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Dual targeting of MEK and PI3K effectively 
controls the proliferation of human EGFR‑TKI 
resistant non‑small cell lung carcinoma cell lines 
with different genetic backgrounds
Ge‑Ping Qu1, Min Shi1, Dan Wang1, Jiong‑He Wu1, Peng Wang1, Mei‑Liang Gong2 and Zhi‑Jian Zhang1* 

Abstract 

Background:  Molecular targeted therapy for non-small cell lung carcinoma (NSCLC) is restricted due to resistance 
to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs). This study evaluated the effects of dual 
targeting of MEK and PI3K in human EGFR-TKI resistant NSCLC cell lines.

Methods:  EGFR-TKI resistant NSCLC cell lines H1975, H460, and A549, with different mutation and amplification 
status in EGFR, K-RAS, PIK3CA, and MET genes, were treated with a MEK162 (MEK inhibitor) and BKM120 (PI3K inhibitor) 
combination or a BIBW2992 (EGFR inhibitor) and ARQ197 (MET inhibitor) combination and assayed for cell prolifera‑
tion, apoptosis, and cell cycle distribution.

Results:  Dual targeting of MEK and PI3K efficiently inhibited the cell proliferation, induced apoptosis and the G0/G1 
cell cycle, and decreased the phosphorylation of ERK1/2, AKT, S6, and 4E-BP1. H460 cells with K-RAS and PIK3CA muta‑
tion were most sensitive to MEK162 and BKM120 combinations. H1975 cells with EGFR and PIK3CA mutation and MET 
amplification were sensitive to BIBW2992 and ARQ197 combinations.

Conclusion:  Dual targeting regulated the proliferation of EGFR-TKI-resistant NSCLC cells, especially mutants in K-RAS 
and PIK3CA that are promising for EGFR-TKI-resistant NSCLC therapeutics.
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Background
The epidermal growth factor receptor (EGFR) family of 
receptor tyrosine kinases has been indicated to play a 
significant role in the pathogenesis and progression of 
tumorigenesis [1]. Targeted therapies involving the use 
of EGFR tyrosine kinase inhibitor (TKI) as a first-line of 
therapeutic agents in patients with non-small cell lung 
cancer (NSCLC) with EGFR activating mutations (exon 

19 deletions and L858R point mutations) provides supe-
rior efficacy, presents dramatic improvement in the pro-
gression-free survival, and offers negligible toxicity in 
comparison to other chemotherapeutics [2, 3]. However, 
resistance to the EGFR-TKI markedly limits its clinical 
use [4, 5].

The most important primary mechanism of resistance 
is the K-RAS mutation, which is mutually exclusive to 
EGFR activating mutations [6]. In the case of acquired 
EGFR-TKI resistance, common mechanisms include the 
emergence of an EGFR gatekeeper mutation (T790M) 
and MET gene amplification [7, 8]. In addition, PIK3CA 
mutations can contribute toward EGFR-TKIs resistance 
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in a subpopulation of NSCLC tumors [9]. However, in 
either primary or acquired resistance, the downstream 
pathways involving RAS/RAF/MAP kinase-ERK kinase 
(MEK)/extracellular-signal-regulated kinase (ERK) 
pathway and the PI3K/protein kinase B (PKB/AKT)/
mammalian target of rapamycin (mTOR) pathway are 
constitutively activated. This leads to continuous malig-
nant proliferation and metastasis [10–12]. Frequently, 
the MEK and PI3K signaling pathways are abnormally 
activated in NSCLC, thus, rendering them promising 
candidates for the development of potential molecular 
targeting agents in therapies for NSCLC [13–15].

A significant amount of cross-talk occurs between 
the MEK and PI3K pathways to provide compensa-
tory signaling when either is inhibited [16–18]. There-
fore, therapeutic strategies to block either the MEK or 
PI3K pathway are not sufficient to inhibit the growth 
of NSCLC cells, providing the rationale for combin-
ing therapeutic agents that could simultaneously block 
both pathways [19]. Similar compensatory cross-talk is 
observed between the EGFR and MET pathways [20, 
21]. We have previously confirmed that the efficacy of 
the combined inhibition of EGFR and MET pathways 
is biologically higher than the inhibition of either path-
way in controlling erlotinib-resistant NSCLC cells with 
the EGFR T790M mutation [22].

MEK162 (Binimetinib; ARRY-162 or ARRY-438162) 
is an orally administered non-ATP-competitive allos-
teric inhibitor of MEK1/2 [23]. BKM120 (Buparlisib) 
is an oral pan-PI3K inhibitor against both wild-type 
and mutant class I PI3K isoforms [12]. However, in 
some studies, inhibition of MEK signaling alone with 
MEK162 is inadequate in treating EGFR-TKI resistant 
NSCLC cells, and negative feedback mechanisms in 
the PI3K pathway may be challenging when used inde-
pendently [24]. In contrast, a combined blockade of 
both pathways with MEK162 and BKM120 overcame 
the reciprocal pathway activation and resulted in a 
significant tumor growth inhibition [17, 19, 25]. Clini-
cal trials of such combinations are underway in solid 
tumors, including NSCLC with K-RAS mutations [25, 
26]. However, the mechanisms of dual MEK and PI3K 
inhibition in the treatment of NSCLC cells, especially 
in different mutation statuses of the NSCLC, have not 
been extensively examined. The clinical impact of this 
parallel pathway blockade is not clear. Therefore, in the 
current study, we evaluated the efficacy of the MEK162/
BKM120 combination to inhibit MEK and PI3K path-
ways and analyzed the effect on cell proliferation, apop-
tosis, and cell cycle distribution in a panel of three 
different human NSCLC cell lines selected according to 
their mutation and amplification status for EGFR, MET, 
KRAS, and PIK3CA genes. The data will further assist 

in developing molecular targeted therapeutic strategies 
against EGFR-TKI resistant NSCLC.

