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Abstract. With the increasing use of epidermal growth 
factor receptor tyrosine kinase inhibitor (EGFR-TKIs) in 
patients with advanced non-small cell lung cancer (NSCLC), 
acquired resistance has become a major clinical problem. 
A combination of different signaling pathway inhibitors is 
a promising strategy to overcome this. In the present study, 
the mitogen-activated protein kinase kinase 1/2 inhibitor, 
AZD6244, was used in combination with gefitinib to investigate 
the efficacy of this treatment in NSCLC cell lines, particularly 
in gefitinib-resistant cells. The EGFR-TKI-sensitive PC-9 
(mutant EGFR/wild-type K-Ras) and EGFR-TKI-resistant 
A549 (wild-type EGFR/mutant K-Ras) human NSCLC cell 
lines were treated with AZD6244 alone, gefitinib alone or the 
combination of the two drugs, and the effects were evaluated 
using cell proliferation assays, with alterations in signaling 
pathways analyzed by western blotting. It was found that 
the growth inhibitory effect of combination treatment with 
gefitinib and AZD6244 was greater than that of gefitinib 
alone in the EGFR-TKI-resistant A549 cells. Treatment of 
A549 cells with gefitinib alone reduced the expression level 
of the activated form of Akt, and the combination of the two 
drugs showed stronger inhibition of phosphorylated-Akt and 
phosphorylated‑extracellular signal‑regulated kinases. The 
data showed that the combination of AZD6244 and gefitinib 
exhibited dose‑dependent synergism in gefitinib‑resistant 
NSCLC cells. Thus, a preclinical rationale exists for the use of 
AZD6244 to enhance the efficacy of gefitinib in patients with 
EGFR-TKI-resistant NSCLC.

Introduction

Non-small cell lung cancer (NSCLC) remains the cancer 
type with the highest mortality in the United States, with 

>150,000 fatalities anticipated in 2013 (1). The majority of 
NSCLC patients are diagnosed with the advanced stage of the 
disease, leading to a poor prognosis, with a median survival time 
of only 10-12 months (2,3). Advances in the molecular charac-
terization of NSCLC, have resulted in the use of novel drugs that 
are able to target oncogenic mutations. The efficacy of NSCLC 
therapy has increased following the development of epidermal 
growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs), 
such as gefitinib and erlotinib (1,4). EGFR‑TKIs attenuate EGFR 
autophosphorylation and the subsequent activation of down-
stream pathways that regulate cell survival and growth, including 
the phosphoinositide 3-kinase (PI3K)-Akt-mammalian target 
of rapamycin signal pathway and the mitogen-activated protein 
kinase (MAPK) cascade [Ras-Raf-mitogen-activated protein 
kinase kinase (MEK)‑extracellular signal‑regulated kinases 
(ERK)] (5).

Despite EGFR-TKIs being an effective clinical therapy in 
patients with advanced NSCLC and EGFR-activated muta-
tions, all patients will eventually develop acquired resistance to 
these drugs. Following continuous use of TKIs for 9-11 months, 
the majority of patients who initially respond to the treat-
ment subsequently experience progression of the disease (6); 
~50% of those with an initial response to EGFR-TKIs acquire 
resistance to these drugs. The challenge of overcoming the 
resistance to TKIs in clinical practice requires a novel method.

A range of mechanisms have been proposed to underlie 
the acquired resistance to EGFR‑TKIs. For example, a second 
mutation in the EGFR kinase domain, particularly a T790M 
mutation in exon 20, accounts for 50% of this acquired 
resistance (7); the T790M gate keeper mutation decreases 
the binding of EGFR-TKI to the mutant EGFR (8). Another 
20% of patients develop TKI acquired resistance results from 
MET amplification (9); MET amplification‑induced persistent 
activation of the PI3K-Akt pathway via a HER3-dependent 
pathway is believed to be the common downstream pathway of 
the acquired resistance of NSCLC.

Moreover, the presence of the K-Ras mutation is associ-
ated with the primary resistance to EGFR-TKIs. In total, 
15‑30% of patients with NSCLC exhibit a gain of function 
mutation in the K-Ras gene, resulting in a failure to respond 
to EGFR-TKI treatment. In NSCLC, the activation of K-Ras 
leads to the overexpression of ERK1/2 via the Raf/MEK/ERK 
signaling pathway. Therefore, inhibiting the Raf/MEK/ERK 
signaling pathway would result in an improvement in the anti-
tumor effects following TKI-acquired resistance, however, the 
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function of the Raf/MEK/ERK pathway in acquired resistance 
in NSCLC has not been extensively examined. In the present 
study, the antitumor effects of gefitinib alone compared with 
gefitinib in combination with MEK inhibitor, AZD6244, was 
investigated in EGFR-TKI-resistant NSCLC cells.

