but the majority of the cell lines analyzed
were small cell lung cancer cell lines. Thus, our study is the
largest analysis of ERK activity in NSCLC cells to date. ERK
activity did not correlate with NSCLC histology or mutations in
p53, Rb, or K-ras, and the mechanism of increased ERK
activation is unknown. Detailed analyses of three NSCLC cell
lines demonstrated increased phosphorylation of multiple
components in the pathway, including MEK1/2, ERK1/2 and
p90RSK in A549 and H1355 cells compared to H1155 cells. In
contrast, H1155 cells displayed high endogenous Akt activity,
whereas A549 and H1355 cells exhibited low Akt activity.5

This implies a potential inverse relationship between
endogenous Akt and ERK activities. Whether this inverse
relationship between ERK and Akt is widely applicable is
unclear. Current studies are addressing mechanisms of
regulation between these pathways in NSCLC cells.

Perhaps the most interesting result of these studies is
the divergent cellular responses of NSCLC cells to
administration of small molecule MEK inhibitors or transient
transfection of DNMs. Both MEK inhibitors, PD98059 and
U0126, inhibited ERK phosphorylation and activity, and in
A549 and H1355 cells (which have the highest levels of
ERK activity) caused a cell cycle arrest in G0/G1 that
correlated with increased p27 levels and decreased levels
of cyclin E. No effects on apoptosis were observed. In
contrast, DNMs potentiated apoptosis in A549 and H1355
cells without altering cell cycle distribution. Contrasting
cellular responses to inhibition of the MEK/ERK pathway in
A549 and H1355 cells were observed under both normal
growth conditions and conditions of serum deprivation.

Divergent responses were not as apparent in H1155
cells that had lower levels of constitutive ERK activity. The
MEK inhibitors increased apoptosis slightly in serum
deprivation, but increased apoptosis significantly under
normal growth conditions. Due to nonspecific toxic effects
of transient transfection under conditions of serum depriva-
tion, effects of DNMs in H1155 cells could not be assessed.
Under normal growth conditions, however, DNM ERK2
increased apoptosis. Therefore, divergent responses could
not be assessed in serum deprivation, but increases in
apoptosis in response to both modes of ERK inhibition
were observed under normal growth conditions.
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Because these divergent responses have not been
described previously, we performed experiments to demon-
strate that the apoptotic effects of the DNMs were not
artifactual. First, was potentiation of apoptosis by DNMs a
nonspecific effect due to dependence on ERK activity for
survival after transient transfection? To ensure that blocking
the MEK/ERK pathway in cells undergoing transfection
would not nonspecifically increase apoptosis, we trans-

fected H1355 cells with pCEP and GFP, treated with
PD98059, and assessed apoptosis in GFP-positive cells.
ERK activity was inhibited by PD98059, but no increase in
apoptosis was observed (data not shown). These data
indicate that cellular survival after transient transfection
does not depend on ERK activity. Second, because pCEP
is an episomal vector, will overexpression of any exogen-
ous protein cause apoptosis of NSCLC cells? Arguments

Figure 4 Effect of U0126 and TEYE on chemotherapy-induced apoptosis. (A) U0126 cells were plated at 16105/well and placed in 0.1% FBS. U0126 (10 mM) and
paclitaxel (5 mM) were added simultaneously and cells were incubated for 48 h. Apoptosis was quantified as described. Bars are the means+standard deviation of
a representative experiment done in triplicate from three independently performed experiments. (B) Shows the same experiments performed in 10% FBS. (C) TEYE
cells were plated with at 26105/well and transiently co-transfected with plasmids encoding GFP and pCEP(darker bars) or GFP and TEYE (lighter bars) as
described. Cells were allowed to recover from transfection for 24 h, then exposed to 0.1% FBS with (stippled bars) or without (solid bars) paclitaxel for an additional
48 h. Samples were fixed, stained with propidium iodide, and prepared for flow cytometry. Apoptosis was quantified by gating on GFP positive cells and performing
cell cycle analysis. Bars are the means+standard deviation of a representative experiment done in triplicate from three independently performed experiments.
(D) Shows the same experiments performed in10% FBS
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against this point include the expression of DNM MEK
(Figure 3) and GFP (see above) without consequent
increases in apoptosis. In addition, we performed transient
transfections using wild-type ERK2 as a control instead of
pCEP. When H1355 cells were transfected with wild-type
ERK2 and GFP or TEYE and GFP, apoptosis was only
observed in the GFP-positive cells transfected with TEYE
(data not shown).