Methods
Cell culture
Human lung adenocarcinoma cell lines H1975, H460, 
and A549, were purchased from the Cell Biology Insti-
tute of the Chinese Academy of Sciences, Beijing, China. 
The H1975 cell line harbors the EGFR T790M mutation 
accompanied with MET gene amplification. The H460 
cell line carries a mutation in K-RAS and PIK3CA. The 
A549 cell line carries the K-RAS mutation. None of the 
three cell lines were sensitive to first-generation EGFR-
TKI [27, 28].

The cell lines were cultured in RPMI-1640 (Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% FBS (Invit-
rogen), 100 units/mL penicillin (Jingmei Biotechnology 
Co. Ltd., Shanghai, China), and 100 mg/mL streptomycin 
(Jingmei Biotechnology) at 37 °C in a humidified environ-
ment containing 5% CO2.

Cell treatment
H1975, H460, and A549 cells were treated with 0–3 μM 
MEK162 (MEK inhibitor, Sigma, St. Louis, MO, USA) or 
0–15  μM BKM120 (PI3K inhibitor, Sigma), alone or in 
combination for 48 h. H1975, H460, and A549 cells were 
treated with 1 μM BIBW2992 (EGFR inhibitor, Sigma), a 
second-generation EGFR-TKI, or 2  μM ARQ197 (MET 
inhibitor, Sigma) combination for 48 h. A stock solution 
of the chemical inhibitors was prepared in 100% DMSO 
and further diluted with normal saline. The inhibitors 
were used at a final concentration of 0.05% DMSO.

Cell viability assay
A colorimetric assay, based on the MTT dye 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] reduction was employed to assess the cell 
viability [29]. The previously described procedure was 
adopted [22]. Briefly, the cell lines (density, 1 × 104 cells/
well) were cultured in 96-well plates for 16–20  h. After 
treatment for 48  h with the indicated compounds, the 
media was replaced by 0.5  mg/mL MTT (Jingmei Bio-
technology) in complete medium for four hours. Post 
incubation, the MTT containing medium was replaced 
with 150 μL DMSO. The absorbance was measured at 
565 nm using an OptiMax plate reader (GE Healthcare, 
Shanghai, China), and the viability was expressed as a 
percentage relative to the control cells.

Apoptosis assay
A flow cytometry-based assay for the determination of 
apoptosis, over a period, in cells treated with the indi-
cated compounds was adopted as described previously 
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[22]. The annexin V-fluorescein isothiocyanate (FITC) 
and propidium iodide (PI) [15] double staining apoptosis 
detection kit was procured from Jingmei Biotechnology 
Co. Ltd. Briefly, 48 h post-treatment of 1 × 106 cells with 
the indicated compounds, the cells were washed twice 
with a phosphate-buffered solution (PBS; pH 7.4), and 
resuspended in 500 μL binding buffer before adding 5 μL 
annexin V and 1 mg/mL PI. The samples were examined 
on an LSR flow cytometer (BD Biosciences, San Jose, 
CA, USA) and analyzed using the CellQuest software 
(BD Biosciences). The early apoptotic cells were stained 
positive for annexin V and negative for PI, while the late 
apoptotic cells were positive for both annexin V and PI.

Analysis of cell cycle distribution
Cells (1 × 106) were cultured in p60 Petri dishes for 
16–20  h and treated with the indicated compounds for 
an additional 48  h. Post incubation, the cells were fixed 
overnight at − 20˚C with 70% ethanol. The cells were 
harvested and stained with 4  mg/mL PI containing 1% 
Triton X-100 and 100 mg/mL RNase A for 30 min. The 
stained cells were passed through nylon membranes 
(BD Biosciences), examined on an LSR flow cytometer, 
and analyzed by CellQuest software. The DNA content 
(1 × 104 cells/sample) and the percentage distribution of 
cells in different cell cycle phases (G0/G1, S, G2/M) were 
analyzed using the ModFit LT ver. 3.0 (BD Biosciences) 
software.

Western blot analysis
The cellular protein samples for Western blot analysis 
were prepared as previously described [22]. Equal pro-
tein amounts (50–100  μg/lane) were subjected to 12% 
SDS–polyacrylamide gel electrophoresis and trans-
ferred electrophoretically to nitrocellulose membranes. 
The membranes were incubated with rabbit anti-human 
EGFR, p-EGFR (Y1068), MET, and p-MET (Y1234/1235) 
purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA), rabbit anti-human AKT, p-AKT (S473), 
ERK1/2, p-ERK1/2 (T202/Y204), and β-actin antibodies 
from Abcam (Cambridge, UK). The binding of primary 
antibodies was detected using goat anti-rabbit second-
ary antibody conjugated to horseradish peroxidase (Cell 
Signaling Technology, Beverly, MA, USA). The immu-
nodetection was performed using an enhanced chemilu-
minescence kit (ECL; Pierce, IL, USA). The membranes 
were exposed to X-ray film and imaged.

Statistical analysis
All data were presented as means ± standard deviation 
(SD) and were analyzed by the Student’s t-test or one-way 
analysis of variance (ANOVA) with least significant dif-
ference (LSD) as post hoc test for comparison between 

multiple groups using Statistics Package for Social Science 
(SPSS) software (version 13.0; SPSS, Chicago, IL, USA). 
The significance was determined at P < 0.05.

Results
MEK162/BKM120 combination inhibits the viability 
of human EGFR‑TKI resistant NSCLC cell lines with different 
genetic backgrounds
H1975, H460, and A549 cells were treated with MEK162 
(0–3  μM) or BKM120 (0–15  μM) or in combination for 
48 h. Post incubation, the effect on cell viability was eval-
uated by MTT assay and described in Fig. 1. The combi-
nation of 1 µM MEK162 and 5 µM BKM120 significantly 
inhibited the growth of all three cell lines tested, com-
pared with MEK162 (1  µM) or BKM120 (5  µM) alone 
(all P < 0.05). The growth inhibitory effects of 1  µM 
MEK162/5  µM BKM120 combination were significantly 
higher in H460 cells as compared to the effects in H1975 
and A549 cells (both P < 0.05). For instance, only 13.8% 
viability was observed for H460 cells treated with the com-
bination of 3 μM MEK162 and 15 μM BKM120 for 48 h. 
However, 26.3% and 28.5% viable cells could be detected 
in H1975 cells and A549 cells, respectively, after the same 
treatment.

