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Abstract
Gefitinib, as the first-generation epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI), has achieved great 
advances in the treatment of non-small cell lung cancer (NSCLC), but drug resistance will inevitably occur. Therefore, 
exploring the resistance mechanism of gefitinib and developing new combination treatment strategies are of great impor-
tance. In our study, the results showed that selumetinib (AZD6244) synergistically inhibited the proliferation of NSCLC 
with gefitinib. Selumetinib also enhanced gefitinib-induced apoptosis and migration inhibition ability in gefitinib-resistant 
lung cancer cell lines. Subsequently, the negative regulation between MIG6 and STAT3 was observed and verified through 
the STRING database and western blotting assays. Sustained activation of STAT3 was significantly downregulated when 
co-treatment with selumetinib in gefitinib-resistant cells. However, the downregulation of p-STAT3, resulting from the 
combination of selumetinib and gefitinib was counteracted by the deletion of MIG6, suggesting that selumetinib enhanced 
gefitinib sensitivity by regulating MIG6/STAT3 in NSCLC. In contrast, p-STAT3 was further inhibited after treatment with 
gefitinib and selumetinib when MIG6 was overexpressed. Furthermore, the combined administration of selumetinib and 
gefitinib effectively promoted the sensitivity of lung cancer xenografts to gefitinib in vivo, and the tumor inhibition rate 
reached 81.49%, while the tumor inhibition rate of the gefitinib monotherapy group was only 31.95%. Overall, MIG6/STAT3 
negative regulation plays an important role in the sustained activation of STAT3 and the resistance to EGFR-TKIs. Our study 
also suggests that EGFR-TKIs combined with MEK1/2 inhibitors, such as selumetinib, may be beneficial to those NSCLC 
patients who develop a primary or acquired resistance to EGFR-TKIs, providing theoretical support for combining TKIs and 
selumetinib in clinical cancer treatment.
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Introduction

Lung cancer is still one of the types of malignant tumors 
with the highest incidence and mortality. The treatment 
of lung cancer is very challenging due to its difficulty in 
detection, ease of metastasis, and poor prognosis. The 
average five-year survival rate for lung cancer patients 
is approximately 15% (Sung et al. 2021). Therefore, it is 
urgent to discover effective drugs to treat lung cancer. In 
recent years, molecular targeted therapy has achieved sig-
nificant efficacy in advanced non-small cell lung cancer 
(NSCLC) patients with driver genes. Currently, the most 
promising and representative example at the clinical level 
is targeted therapy of the epidermal growth factor recep-
tor (EGFR) (Cooper et al. 2022). Epidermal growth factor 
receptor tyrosine kinase inhibitors (EGFR-TKIs) are small-
molecule EGFR inhibitors that can inhibit the activation 
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of tyrosine kinase, and then block the EGFR signaling 
pathway by competitively binding EGFR to endogenous 
ligands, eventually producing a series of biological effects 
such as the proliferation and metastasis of tumor cells. 
Although three generations of EGFR inhibitors have been 
developed in recent years, including first-generation TKIs 
gefitinib and erlotinib, second-generation TKI afatinib, 
and third-generation TKI osimertinib, the occurrence of 
acquired resistance is inevitable, and the mechanisms of 
resistance are complex and incompletely understood (He 
et al. 2021).

Gefitinib, a first-generation EGFR-TKI, is the first small-
molecule targeted drug for the treatment of advanced non-
small cell lung cancer (NSCLC) that competitively binds 
to the ATP pocket of EGFR by simulating an adenine ring. 
Although gefitinib has achieved remarkable efficacy in the 
clinical treatment of lung cancer, drug resistance will inevi-
tably occur (Sun et al. 2020). At the early stage of clini-
cal treatment, the response rate of some NSCLC patients 
to gefitinib was disappointing, only approximately 4-23% 
(Köhler and Schuler 2013), which was caused by primary 
drug resistance. Most patients with partial EGFR muta-
tions, including EGFR-L858R mutation and EGFR Del 
E746_A750 mutation, had better responses. These muta-
tions were also called EGFR-sensitive mutations due to the 
increased binding force of EGFR and gefitinib. However, 
surprisingly, patients who initially responded to gefitinib 
also eventually developed secondary resistance to gefitinib 
after about 9-12 months (Pan et al. 2022). Therefore, the 
emergence of drug resistance is a great challenge for the 
clinical treatment of NSCLC, an important cause of clinical 
treatment failure of small molecule drugs, and also an urgent 
problem that needs to be solved at present.