Materials and methods

Drugs and cell lines. Gefitinib and AZD6244 (selumetinib) 
were obtained from Astrazeneca (Cheshire, UK). Gefitinib 
and AZD6244 were prepared in dimethyl sulfoxide to obtain 
a stock solution of 10 mM. The EGFR-TKI-sensitive PC-9 
(mutant EGFR/wild-type K-Ras) and EGFR-TKI-resistant 
A549 (wild-type EGFR/mutant K-Ras) human NSCLC cell 
lines were purchased from the American Type Culture Collec-
tion (Manassas, VA, USA) and maintained in RPMI-1640 
medium (Hyclone, Logan, UT, USA), supplemented with 
10% heat-inactivated fetal bovine serum (Hyclone), penicillin 
(100 U/ml), streptomycin (100 µg/ml) and L-glutamine (2 mM) 
at 37˚C in a 5% CO2 atmosphere, and then harvested with 
trypsin‑EDTA when the cells reached exponential growth.

Anti‑proliferative effects of agents. The anti-proliferative 
effects of gefitinib and AZD6244 as single agents on A549 and 
PC-9 cells were evaluated by MTT assay. The cells were 
cultured in 96-well plates, with 4,000 A549 cells per well or 
6,000 PC‑9 cells per well. Gefitinib was added at concentra-
tions of 10, 20, 30, 40 and 50 µmol/l after 24 h. AZD6244 was 
added at concentrations of 0.001, 0.01, 0.1, 1 and 10 µmol/l after 
24 h. The half maximal inhibitory concentration (IC50) was 
determined following 72 h of exposure to the drug compared 
with unexposed control cells. Once the cells had been exposed 
to each drug for 72 h in the 96-well plates, 20 ml MTT solution 
was added to each well. The optical density (OD) of each well 
was measured at 490 nm following incubation for 4 h. The 
percentage of cell growth inhibition resulting from each drug 
was calculated as: [(OD490 of control cells - OD490 of treated 
cells) / OD490 of control cells] x 100. This assay was repeated 
for >3 independent experiments.

Western blotting. The cells were treated with gefitinib plus 
AZD6244 at various concentrations. To evaluate down-
stream signaling, treated cells were harvested, washed with 
phosphate-buffered saline and lysed. Western blotting was 
performed as described previously (10). The primary antibodies 
were as follows: β‑actin (rabbit anti‑human monoclonal; cat 
no. 8457; 1:1,000; Cell Signaling Technology, Beverly, MA, 
USA), EGFR (rabbit anti‑human monoclonal; cat no. ab32562; 
1:5,000) and its phosphorylated (p) components pY1173 (rabbit 
anti‑human monoclonal; cat no. ab32578; 1:1,000), Akt (mouse 
anti‑human monoclonal; cat no. ab124341; 1:1,000) and pAkt 
(rabbit anti‑human monoclonal; cat no. 4060; 1:2,000), ERK 
(rabbit anti‑human polyclonal; cat no. 9102; 1:1,000) and pERK 
(rabbit anti‑human monoclonal; cat no. 4370; 1:2,000) (Cell 
Signaling Technology Inc., Danvers, MA, USA). Proteins were 
visualized with a horseradish peroxidase‑coupled secondary 
antibody (anti‑rabbit IgG; cat no. 7071; 1:5,000) obtained from 
Cell Signaling Technology Inc. Membranes were then washed 
again three times for 10 min each with Tris-buffered saline 
with Tween 20. Target protein bands were visualized using 

the enhanced chemiluminescence method. The intensity of 
the bands was quantified using the Tanon GIS system (Tanon, 
Shanghai, China) and the data were normalized to the β‑actin 
loading controls. All western blotting analyses were performed 
three times.

Statistical analysis. Results obtained from a minimum of three 
independent experiments are expressed as the mean ± standard 
deviation. Student's t-test and a one-way analysis of variance 
test were used to determine the differences between control and 
treatment groups. Data analyses were performed using SPSS 
statistical software (version 15.0; SPSS, Inc., Chicago, IL, USA). 
P<0.05 was used to indicate a statistically significant difference.