MEK162/BKM120 combination induces apoptosis 
in human EGFR‑TKI resistant NSCLC cell lines with different 
genetic backgrounds
H1975, H460, and A549 cells were treated with 1  μM 
MEK162 or 5  μM BKM120 or in combination for 48  h. 
Apoptosis was assessed by annexin V-PI double staining. 
Annexin V can be used to detect the externalization of 
phosphatidylserine during the progression of apoptosis; 
therefore, cells in early apoptosis can be identified. The 
rate of apoptosis was determined by flow cytometry and 
described in Fig. 2. Treatment with MEK162 or BKM120 
induced a moderate increase in early apoptosis rate com-
pared with the control in all three tested cell lines. How-
ever, MEK162 and BKM120 in combination, produce a 
significant increase in the early apoptosis rate compared 
with the control. The early apoptosis rate in H460 cells after 
MEK162 or BKM120 alone and in combination treatment 
were 31%, 35%, and 63%, respectively. This was signifi-
cantly higher compared to H1975 cells (19%, 22%, and 36%, 
respectively) and A549 cells (20%, 25%, and 40%, respec-
tively). Among the three cell lines, H460 was more sensitive 
to MEK162 or BKM120 alone and in combination, com-
pared to H1975 and A549 cells.
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MEK162/BKM120 combination induces G0/G1 cell cycle 
arrest in human EGFR‑TKI resistant NSCLC cell lines 
with different genetic backgrounds
H1975, H460, and A549 cells were treated with 1  μM 
MEK162 or 5  μM BKM120 or in combination for 48  h, 
and the percentages of cells in the cell cycle phases were 
assessed by flow cytometry. The data is summarized in 
Table  1. Treatment with MEK162 or BKM120 caused a 
moderate increase in the number of cells in the G0/G1 
phase in the three cell lines. However, the treatment with 
MEK162 and BKM120 in combination caused a signifi-
cant increase in the number of cells in the G0/G1 phase 
in all three cell lines (all P < 0.01). The increase in the 

G0/G1 phase was significantly higher in H460 cells as 
compared to H1975 and A549 cells after treatment with 
MEK162 or BKM120 or in combination (all P < 0.05). 
However, the proportion of the G0/G1 phase was not sig-
nificantly different between H1975 cells and A549 cells 
(P > 0.05).

MEK162/BKM120 combination regulates MEK and PI3K 
signaling transduction pathways of human EGFR‑TKI 
resistant NSCLC cell lines with different genetic 
backgrounds
H1975, H460, and A549 cells were treated with 1  μM 
MEK162 or 5 μM BKM120, or in combination, for 48 h. 

Fig. 1  Effect of MEK162/BKM120 combination therapy on human non-small cell lung carcinoma (NSCLC) H1975, H460, and A549 cell viability. 
H1975 (A), H460 (B), and A549 (C) cells were treated with MEK162 (MEK inhibitor) (0–3 µM) or BKM120 (PI3K inhibitor) (0–15 µM) alone or their 
combination for 48 h, and cell viability was evaluated by MTT assay. Data are the percentages of viable cells compared with the untreated controls 
(0.05% DMSO) and are represented as means ± standard deviation (SD) from three independent experiments. *P < 0.05 vs. 1 μM MEK162; #P < 0.05 
vs. 5 μM BKM120; ▲P < 0.05 vs. H1975; &P < 0.05 vs. H460



Page 5 of 12Qu et al. BMC Pulm Med          (2021) 21:208 	

The samples were subjected to Western blot analysis 
to analyze the phosphorylation status and total pro-
tein expression post-treatment to assess the effect of 
treatment on downstream signaling molecules of the 
MEK and PI3K pathways (Fig.  3). An increase in the 
level of p-AKT and its downstream substrates p-S6 and 
p-4E-BP1 was detected in all three cell lines treated with 
MEK162 alone, but not in cells exposed to the combina-
tion of MEK162 and BKM120. In addition, the MEK162 
and BKM120 combination treatment exhibited inhibitory 
effects on p-ERK1/2, p-AKT, p-S6, and p-4E-BP1 in com-
parison to the control group or cells treated with either 
MEK162 or BKM120 in the three cell lines, whereas the 
total protein levels of ERK1/2, AKT, S6, and 4E-BP1 
remained unaltered in each of the cell lines. However, 
the effect of the MEK162/BKM120 combination on 
the down-regulation of p-ERK1/2, p-AKT, p-S6, and 
p-4E-BP1 in H460 cells was more profound compared to 
H1975 cells and A549 cells.

Effects of MEK/PI3K dual inhibition or EGFR/MET dual 
inhibition on cell viability, apoptosis, cell cycle distribution 
in human EGFR‑TKI resistant NSCLC cell lines with different 
genetic backgrounds
We have previously confirmed that dual inhibition of 
EGFR and MET, rather than inhibition of either of the 
pathways, was effective against erlotinib-resistant H1975 
cells with the EGFR-T790M mutation [22]. To compare 
the difference of cytotoxic effects of dual upstream inhi-
bition of EGFR/MET and dual downstream inhibition 
of MAPK/PI3K, we treated all the three aforementioned 
cell lines with a combination of 1  μM BIBW2992 (sec-
ond-generation EGFR-TKI) and 2  μM ARQ197 (MET 
inhibitor) and a combination of 1 μM MEK162 and 5 μM 
BKM120 for 48 h. The samples were subjected to cell via-
bility assay, apoptosis assay, cell cycle analysis, and West-
ern blot analysis.