The divergent cellular responses we observed with
administration of MEK inhibitors or transfection of DNMs
appear to contrast with data from other investigators,
especially that of Hoshino et al.14 Important distinctions
between these two sets of studies may explain the varying
biologic responses. First, Hoshino et al.14 used higher
doses of PD98059 (50 mM) and U0126 (20 mM) to inhibit
ERK activity and induce apoptosis. These concentrations
are rarely used to inhibit ERK activity in vitro, and increase
the likelihood of non-specific effects of these compounds.
Second, although an increase in cell cycle arrest at G0/G1

was observed within 24 h in cells that eventually underwent
apoptosis in response to PD98059, apoptosis was not
observed until 96 h, suggesting an indirect potentiation of
apoptosis by PD98059. When we treated the NSCLC cell
lines used in our studies with PD98059 or U0126 for 96 h
under conditions of serum deprivation, inhibition of ERK
phosphorylation and cell cycle arrest were maintained
without an increase in apoptosis (data not shown).
Interestingly, in both studies PD98059 induced G0/G1 cell
cycle arrest that was associated with a selective increase in
p27 levels. Third, Hoshino et al.14 used a different DNM
construct (a phosphorylation mutant (MEK-AA) rather than
the K97M ATP binding mutant) to confirm results with
PD98059. Fourth, induction of p27 by MEK-AA was only
measured in one field of transfected cells using immuno-
fluorescent techniques. Most importantly, apoptotic effects
of DNM MEK-AA were not assessed. If apoptosis with the
MEK-AA mutant would have been assessed and not
observed, and if the apoptotic effects of PD98059 were
either nonspecific or indirect, then the results of the two
studies would be quite similar, in spite of the use of
different cell lines.

Assuming our data do not result from experimental
artifacts, what is the biochemical basis for these differing
cellular responses? One possibility is that ERK is simply a
better target to inhibit than MEK to induce NSCLC cell
apoptosis. While comparison of apoptosis induced by DNM
MEK with DNM ERK2 suggests that ERK is a better target,
two findings from our studies also support MEK as a
putative therapeutic target. First, although DNM MEK did
induce less apoptosis than DNM ERK2 constructs in the
A549 and H1355 cells, a small amount of apoptosis was
observed with K97M in A549 cells, whereas none was
observed with PD98059 or U0126. Second, H1155 cells,
unlike A549 and H1355 cells, underwent apoptosis in
response to MEK inhibitors in both normal growth
conditions and conditions of serum deprivation. Therefore,
the lack of apoptosis with MEK inhibitors and the lack of a
robust response to DNM MEK in A549 and H1355 cells
was probably not due to choice of MEK itself as a target.

Our studies showed that the best biochemical correlate
of response to MEK inhibitors or DNMs and cellular
response was induction of the cdk inhibitor, p27. A549
and H1355 cells induced p27 in response to the MEK
inhibitors and survived, whereas H1155 cells, which did not
express p27 nor induce p27, underwent apoptosis in
response to the MEK inhibitors (greatest response ob-
served under normal growth conditions). None of the DNMs
increased p27 levels, in spite of increased apoptosis in the
A549 and H1355 cells (response of H1155 cells in serum
deprivation could not be adequately assessed). These
studies suggest that any mode of inhibition of the MEK/
ERK might result in an apoptotic response in NSCLC cells
as long as p27 is not induced, and that the divergent
responses in our studies were not due to differences in
method of inhibition of the pathway, but rather differences
in induction of p27. Other investigators have shown that
PD9805913 or U012620 can increase p27 levels by
inhibiting protein degradation, but the mechanism by which
MEK inhibitors increased p27 in our studies is unclear.
Definitive attribution of NSCLC cell survival after MEK
inhibition to p27 induction will require the manipulation of
p27 levels with genetic approaches and assessing the
cellular responses to MEK inhibition by different modalities.
Interestingly, the potential role of p27 in mediating survival
after inhibition of the MEK/ERK pathway was derived from
contrasting responses of the H1155 cells that lacked p27
under our experimental conditions with the A549 and
H1355 cells. Of note, the H1155 cells are also the only
NSCLC cell line of the three that has mutant Rb, which
raises the possibility that Rb status may control the cellular
response to MEK inhibition.

Another difference between MEK inhibitors and DNMs
might be related to greater specificity offered by DNMs. In
addition to inhibiting MEK1/2, PD98059 and U0126 also
inhibit MEK5, which activates ERK5, a recently described
member of the MAPK family.21,22 Although it is unclear if
the ERK DNMs used in these studies (K52R and TEYE)
inhibited ERK5 activity, K97M does not inhibit MEK5
activity (N Ahn, personal communication), and a different
ERK2 DNM (T183A and Y185F) did not inhibit ERK5
activity.23 Whether differences in ERK5 inhibition in concert
with ERK1/2 inhibition explain the differences in cellular
responses awaits further study. DNMs may offer greater
specificity because MEK inhibitors may also inhibit
enzymes outside the MAPK family. Although there are no
published data on effects of U0126 on substrates outside
the MAPK family, PD98059 has equipotent effects on
inhibiting MEK, cyclooxygenase (COX) 1 and 2, and the
aryl hydrocarbon receptor.24,25 Inhibition of COX-2 by MEK
inhibitors is unlikely to explain the cytostatic effects of the
MEK inhibitors, however, because other investigators have
shown that COX-2 inhibitors are cytotoxic to NSCLC cells,
with and without chemotherapy.26,27 In contrast to
PD98059, nonspecific effects of DNMs toward inhibition of
other targets have not been described. Future studies will
determine if DNMs and small molecule MEK inhibitors have
differential effects on inhibition of COX-1, COX-2, or aryl
hydrocarbon receptors, and whether this contributes to the
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different cellular responses of NSCLC cells to inhibition of
the MEK/ERK pathway by MEK inhibitors or DNMs.