Results

Sensitivity of NSCLC cell lines to EGFR and MEK1/2 inhibitors. 
MTT assays were used to evaluate the anti-proliferative effects 
of gefitinib (0, 0.25, 0.5, 2.5, 5, 25 and 50 µM) as a single agent 

Figure 1. Anti-proliferative effects of gefitinib as the single agent 
on EGFR-TKI-sensitive PC-9 (mutant EGFR/wild-type K-Ras) and 
EGFR-TKI-resistant A549 (wild-type EGFR/mutant K-Ras) non-small cell 
lung cancer cell lines. EGFR-TKI, epidermal growth factor receptor tyrosine 
kinase inhibitor.

Figure 2. Structure of AZD6244 (selumetinib).
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on EGFR-TKI-sensitive PC-9 (mutant EGFR/wild-type K-Ras) 
and EGFR-TKI-resistant A549 (wild-type EGFR/mutant 
K-Ras) NSCLC cell lines. Dose-dependent growth inhibitory 
effects of gefitinib were observed in the two NSCLC cell lines 
(Fig. 1). It was shown that the EGFR-TKI-sensitive PC-9 cells 
were more sensitive to gefitinib than the EGFR‑TKI‑resistant 
A549 cells. The IC50 in the PC-9 and A549 cells after 72 h was 
4.1 and 10.4 µM, respectively.

The MEK1/2-dependent proliferation of the NSCLC cell 
lines was examined by treating cells with the newly devel-
oped MEK1/2 inhibitor, AZD6244 (AstraZeneca) (Fig. 2). 
EGFR-TKI-sensitive PC-9 (mutant EGFR/wild-type K-Ras) 
and EGFR-TKI-resistant A549 (wild-type EGFR/mutant 
K-Ras) NSCLC cell lines were selected to test the inhibitory 
effect of AZD6244. Cell proliferation was analyzed by MTT 
assay in cells treated with 0.001, 0.01, 0.1, 1 and 10 µM of the 
AZD6244. The results showed that the lung cancer cell lines 
tested were all resistant to AZD6244 monotherapy (Fig. 3), 
with an IC50 of >10 µM. Thus, the EGFR-TKI-resistant 
A549 (wild-type EGFR/mutant K-Ras) NSCLC cell line was 
selected for the combination treatment experiments.

Synergistic growth inhibitory effect of gefitinib and AZD6244 
in NSCLC cells. Since the KRAS-RAF-MEK-ERK cascade 

is the main downstream path way of EGFR signaling, we 
hypothesized that the dual inhibition of EGFR and MEK1/2 
may enhance the therapeutic efficacy of each agent. Therefore, 
the effect of gefitinib (0.1 or 1 µM), alone or in combination 
with 5 µM AZD6244, was examined. The growth inhibitory 
effect of the combination treatment was greater than that of 
gefitinib alone in the EGFR‑TKI‑resistant A549 cells (Fig. 4).

Effects of AZD6244 in combination with gefitinib on 
the EGFR signaling pathway. The effects of AZD6244 
and gefitinib on the EGFR pathway in gefitinib-sensitive 
and -resistant cell lines were determined using western blot 
analysis. In gefitinib‑sensitive PC‑9 cells, 0.25 µM gefitinib 
was sufficient to completely dephosphorylate EGFR, but the 
inhibitory effect of gefitinib on the phosphorylation of EGFR 
in the EGFR-TKI-resistant A549 cells was lower than that in 
the PC‑9 cells. The combination treatment of gefitinib and 
AZD6244 in the A549 cells increased the inhibition of EGFR 

Figure 3. Anti-proliferative effects of AZD6244 as the single agent on EGFR-TKI-sensitive PC-9 (mutant EGFR/wild-type K-Ras) and EGFR-TKI-resistant 
A549 (wild-type EGFR/mutant K-Ras) non-small cell lung cancer cell lines. EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitor.

Figure 4. Co‑treatment with gefitinib and mitogen‑activated protein kinase 
kinase 1/2 inhibitor, AZD6244, overcomes gefitinib resistance in epidermal 
growth factor receptor (EGFR) tyrosine kinase inhibitor-resistant A549 
(wild-type EGFR/mutant K-Ras) cells.