The viability of H1975 cells treated with a MEK162/
BKM120 combination was significantly higher in 

Fig. 2  Effect of MEK162/BKM120 combination therapy on H1975, H460, and A549 cell apoptosis. H1975 (A), H460 (B), and A549 (C) cells 
were treated with 1 µM MEK162 or 5 µM BKM120 alone or their combination for 48 h. Control cells were treated with 0.05% DMSO. Cells were 
simultaneously stained with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI), and the apoptosis rates were assessed by flow 
cytometry. Cells positive for annexin V-FITC and negative for PI were in early apoptosis
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comparison to treatment with a BIBW2992/ARQ197 
combination (P < 0.05) (Fig.  4A). However, significantly 
higher viability was observed for H460 cells and A459 
cells treated with the BIBW2992/ARQ197 combina-
tion in comparison to the treatment with the MEK162/
BKM120 combination (P < 0.05) (Fig. 4B, C). In addition, 
the anti-proliferative effect of the MEK162/BKM120 
combination was significantly higher (both P < 0.05) in 
H460 than in H1975 and A549 cells, and the anti-pro-
liferative effect of the BIBW2992/ARQ197 combination 
was significantly higher (both P < 0.05) in H1975 than in 
H460 and A549 cells (Fig. 4).

The early apoptosis rate in H1975 cells was signifi-
cantly higher for treatment with the BIBW2992/ARQ197 
combination than treatment with the MEK162/BKM120 
combination. However, the early apoptosis rate in H460 
and A549 cells was significantly higher for treatment 
with the MEK162/BKM120 combination than the treat-
ment with the BIBW2992/ARQ197 combination (Fig. 5). 
In addition, the rate of early apoptosis was significantly 
higher for H460 cells treated with the MEK162/BKM120 
combination as compared to A549 and H1975 cells, and 
the rate of early apoptosis was significantly higher for 
H1975 cells treated with the BIBW2992/ARQ197 combi-
nation as compared to A549 and H460 cells (Fig. 5).

Treatment of H1975 cells with the BIBW2992/
ARQ197 combination had a significantly higher pro-
portion of cells in the G0/G1 phase compared to the 
treatment with the MEK162/BKM120 combination 

Table 1  Effect of MEK162/BKM120 combination therapy on 
human non-small cell lung carcinoma (NSCLC) H1975, H460, and 
A549 cell cycle distribution

H1975, H460, and A549 cells were treated with 1 μM MEK162 (MEK inhibitor) 
or 5 μM BKM120 (PI3K inhibitor) alone or in combination for 48 h. Control cells 
were treated with DMSO (0.05%). After treatment, the cells were stained with 
propidium iodide (PI) and analyzed by flow cytometry. Each value represents 
mean ± standard deviation (SD) obtained from three independent experiments

*P < 0.05 vs. Control; #P < 0.05 vs. BKM120; @P < 0.05 vs. MEK162; ▲P < 0.05 vs. 
H1975 cells; &P < 0.05 vs. H460 cells under the same cell cycle phase and the 
same drug treatment

Group Cell cycle distribution (%)

G0/G1 S G2/M

H1975 cells

Control 60.3 ± 3.6 31.5 ± 4.8 8.2 ± 5.5

BKM120 78.4 ± 3.5* 18.9 ± 8.4 2.7 ± 1.8

MEK162 72.6 ± 7.7* 21.1 ± 6.8 6.3 ± 2.3

BKM120 ± MEK162 85.7 ± 5.5**##@@ 10.6 ± 2.1 3.7 ± 2.4

H460 cells

Control 55.9 ± 4.6 33.5 ± 4.8 10.6 ± 5.9

BKM120 72.4 ± 2.5*▲ 24.9 ± 2.4 2.7 ± 1.1

MEK162 74.6 ± 5.4*▲ 20.3 ± 6.8 5.1 ± 1.4

BKM120 ± MEK162 91.8 ± 6.9**##@@▲ 6.6 ± 2.1 1.6 ± 0.8

A549 cells

Control 62.8 + 3.5 26.5 + 6.8 10.7 + 5.1

BKM120 76.4 + 5.5*& 18.9 + 8.4 4.7 + 4.8

MEK162 77.9 + 6.7*& 15.8 + 3.8 6.3 + 2.9

BKM120 + MEK162 88.6 + 6.6**##@@& 9.2 + 3.8 2.2 + 1.2

Fig. 3  Effect of MEK162/BKM120 combination on MAPK and PI3K downstream effectors. H1975 (A), H460 (B), and A549 (C) cells were treated with 
1 μM MEK162 or 5 μM BKM120 alone or their combination for 48 h. Control cells were treated with 0.05% DMSO. Whole cell lysates were collected 
for Western blot analysis. β-actin protein levels were evaluated as loading controls
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(P < 0.05) (Table  2). However, in a similar analysis, 
treatment of H460 and A549 cells with the MEK162/
BKM120 combination exhibited a significantly higher 
proportion of cells in the G0/G1 phase than the 
BIBW2992/ARQ197 treatment combination (both 
P < 0.05). In addition, the G0/G1 cell cycle arrest 
induced by the MEK162/BKM120 combination was 
significantly profound in H460 cells compared to A549 
and H1975 cells (both P < 0.05). The G0/G1 cell cycle 
arrest induced by the BIBW2992/ARQ197 combination 
was significantly profound in H1975 cells compared to 
A549 and H460 cells (both P < 0.05) (Table 2).

H1975 cells treated with the BIBW2992/ARQ197 com-
bination exhibited lower levels of p-EGFR and p-MET 
when compared to the similar treatment of H460 cells 
and A549 cells (Fig. 6). However, treatment of H460 cells 
with the MEK162/BKM120 combination exhibited lower 

levels of p-AKT and p-ERK compared to the similar 
treatment of H1975 cells and A549 cells (Fig. 6).