Combining MEK inhibitors or DNMs with chemotherapy
also led to different cellular responses. These differences
were most apparent under conditions of serum deprivation.
In 0.1% FBS, U0126 did not increase paclitaxel-induced
apoptosis in A549 or H1155 cells, and attenuated
paclitaxel-induced apoptosis in H1355 cells. In contrast,
TEYE had a greater than additive effect on potentiating
paclitaxel-induced apoptosis in H1355 cells. Under normal
growth conditions, U0126 attenuated paclitaxel-induced
apoptosis in all three NSCLC cell lines. Although TEYE
did not increase paclitaxel-induced apoptosis in 10% FBS,
no attenuation of the levels of apoptosis in cells transfected
with pCEP exposed to paclitaxel was observed. These
studies suggested that cell cycle antagonism might have
lowered the sensitivity of NSCLC cells to combinations of
paclitaxel and MEK inhibitors, and that activation of other
signaling pathways in 10% FBS might have diminished the
importance of ERK inhibition.

To test the combination of MEK inhibitors with
chemotherapy without the potential confounding issue of
cell cycle antagonism, we added MEK inhibitors to cell
cycle-independent chemotherapies such as etoposide or
cisplatin in NSCLC cells and measured apoptosis. Similar
results were obtained, in that MEK inhibitors did not
increase chemotherapy-induced apoptosis (data not
shown). Moreover, we did not detect a sequence
dependence of MEK inhibitors28 with any form of
chemotherapy tested when MEK inhibitors were added
before, after, or simultaneously with chemotherapy (data
not shown). Likewise, we doubt that differences in timing of
ERK inhibition by U0126 or TEYE explain the differential
sensitivity to paclitaxel. Although experiments with TEYE
were designed to allow 24 h for expression (and thus
hypothetical ERK inhibition) prior to addition of paclitaxel,
no increase in apoptosis was observed when PD98059 or
U0126 was added 24 h prior to chemotherapy (data not
shown).

Cellular responses to combining MEK inhibitors with
paclitaxel are likely cell type specific. Other investigators
have shown that MEK inhibitors protect cells from
paclitaxel-induced apoptosis in leukemic, neuroblastoma
and esophageal carcinoma cells.29 ± 31 The biochemical
basis for this protection is not clear. Cell type specificity
may reflect differential inhibition of downstream ERK
substrates or varying effects of MEK inhibitors on other
molecules such as cdk inhibitors, COX-1, COX-2, or aryl
hydrocarbon receptors that may independently affect
chemotherapy-induced apoptosis.

Our data support the hypothesis that targeting the MEK/
ERK pathway may have therapeutic value in cancer
therapy because NSCLC cells with constitutive ERK activity
underwent apoptosis in response to inhibition of the MEK/
ERK pathway. However, this is the first report demonstrat-
ing a discrepancy in cellular response using small molecule
inhibitors or DNMs, the two most commonly employed
methods to inhibit signal transduction pathways such as the
MEK/ERK pathway. There are practical implications of
these findings. First, the use of MEK inhibitors alone may

provide misleading results. Many investigators have utilized
MEK inhibitors without DNMs to infer involvement of ERK
activity in biologic processes. Balliff and Blenis15 recently
reviewed all published studies investigating the MEK/ERK
pathway in cellular survival and found that only 9/79 (11%)
confirmed results obtained with MEK inhibitors with DNMs.
Although PD98059 and U0126 effectively inhibit ERK
activity, they have pleotropic effects within cells and any
attribution to ERK activity by use of MEK inhibitors should
be confirmed with DNMs or other genetic approaches if
possible. Secondly, the induction of apoptosis by DNMs
with and without chemotherapy suggests that targeting the
ERK pathway might eventually have therapeutic benefit for
patients with NSCLC. Phase I clinical trials with small
molecule MEK inhibitors are planned, but hopes for
cytotoxic responses or tumor reduction have been
tempered by the cytostatic effects of newer MEK inhibitors
in vivo.3 Accepting cytostatic responses as a best response
to inhibition of the ERK pathway may be premature and
defeatist, however, and may reflect a lack of understanding
of the basis for the differing cellular responses to ERK
inhibition by small molecules or DNMs. Identifying the
molecular mechanisms responsible for cytostatic responses
might suggest a combination of approaches (e.g., MEK
inhibition with p27 inhibition) that could convert a cytostatic
response to a cytotoxic response, thereby mimicking the
effects of DNMs and increasing therapeutic efficacy.