The mechanism of drug resistance is a multigene, multi-
layer, and multidimensional complex process (Ramirez et al. 
2016; Huang and Fu 2015). EGFR mutation, K-Ras muta-
tion, and continued activation of STAT3 are the main mecha-
nisms leading to primary EGFR-TKI resistance (Huang and 
Fu 2015). Abnormally activated STAT3 has been detected 
in a variety of tumors and is closely associated with poor 
survival and prognosis in tumor patients (Gu et al. 2020). 
Elevated STAT3 activity has been demonstrated in approxi-
mately 40–60% of non-small cell lung cancers (Harada et al. 
2014). Changes in upstream STAT3 signaling, such as EGFR 
mutation or upregulation, Src overexpression, and abnormal 
activation of cytokines/gp130/JAK, can induce continued 
activation of STAT3 (Kandala and Srivastava 2012). The 
activity of STAT3 is regulated by upstream activated pro-
teins and some endogenous negative regulatory proteins 
under normal physiological conditions. These negative 
regulatory proteins include the cytokine signaling inhibitor 
family, tyrosine phospholipases (PTPs), and the activated 
STAT3 inhibitor protein.

Previously, we showed that dual inhibition of FGFR 
and STAT3 is effective against gefitinib-resistant NSCLC 
(Song et al. 2021), indicating that combination therapy 
may be an effective strategy for overcoming gefitinib 
resistance. Selumetinib (AZD6244), is a potent, selec-
tive, non-ATP-competitive oral mitogen-activated pro-
tein kinase (MEK) 1/2 inhibitor (Yoon et al. 2012). Selu-
metinib is not presently approved for use in any clinical 
indication in humans, but its efficacy in combination 
with other chemotherapeutic agents for the treatment of 
tumors has been demonstrated in clinical studies (Hedayat 
et al. 2023; Carvajal et al. 2018). A phase III trial investi-
gated the efficacy and safety of selumetinib plus docetaxel 
in patients harboring KRAS-mutant NSCLC patients (Das 
2017). It was reported that the JAK2/STAT3 inhibitor 
AG490 synergistically increased the effects of AZD6244 
on colon cancer in vitro and in vivo, providing a rationale 
for combining inhibitors of the JAK/STAT pathway and 
MEK inhibitors to reduce the potential impact of drug 
resistance (Jin et al. 2019). The combination of EGFR and 
MEK1/2 inhibitors showed synergistic effects in human 
gastric cancer cells and TNBC cell lines (Yoon et al. 2009; 
Maiello et al. 2015). The expression of ERRFI1(MIG6) 
was increased as a result of AZD6244 treatment in LoVo 
and SNU668 cell lines that contained wild-type EGFR and 
mutant KRAS. Treatment with a combination of an EGFR 
inhibitor and AZD6244 synergistically inhibited cell pro-
liferation without activating AKT in AZD6244-resistant 
cells (Yoon et al. 2012).

In this study, to expand our understanding of the MEK 
inhibitor selumetinib plus the EGFR inhibitor gefitinib, we 
conducted in vitro and in vivo studies using three gefitinib-
resistant lung cancer cell lines with EGFR mutation types 
consistent with those in clinical lung cancer patients. We 
demonstrate that selumetinib and gefitinib synergistically 
inhibit the proliferation of NSCLC, and enhance gefitinib-
induced apoptosis and migration inhibition. Moreover, 
selumetinib overcomes gefitinib resistance by regulating 
MIG6/STAT3 in NSCLC. The results support the feasibil-
ity of combination therapy and the utility of selumetinib for 
NSCLC therapeutics.