Discussion
MEK and PI3K pathways are the two essential kinase cas-
cades frequently dysregulated in various cancers, includ-
ing human lung cancer [17, 19, 30, 31]. Both the pathways 
represent important signal transduction mechanisms that 
facilitate the proliferation and survival of cancers driven 
by growth factor receptors, such as EGFR. In the pre-
sent study, we confirmed that treatment with a MEK162/
BKM120 combination effectively inhibited cell prolif-
eration, induced apoptosis, and G0/G1 cell cycle arrest 
in EGFR-TKI resistant NSCLC cell lines: H1975, H460, 
and A549. However, the treatment of cells with MEK162 
or BKM120 alone was ineffective. The cytotoxic effects 
of the combination treatment can be attributed to the 

Fig. 4  Effect of MEK162/BKM120 combination and BIBW2997/ARQ197 combination therapy on cell viability. H1975 (A), H460 (B), and A549 (C) 
cells were treated with 1 μM MEK162/5 μM BKM120 combination and 1 µM BIBW2992 (EGFR inhibitor)/2 µM ARQ 197 (MET inhibitor) combination 
for 48 h. Control cells were treated with 0.05% DMSO. Cell viability was evaluated by MTT assay. Data are percentages of viable cells compared 
with the controls and are represented as means ± SD from three independent experiments. *P < 0.05 vs. control (0.05% DMSO); #P < 0.05 vs. 
BKM120 + MEK162; ▲P < 0.05 vs. H1975; &P < 0.05 vs. H460
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inhibition of both the MEK and PI3K pathways. Increas-
ing evidence demonstrates that the MEK and PI3K sign-
aling pathways may interact to promote the growth and 
survival of tumor cells [16, 32]. Also, EGFR activates 
MET through MAPK [33]. Therefore, the inefficacy of 
treatment with MEK162 or BKM120 alone can be attrib-
uted to the compensating cross-talk between the path-
ways. We also detected that the treatment with MEK162 
elevated the phosphorylation of AKT in all three tested 
cell lines, which can be abrogated by a MEK162/BKM120 
combination. In addition, a MEK162/BKM120 combina-
tion caused a decrease in the levels of p-ERK1/2, p-AKT, 
p-S6, and p-4E-BP1 in all three cell lines. Collectively, our 

data suggested that the synergistic inhibition of MEK and 
PI3K pathways, rather than selective inhibition of each 
pathway, achieved sufficient cytotoxic effects in EGFR-
TKI resistant NSCLC cell lines, H1975, H460, and A549. 
These results corroborate the observation by Yao et  al. 
[27] and Qu et al. [28].

It has been reported that in the MAPK pathway, acti-
vated RAF phosphorylates MEK, a dual-specificity 
tyrosine, and serine/threonine kinase, which predomi-
nantly activates the serine/threonine kinases, ERK1 and 
ERK2. ERKs are known to have key roles in controlling 
cell cycle regulation, proliferation, and survival [34, 35]. 
In the PI3K pathway, activated PI3K ultimately leads to 

Fig. 5  Effect of MEK162/BKM120 combination and BIBW2997/ARQ197 combination therapy on cell apoptosis. H1975 (A), H460 (B), and A549 (C) 
cells were treated with 1 μM MEK162/5 μM BKM120 combination and 1 µM BIBW2992/2 µM ARQ 197 combination for 48 h. Control cells were 
treated with 0.05% DMSO. Cells were simultaneously stained with annexin V- FITC and PI, and the apoptosis rates were assessed by flow cytometry. 
Cells positive for annexin V-FITC and negative for PI were in early apoptosis
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the stimulation of AKT, which promotes cell survival 
by phosphorylating MDM2 (a negative regulator of the 
p53 tumor suppressor) and negatively regulating the 
pro-apoptotic Bcl-2 family members, BAD and BAX, 
and forkhead transcription factors, such as forkhead 
box O (FOXO). Activated AKT also negatively regu-
lates the tuberous sclerosis protein complex 1 (TSC1) 
and TSC2, which leads to the activation of mTOR com-
plex 1 (mTORC1), a key regulator of cellular growth and 
protein synthesis. MAPK pathway regulates mTOR sign-
aling through the inactivation of the TSC1/TSC2 heter-
odimeric complex by ERK [35, 36]. In addition, a recent 
study demonstrated that inhibition of mTORC1 with 
everolimus leads to the activation of the MAPK pathway 
[36]. This phenomenon may be attributed to the theory 
that mTORC1 inhibition releases the "brake" on PI3K 
triggered by S6K, which activates the MAPK signal-
ing. Therefore, we firmly speculate that the interactions 
between the two signaling pathways underlie the need to 
block both these pathways to achieve a significant inhi-
bition of tumor growth, especially in EGFR-TKI resistant 
NSCLC.

It was also observed that the synergistic effects of the 
dual inhibition of upstream signal EGFR/MET and down-
stream signal MEK/PI3K on the NSCLC were profound 
regarding growth inhibition, apoptosis, cell cycle arrest, 

Table 2  Effect of MEK162/BKM120 combination and BIBW2997/
ARQ197 combination therapy on NSCLC H1975, H460, and A549 
cell cycle distribution

H1975, H460, and A549 cells were treated with 1 μM MEK162/5 μM BKM120 
combination and 1 µM BIBW2992 (EGFR inhibitor)/2 µM ARQ 197 (MET inhibitor) 
combination for 48 h. Control cells were treated with 0.05% DMSO. Each value 
represents mean ± SD obtained from three independent experiments
* P < 0.05 vs. Control; #P < 0.05 vs. BKM120 + MEK162; ▲P < 0.05 vs. H1975 cells; 
&P < 0.05 vs. H460 cells under the same cell cycle phase and the same drug 
treatment

Group Cell cycle distribution (%)