Materials and Methods

Materials

U0126, PD98059, and paclitaxel were from CalBiochem (La Jolla, CA,
USA). Anti-Raf, MEK1/2, ERK1/2, and p90RSK antibodies and the
ERK 1/2 kinase assay kit were from New England Biolabs (Beverly,
MA, USA). HA-probe F7, MKP-1, p21, p27, cyclins D and cyclin E
antibodies were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). Protease inhibitor cocktail was obtained from Sigma, and
protein assay materials were from Biorad (Hercules, CA, USA.) All cell
culture reagents were purchased from Life Technologies (Rockville,
MD, USA). Protran pure nitrocellulose membranes were purchased
from Schleicher & Schulell (Dassel, Germany). Plasmid pEGFP-F was
purchased from Clontech (Palo Alto, CA, USA). pCEP, K79M (a MEK1/
2 ATP binding mutant), TEYE (with glutamic acids substituted at T183
and Y185), and K52R (an ERK2 ATP binding mutant) plasmids16 were
generously donated by Melanie Cobb, University of Texas South-
western Medical Center, Dallas, TX, USA.

Cell culture

All NSCLC lines were provided by H Oie or F Kaye at National Cancer
Institute/Naval Medical Oncology. All cell lines were maintained in
75 cm2 flask in DMEM supplemented with 10% FBS, 100 U/ml
penicillin, and 100 mg/ml streptomycin.

Transient transfections

Cells were plated at 60% confluency and transfected using Superfect
transfection reagent according to the manufacturer's protocol
(Quiagen Valencia, CA, USA). Plasmids encoding pCEP, K97M,
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TEYE, and K52R were co-transfected with pEGFP-F. Transfection
efficiency ranged from 30 ± 70%. Only cells expressing GFP were
analyzed by flow cytometry. Parallel samples were harvested for
immunoblotting, kinase assays, and flow cytometry in each experi-
ment. Transfection efficiency ranged from 20 ± 50%. Experiments were
repeated at least three times.

Pharmacologic treatments

NSCLC cells were plated at 2 ± 46105 cells per well. After attachment,
the media was changed to DMEM with 10% or 0.1% FBS and the cells
were incubated overnight. U0126 (10 mM) or PD98059 (25 mM) was
added 2 h prior to lysing the cells for immunoblotting. To study the
effects of PD98059 and U0126 on apoptosis, cells were incubated in
0.1% FBS DMEM in the absence or presence of the inhibitor for 48 h.
For combination experiments, either U0126 or PD98059 was added
simultaneously with paclitaxel and both were incubated for 48 h prior
to quantification of apoptosis. For experiments with transiently
transfected cells, paclitaxel was added 48 h prior to immunoblotting
or flow cytometry analysis.

Immunoblot analysis

Preparation of cell extracts, protein assays, and immunoblotting were
performed as previously described.5

In vitro kinase assays

ERK 1/2 kinase assays were performed as recommended by New
England Biolabs, with minor modifications. Cells were plated at a
concentration of 2 ± 46105. Cells were then washed 16 with ice-cold
PBS and 200 ml of ice-cold lysis buffer supplemented with 1 mM PMSF
was added to the cells and incubated for 10 min. Lysates were
sonicated, cleared and allowed to immunoprecipitate overnight at 48C
with anti-phospho-ERK1/2 antibody. Immunoprecipitates were washed
twice with lysis buffer and twice with kinase buffer that were supplied
with the kit. Kinase reactions were performed for 30 min at 308C in
kinase buffer supplemented with 200 mM ATP and 1 mg ELK-1 fusion
protein. Reaction was terminated with 36 SDS buffer, heated for
5 min, and loaded into a 12% acrylamide gel. After transfer to
nitrocellulose membranes, immunoblotting for phospho-ELK-1 was
performed using phospho-specific ELK-1 antibodies as provided in the
ERK1/2 kinase assay kits. Quantification of band density was
performed using NIH Image software. Densitometry was performed
over a range of exposures to ensure that relative differences in kinase
activity were consistent.

Apoptosis assays

Floating and adherent cells were harvested, fixed in 70% methanol
added dropwise, and incubated at 7208C for 30 min. Cells were then
centrifuged and incubated with propidium iodide (25 mg/ml) supple-
mented with RNase A (30 mg/ml) for 30 min at room temperature.
Quantification of sub-2N DNA was determined by flow cytometry using
a Becton-Dickinson FACSort.
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