Materials and methods

Chemicals and reagents

Gefitinib (S31076) was obtained from Shanghai Yuanye Bio-
Technology Co., Ltd. Selumetinib (AZD6244, S125580) was 
purchased from Aladdin (Shanghai, China). DMSO (ST038) 
and RIPA lysis buffer (Lot#: P0013B) were purchased from 
Beyotime Biotechnology (Shanghai, China).
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Cell culture

NCI-H1975 cells, A549 cells, and PC-9 cells were cul-
tured in RPMI-1640 (Gibco, SH30809.01, Fisher Scien-
tific, Hampton, NH, USA) and maintained in a medium 
supplemented with 10% FBS and 1% penicillin–strep-
tomycin and propagated as monolayer cultures at 37 °C 
in a humidified 5% CO2 incubator. All the cells were 
kindly provided by Cell Bank, Chinese Academy of Sci-
ences. Gefitinib-resistant PC9/GR cells were selected 
from a subculture that had acquired resistance to gefi-
tinib using the concentration gradient method. PC-9 cells 
were exposed to 0.05 μM gefitinib and the medium was 
changed every 3 days until no dead cells were found. The 
concentration of gefitinib was increased gradually until 
the cells no longer died at 2 μM gefitinib. After about 
30 days, the resistant sub-cloned cells were harvested.

Cell viability assay

A modified tetrazolium salt assay was used to measure the 
inhibition of cancer cell growth. Cancer cells were plated 
in a 96-well microtiter plate containing 100 μL of growth 
media per well and incubated for 24 h. Then, the cells 
were treated with gefitinib or selumetinib at the indicated 
concentrations for 72 h. 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Sigma–Aldrich, 
MO, USA) was added to each well of the 96-well plate. 
After 4 h of incubation, the formazan crystal was dis-
solved and spectrophotometrically quantified at a wave-
length of 570 nm (Bio-Tek Instruments, Inc., Winooski, 
VT, USA). All the experimental data were obtained from 
six replicates, and all the experiments were repeated at 
least four times. The inhibition rate of each sample was 
calculated based on the A570 values as follows: % inhibi-
tion rate = (A570 nm control-treated cells/A570 nm con-
trol × 100%). The IC50 was defined as the concentration 
that led to 50% inhibition of cell viability.

Synergism and CI analyses: cells were seeded in quad-
ruplicate in 96-well plates and treated with gefitinib or 
selumetinib alone or with the combination of gefitinib and 
selumetinib at the indicated doses. MTT assays were per-
formed after 72 h of treatment. The synergistic effective-
ness of the inhibitors was analyzed by using CompuSyn 
software (Comboyn Inc., Paramus, NJ, USA). CI < 1 
indicates synergistic effects, CI > 1 indicates antagonistic 
effects, and CI = 1 indicates additive effects between the 
two drugs. The methodology behind the synergistic effect 
analysis was previously described (Chou 2010).

Cell clone formation assay

Cell clone formation ability was tested using plate clone for-
mation assay. A549, NCI-H1975 cells, and PC9/GR cells 
were distributed in 6-well plates (500 cells/well). After 12 h 
of attachment, the cells were treated with selumetinib or 
gefitinib alone, or the two combinations for 48 h. Then, the 
medium was substituted with a drug-free medium every 
2 days. The culture medium was removed after 14 days. The 
formed cell clones were fixed with methanol and stained 
with 0.1% crystal violet (G1063, Solarbio Science & Tech-
nology Co., Ltd, Beijing). The clone formation efficiency 
was calculated using Image J software (NIH, USA).

Flow cytometry analysis

Cells were seeded in 6-well plates and incubated for 24 h. 
Then, the cells were treated with selumetinib and gefitinib 
for an additional 48 h. Subsequently, cells were collected by 
centrifugation followed by resuspension with binding buffer. 
100 µL of cell suspension was placed in flow cytometry 
tubes, and then 5 µL Annexin V/FITC (CA1020, Solarbio 
Science & Technology Co., Ltd, Beijing) was added and 
incubated for 5 min at room temperature in the dark. 5 µL 
PI was added for immediate detection by flow cytometry 
(Accuri™ C6 Plus, Becton, Dickinson and Company, NJ, 
America), and the data were analyzed with FlowJo software 
(FlowJo, Ashland, OR, USA).

Cell migration and invasion assay

For the cell scratch test, NCI-H1975 and A549 cells were 
seeded in 6-well plates (2 × 105 cells/well). After cell 
adherence, the formed cell monolayers were scratched 
with 100 μL pipette tips and washed with PBS to remove 
floating cells. Cells were incubated with gefitinib or selu-
metinib for 24 h. The migration distance was calculated 
using Image J software. Three replicates were performed 
at each concentration. For the transwell migration assay, 
cells (1 × 105 cells/well) were seeded in the upper com-
partment of the transwell chamber with serum-free condi-
tioned medium (8 μm pore size, 3422, Corning, NY, USA). 
Then, a 0.6 mL culture medium with 10% FBS was added 
to the lower compartment. The plates were maintained for 
24 h at 37 °C. After incubation, the filter was fixed with 
methanol and stained with 0.1% crystal violet (C0121, 
Beyotime Biotechnology, Shanghai, China). The cells on 
the upper surface of the filter were removed, and cells on 
the lower surface were photographed under a microscope 
at 100 magnifications followed by dissolution with 30% 
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acetic acid. The solution was measured using a wavelength 
of 592 nm.