G0/G1 S G2/M

H1975 cells

Control 61.5 + 3.6 29.4 + 2.3 9.1 + 6.3

BKM120 + MEK162 81.3 + 2.7* 12.9 + 6.5 5.8 + 2.2

BIBW2992 + ARQ197 92.6 + 5.5*# 3.5 + 2.4 3.9 + 1.4

H460 cells

Control 58.4 + 6.6 24.4 + 8.3 17.2 + 7.3

BKM120 + MEK162 90.5 + 3.8*▲ 6.1 + 5.2 3.4 + 3.2

BIBW2992 + ARQ197 59.5 + 5.6#▲ 22.7 + 3.4 17.8 + 7.4

A549 cells

Control 63.1 + 9.1 25.7 + 6.3 11.2 + 4.3

BKM120 + MEK162 85.3 + 7.6*& 8.8 + 2.5 5.9 + 3.8

BIBW2992 + ARQ197 61.4 + 5.5#▲ 27.1 + 6.4 11.5 + 6.4

Fig. 6  Effects of MEK162/BKM120 combination and BIBW2997/ARQ197 combination therapy on EGFR, MET, MAPK, and PI3K pathways. H1975 (A), 
H460 (B), and A549 (C) cells were treated with 1 μM MEK162/5 μM BKM120 combination and 1 µM BIBW2992/2 µM ARQ197 combination for 48 h. 
Control cells were treated with 0.05% DMSO. Whole cell lysates were collected for Western blot analysis. β-actin protein levels were evaluated as 
loading controls
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and expression of phosphorylated pathways. However, 
the observed effects differed among the three NSCLC cell 
lines tested depending on their genetic alterations. The 
H1975 cells were mostly sensitive to the BIBW2992 and 
ARQ197 combination, and H460 cells to the MEK162/
BKM120 combination. The rational explanation might 
be that the H1975 cells were addicted to EGFR (T790M) 
and PIK3CA mutation and MET amplification, and H460 
cells were addicted to K-RAS and PIK3CA mutation. In 
a previous study, we demonstrated that the BIBW2992 
and ARQ197 combination downregulated the expres-
sion of phosphorylated ERK and AKT in H1975 cells 
[22]. Moreover, as the BIBW2992/ARQ197 combina-
tion was cytotoxic, it was observed that the treatment of 
H1975 cells with this combination exhibited little effect 
in the decreased phosphorylation of ERK and AKT in 
comparison to the treatment with the MEK162/BKM120 
combination. The study speculated that other signaling 
pathways that serve downstream of EGFR T790M muta-
tion and MET amplification whose contribution to malig-
nant proliferation are larger than MEK/PI3K. Indeed, 
the network of signal transduction pathways in NSCLC 
cells is highly sophisticated. This warrants transcrip-
tome and proteomic profiling under varied physiologi-
cal conditions to elucidate the exact mechanisms of the 
mode of action of the therapeutics employed. Therefore, 
the observed effects of the MEK/PI3K inhibition neces-
sitate further evaluation. In this study, the cytotoxicity 
of MEK162 combined with BKM120 was confirmed by 
MTT assay, cell cycle detection and Annexin V-PI dou-
ble staining detection. Annexin V-PI double staining is 
a recognized method for detecting apoptosis, especially 
early apoptosis, with high accuracy. After the cytotoxicity 
of MEK162 combined with BKM120 on a first-generation 
EGFR-TKI resistant NSCLC cell line was confirmed, our 
next study focused on analyzing the effect of the drug on 
the cell signal transduction pathway, rather than on the 
expression of apoptotic effector molecules. Therefore, 
the expression of apoptotic effector molecules such as 
caspase was not detected. Of course, if time, energy and 
funds allow, we can carry out related work in the follow-
up study to enrich the research results.

The innovation points of this study are as follows: (1) 
NSCLC cell lines resistant to first-generation EGFR-
TKI with different genetic mutation background were 
used as the research subjects to compare the differences 
in cytotoxicity, apoptosis and expression of important 
transduction signal factors between combined inhibi-
tion of upstream pathway (EGFR/MET) and combined 
inhibition of downstream pathway (MEK/PI3K). To 
increase the basis for preclinical studies on the prob-
lem of choosing the combined inhibition of upstream 
signals located in the cell membrane or the combined 

inhibition of downstream signals located in the cell 
after the acquired drug resistance of molecular targeted 
therapy of NSCLC. This is the most important innova-
tion of this study. (2) At the time of this study (2019), 
there were more MEK/PI3K inhibitors, but few studies 
have revealed which agent is less clinically toxic, and 
the corresponding clinical studies are also few. On the 
basis of reading a lot of literature, we chose MEK162 
and BKM120 as the drugs to be used in the study, 
mainly because of their good effects and low toxicity. 
In fact, now more and more evidence shows that our 
judgment at that time is correct, and clinical studies 
on MEK162 and BKM120 are also increasing gradu-
ally. It shows a good application prospect, especially for 
MEK162. Our results add to the evidence of efficacy in 
preclinical studies of these drugs.

Figures 4 and 6 highlight the role of combined inhibi-
tion of the upstream pathway EGFR/MET and the down-
stream pathway MEK/PI3K in each cell line. Both our 
preliminary experiments and a large number of published 
papers have confirmed that monotherapy is ineffective 
in these cell lines, and it has been shown in Figs. 1 and 
2 that monotherapy of BKM120 or MEK162 is ineffec-
tive in all three cell lines. Therefore, both for theoretical 
deduction and for saving money and energy in practical 
application, Results and images of monotherapy of the 
three cell lines were not shown separately.

In conclusion, dual targeting of MEK and PI3K effec-
tively inhibited EGFR-TKI resistant NSCLC proliferation, 
promoted cell apoptosis, and induced cell cycle arrest. 
Therefore, the data generated provide a scientific ration-
ale for co-targeting MEK/PI3K signaling as a strategy for 
EGFR-TKI resistant NSCLC, especially in K-RAS and 
PIK3CA mutation in NSCLC.

Abbreviations
NSCLC: Non-small cell lung carcinoma; EGFR: Epidermal growth factor 
receptor; TKIs: Tyrosine kinase inhibitors; MEK: MAP kinase-ERK kinase; ERK: 
Extracellular-signal-regulated kinase; PKB/AKT: PI3K/protein kinase B; mTOR: 
Mammalian target of rapamycin; PI: Propidium iodide; PBS: Phosphate-buff‑
ered solution; SD: Standard deviation; LSD: Least significant difference; SPSS: 
Statistics Package for Social Science; TSC1: Tuberous sclerosis protein complex 
1; FOXO: Forkhead box O; mTORC1: MTOR complex 1.