Figure 5. Combination treatment with gefitinib and mitogen-activated 
protein kinase kinase (MEK)1/2 inhibitor, AZD6244, significantly 
inhibits MEK/extracellular signal‑regulated kinases (ERK) and phos-
phoinositide 3-kinase (PI3K)/Akt pathways. P, phosphorylated; EGFR, 
epidermal growth factor receptor.
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phosphorylation, suggesting that gefitinib in combination with 
AZD6244 demonstrated superior efficacy in gefitinib‑resistant 
NSCLC cells.

To further assess the potential synergistic mechanisms of 
gefitinib and AZD6244, the effects of a combination of the two 
agents on the downstream Akt and ERK signaling pathways 
were detected by western blot analysis in the A549 cells. As 
the MEK/ERK and PI3K/Akt pathways are essential for cell 
proliferation and survival, the effect of combined treatment 
with gefitinib and AZD6244 on Akt phosphorylation was 
investigated. It was found that the treatment of A549 cells with 
gefitinib alone reduced the expression level of the activated 
form of Akt, and that the combination of the two drugs showed 
stronger inhibition of Erk and p-Erk (Fig. 5).

Discussion

Despite significant advances in the development of therapeutic 
agents against lung cancer, the mortality rate of lung cancer 
patients remains high. Recently, targeted anticancer drugs, 
including EGFR-TKIs, have been approved for the treatment of 
NSCLC (10). However, not all patients benefit from this therapy 
due to primary or acquired resistance, which are usually caused 
by the activation of alternative signaling pathways.

The mechanisms of resistance to EGFR inhibitors may 
be varied, with one of the most important mechanisms being 
the activation of signaling pathways downstream of EGFR. 
Overexpression of downstream effectors, including PI3K/Akt, 
results in the persistent activation of the PI3K/Akt and MAPK 
pathways, and the consequent development and maintenance 
of an EGFR-resistant phenotype (11). Therefore, inhibiting 
EGFR alone may not be sufficient for antitumor effects, 
and the development of a combination of different signaling 
pathway inhibitors is a promising strategy in NSCLC patients.

When considering recent promising studies on highly 
selective small molecules, MEK1/2 inhibitors have been 
developed and have shown clinical activity in a number of 
malignancies, including NSCLC (12,13). In the present study, 
the MEK1/2 inhibitor, AZD6244, in combination with gefi-
tinib was selected to investigate the efficacy of this treatment 
in NSCLC cell lines, particularly in gefitinib‑resistant cells. 
The present study was performed in EGFR-TKI-sensitive PC-9 
(EGFR mutant/wild-type K-Ras) and EGFR-TKI-resistant 
A549 (wild-type EGFR/mutant K-Ras) human NSCLC cells. 
Synergy was observed for the combination of gefitinib and 
varying doses of AZD6244 in gefitinib‑resistant cell lines. 
The results reported in the present study demonstrate that 
the combined inhibition of EGFR and MEK results in a more 
effective growth blockade in NSCLC cell lines compared with 
either agent alone. The strongest synergism in the NSCLC 
cells was observed upon simultaneous administration of gefi-
tinib and AZD6244 in the two cell lines.

ERK, the only known target of MEK1/2, has multiple 
targets, which are involved in cell proliferation, survival, 
mitosis and migration (14,15). AZD6244 is a potent, selective, 
and orally available MEK1/2 inhibitor. Previous studies have 
shown that the inhibition of MEK1/2 can induce apoptosis by 
inhibiting ERK-mediated B-cell lymphoma 2 phosphorylation 
and stabilization (16,17). Currently available MEK1/2 inhibi-
tors have shown moderate single-agent activity in various 

tumors (18). The inability of MEK inhibitors to suppress the 
phosphorylation of MEK1/2 and ERK1/2 completely indicates 
that ERK activity may be regulated by multiple signaling 
pathways and that MEK1/2 inhibitors could be combined with 
standard chemotherapy drugs. A recent study showed that 
AZD6244 and docetaxel have a synergistic effect in advanced 
KRAS-mutated NSCLC. In the present study, it was found 
that the treatment of A549 cells with gefitinib alone reduced 
the expression level of the activated form of Akt, and that the 
combination of the two drugs showed stronger inhibition of 
Erk and p-Erk.

The present study provided evidence that a combination 
treatment with gefitinib and AZD6244 is effective for over-
coming acquired EGFR-TKI resistance in lung cancer cells 
through the inhibition of ERK activity. The study suggested 
that EGFR-TKI combined with MEK1/2 inhibitors, such as 
AZD6244, may be beneficial to those patients with NSCLC 
who develop a primary or acquired resistance to EGFR-TKIs.
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