Acknowledgements
We are particularly grateful to all the people who have given us help on our 
article.

Authors’ contributions
QGP and SM conceived the idea and conceptualised the study. WD collected 
the data. WJH analysed the data. WP, GPQ and ZZJ drafted the manuscript, 
then GML, GPQ and ZZJ reviewed the manuscript. All authors read and 
approved the final manuscript.

Funding
This study was funded by the Open Grant of National Clinical Research Center 
for Geriatric diseases (NCRPCG-PLAGH-2017013) and the General Program of 
National Science Foundation of Chinese PLA General Hospital (14KMM19). The 



Page 11 of 12Qu et al. BMC Pulm Med          (2021) 21:208 	

funding body had no role in the design of the study and collection, analysis, 
and interpretation of data and in writing the manuscript.

Availability of data and materials
We declared that materials described in the manuscript, including all relevant 
raw data, will be freely available to any scientist wishing to use them for non-
commercial purposes, without breaching participant confidentiality. If anyone 
wish to obtain the study data, please contact the corresponding author: 
Zhi-Jian Zhang.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Respiratory and Critical Care Medicine, Second Medical 
Center of Chinese PLA General Hospital, No. 28 of Fuxing Street, Haidian 
District, Beijing 100853, China. 2 Department of Laboratory Diagnosis, Second 
Medical Center of Chinese, PLA General Hospital, Beijing 100853, China. 

Received: 14 April 2021   Accepted: 21 June 2021

References
	1.	 Normanno N, De Luca A, Bianco C, et al. Epidermal growth factor 

receptor (EGFR) signaling in cancer. Gene. 2006;366(1):2–16.
	2.	 Sgambato A, Casaluce F, Maione P, et al. The role of EGFR tyrosine 

kinase inhibitors in the first-line treatment of advanced non small 
cell lung cancer patients harboring EGFR mutation. Curr Med Chem. 
2012;19(20):3337–52.

	3.	 Tan CS, Gilligan D, Pacey S. Treatment approaches for EGFR-inhibitor-
resistant patients with non-small-cell lung cancer. Lancet Oncol. 
2015;16(9):e447–59.

	4.	 Chen Q, Quan Q, Ding L, et al. Continuation of epidermal growth factor 
receptor tyrosine kinase inhibitor treatment prolongs disease control 
in non-small-cell lung cancers with acquired resistance to EGFR tyros‑
ine kinase inhibitors. Oncotarget. 2015;6(28):24904–11.

	5.	 Levy BP, Rao P, Becker DJ, Becker K. Attacking a moving target: under‑
standing resistance and managing progression in EGFR-positive lung 
cancer patients treated with tyrosine kinase inhibitors. Oncology (Wil‑
liston Park). 2016;30(7):601–12.

	6.	 Rolfo C, Passiglia F, Ostrowski M, et al. Improvement in lung cancer 
outcomes with targeted therapies: an update for family physicians. J 
Am Board Fam Med. 2015;28(1):124–33.

	7.	 Stewart EL, Tan SZ, Liu G, Tsao MS. Known and putative mechanisms 
of resistance to EGFR targeted therapies in NSCLC patients with EGFR 
mutations—a review. Transl Lung Cancer Res. 2015;4(1):67–81.

	8.	 Passaro A, Alesini D, Pochesci A, Cortesi E. Erlotinib and gefitinib for 
elderly patients with advanced non-small-cell lung cancer. Anticancer 
Agents Med Chem. 2014;14(5):646–50.

	9.	 Ishida N, Fukazawa T, Maeda Y, et al. A novel PI3K inhibitor iMDK sup‑
presses non-small cell lung cancer cooperatively with A MEK inhibitor. 
Exp Cell Res. 2015;335(2):197–206.

	10.	 Ulivi P. Non-Invasive methods to monitor mechanisms of resistance to 
tyrosine kinase inhibitors in non-small-cell lung cancer: where do we 
stand? Int J Mol Sci. 2016;17(7):1186.

	11.	 Lundholm L, Hååg P, Juntti T, Lewensohn R, Viktorsson K. Phosphopro‑
tein analysis reveals MEK inhibition as a way to target non-small cell 
lung cancer tumor initiating cells. Int J Radiat Biol. 2014;90(8):718–26.

	12.	 Beck JT, Ismail A, Tolomeo C. Targeting the phosphatidylinositol 
3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway: 

an emerging treatment strategy for squamous cell lung carcinoma. 
Cancer Treat Rev. 2014;40(8):980–9.

	13.	 Minguet J, Smith KH, Bramlage P. Targeted therapies for treatment of 
non-small cell lung cancer—recent advances and future perspectives. 
Int J Cancer. 2016;138(11):2549–61.

	14.	 Zhang J, Jia J, Zhu F, et al. Analysis of bypass signaling in EGFR pathway 
and profiling of bypass genes for predicting response to anticancer 
EGFR tyrosine kinase inhibitors. Mol Biosyst. 2012;8(10):2645–56.

	15.	 Xu L, Kikuchi E, Xu C, et al. Combined EGFR/MET or EGFR/HSP90 inhibi‑
tion is effective in the treatment of lung cancers codriven by mutant 
EGFR containing T790M and MET. Cancer Res. 2012;72(13):3302–11.

	16.	 Zhang W, Liu HT. MAPK signal pathways in the regulation of cell prolif‑
eration in mammalian cells. Cell Res. 2002;12(1):9–18.

	17.	 Temraz S, Mukherji D, Shamseddine A. Dual inhibition of MEK and PI3K 
pathway in KRAS and BRAF mutated colorectal cancers. Int J Mol Sci. 
2015;16(9):22976–88.

	18.	 Carracedo A, Pandolfi PP. The PTEN-PI3K pathway: of feedbacks and 
cross-talks. Oncogene. 2008;27(41):5527–41.

	19.	 Yip PY. Phosphatidylinositol 3-kinase-AKT-mammalian target of 
rapamycin (PI3K-Akt-mTOR) signaling pathway in non-small cell lung 
cancer. Transl Lung Cancer Res. 2015;4(2):165–76.

	20.	 Puri N, Salgia R. Synergism of EGFR and c-Met pathways, cross-talk and 
inhibition, in non-small cell lung cancer. J Carcinog. 2008;7:9.

	21.	 Acunzo M, Romano G, Palmieri D, et al. Cross-talk between MET and 
EGFR in non-small cell lung cancer involves miR-27a and Sprouty2. 
Proc Natl Acad Sci USA. 2013;110(21):8573–8.

	22.	 Qu G, Liu C, Sun B, Zhou C, Zhang Z, Wang P. Combination of BIBW2992 
and ARQ 197 is effective against erlotinib-resistant human lung cancer 
cells with the EGFR T790M mutation. Oncol Rep. 2014;32(1):341–7.

	23.	 Akinleye A, Furqan M, Mukhi N, Ravella P, Liu D. MEK and the inhibitors: 
from bench to bedside. J Hematol Oncol. 2013;6:27.

	24.	 Li S, Chen S, Jiang Y, Liu J, Yang X, Quan S. Synergistic interaction 
between MEK inhibitor and gefitinib in EGFR-TKI-resistant human lung 
cancer cells. Oncol Lett. 2015;10(4):2652–6.

	25.	 Hrustanovic G, Bivona TG. RAS signaling in ALK fusion lung cancer. 
Small GTPases. 2016;7(1):32–3.

	26.	 Shimizu T, Tolcher AW, Papadopoulos KP, et al. The clinical effect of 
the dual-targeting strategy involving PI3K/AKT/mTOR and RAS/MEK/
ERK pathways in patients with advanced cancer. Clin Cancer Res. 
2012;18(8):2316–25.

	27.	 Yao W, Yue P, Zhang G, Owonikoko TK, Khuri FR, Sun SY. Enhanc‑
ing therapeutic efficacy of the MEK inhibitor, MEK162, by blocking 
autophagy or inhibiting PI3K/Akt signaling in human lung cancer cells. 
Cancer Lett. 2015;364(1):70–8.

	28.	 Qu Y, Wu X, Yin Y, Yang Y, Ma D, Li H. Antitumor activity of selective 
MEK1/2 inhibitor AZD6244 in combination with PI3K/mTOR inhibi‑
tor BEZ235 in gefitinib-resistant NSCLC xenograft models. J Exp Clin 
Cancer Res. 2014;33(1):52.

	29.	 Green LM, Reade JL, Ware CF. Rapid colorimetric assay for cell viability: 
application to the quantitation of cytotoxic and growth inhibitory 
lymphokines. J Immunol Methods. 1984;70(2):257–68.

	30.	 Yuan TL, Cantley LC. PI3K pathway alterations in cancer: variations on a 
theme. Oncogene. 2008;27(41):5497–510.

	31.	 Nanjundan M, Byers LA, Carey MS, et al. Proteomic profiling identifies 
pathways dysregulated in non-small cell lung cancer and an inverse 
association of AMPK and adhesion pathways with recurrence. J Thorac 
Oncol. 2010;5(12):1894–904.

	32.	 Xu Y, Li N, Xiang R, Sun P. Emerging roles of the p38 MAPK and PI3K/
AKT/mTOR pathways in oncogene-induced senescence. Trends Bio‑
chem Sci. 2014;39(6):268–76.

	33.	 Breindel JL, Haskins JW, Cowell EP, Zhao M, Nguyen DX, Stern DF. 
EGF receptor activates MET through MAPK to enhance non-small 
cell lung carcinoma invasion and brain metastasis. Cancer Res. 
2013;73(16):5053–65.

	34.	 Mendoza MC, Er EE, Blenis J. The Ras-ERK and PI3K-mTOR pathways: 
cross-talk and compensation. Trends Biochem Sci. 2011;36(6):320–8.

	35.	 Carracedo A, Ma L, Teruya-Feldstein J, et al. Inhibition of mTORC1 leads 
to MAPK pathway activation through a PI3K-dependent feedback loop 
in human cancer. J Clin Invest. 2008;118(9):3065–74.

	36.	 De Luca A, Maiello MR, D’Alessio A, Pergameno M, Normanno N. The 
RAS/RAF/MEK/ERK and the PI3K/AKT signalling pathways: role in cancer 



Page 12 of 12Qu et al. BMC Pulm Med          (2021) 21:208 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

pathogenesis and implications for therapeutic approaches. Expert Opin 
Ther Targets. 2012;16(Suppl 2):S17–27.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Dual targeting of MEK and PI3K effectively controls the proliferation of human EGFR-TKI resistant non-small cell lung carcinoma cell lines with different genetic backgrounds
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Cell culture
	Cell treatment
	Cell viability assay
	Apoptosis assay
	Analysis of cell cycle distribution
	Western blot analysis
	Statistical analysis

	Results
	MEK162BKM120 combination inhibits the viability of human EGFR-TKI resistant NSCLC cell lines with different genetic backgrounds
	MEK162BKM120 combination induces apoptosis in human EGFR-TKI resistant NSCLC cell lines with different genetic backgrounds
	MEK162BKM120 combination induces G0G1 cell cycle arrest in human EGFR-TKI resistant NSCLC cell lines with different genetic backgrounds
	MEK162BKM120 combination regulates MEK and PI3K signaling transduction pathways of human EGFR-TKI resistant NSCLC cell lines with different genetic backgrounds
	Effects of MEKPI3K dual inhibition or EGFRMET dual inhibition on cell viability, apoptosis, cell cycle distribution in human EGFR-TKI resistant NSCLC cell lines with different genetic backgrounds

	Discussion
	Acknowledgements
	References