AO/EB fluorescence staining

AO/EB double staining is used to analyze the morpho-
logical characteristics of the apoptotic cells. EB (ethid-
ium bromide) yields red–orange fluorescence, which can 
stain dead or apoptotic cells, while AO (acridine orange) 
can stain live cells with yellow-green fluorescence. NCI-
H1975 and A549 cells (5 × 104 cells/well) were seeded 
at 48 well-plate and treated with gefitinib or selumetinib 
for 48 h at 37℃. After that, the mixed AO/EB solutions 
(R20292, Solarbio, Beijing, China) were added to cells 
and incubated for 5 min in the dark. Cell morphology was 
examined under a fluorescence microscope (IX71, Olym-
pus, Japan).

Western blotting and antibodies

A549 cells were incubated with gefitinib or selumetinib 
at the indicated concentrations and for the indicated dura-
tions, washed with PBS twice, lysed on ice for 30 min in a 
loading buffer, and then boiled for approximately 10 min. 
The protein concentration was determined with a BCA 
reagent. Equal amounts of protein were electrophoresed in 
6% to 10% SDS-PAGE gels, then the proteins were trans-
ferred to PVDF membranes (Pall, NY, USA), probed with 
antibodies, and detected by chemiluminescence (#32209, 
Thermo Fisher Scientific, MA, USA).

The antibodies to detect EGFR (#66455–1-Ig), 
STAT3 (#10253–2-AP), ERK 1/2 (#11257–1-AP), 
PARP1(#13371–1-AP), Cleaved Caspase 3 (#25128–1-
AP), Caspase 8 (#13423–1-AP), Caspase 9 (#10380–1-
AP), Bcl2 (#12789–1-AP), E-cadherin (#20874–1-AP), 
N-cadherin (#22018–1-AP), Vimentin (#10366–1-AP), 
MIG6 (#11630–1-AP), p-AKT (Ser473, #80455–1-RR), 
p-ERK (Thr202/Tyr204, #28733–1-AP) and GAPDH 
(#10,494–1-AP) were obtained from Proteintech Group, 
Inc, Wuhan, China. Antibodies against p-EGFR (Tyr1068, 
#3777S), and Cleaved Caspase9 (#9509) were obtained 
from Cell Signaling Technology (Boston, MA, USA). 
Cleaved-PARP was obtained from MultiSciences Bio-
tech Co., Ltd (Hangzhou, China). Anti-Phospho-STAT3 
(Tyr705) antibody (ET1603-40) was obtained from Hang-
zhou Huaan Biotechnology Co., Ltd. All the primary 
antibodies were diluted according to the instructions. 

Anti-rabbit and anti-mouse (1:5000) HRP-conjugated 
antibodies were used as the secondary antibodies.

siRNA and cDNA overexpression transfection

siRNA and cDNA overexpression transfection were con-
ducted with the Lipofectamine® 3000 reagent according 
to the manufacturer’s instructions (L3000015, Thermo 
Fisher Scientific, MA, USA). Cells were transfected with 
a final concentration of 20 nmol/L siRNA for 4-6 h with 
the Lipofectamine® 3000 reagent, and then, the medium 
was replaced with a fresh growth medium. After transfec-
tion for 48 h, the cells were treated with the compounds 
or DMSO for 0.5 h, and cell lysate protein samples were 
used for Western blot analysis. The MIG6 siRNA gene 
sequences were as follows: 5′-CUA​CAC​UUU​CUG​AUU​
UCA​A-3′. All of these siRNA molecules were obtained 
from Shanghai GenePharma Co., Ltd. MIG6 cDNA (Plas-
mid #82116) was purchased from Addgene (MA, USA).

Animal studies

All animal studies were conducted based on animal pro-
tocols approved by the Animal Care and Ethics Com-
mittee of Northwest University and in accordance with 
the National Health Guidelines on the Care and Use of 
Animals (NWU-AWC-20220903  M). Female BALB/c 
nude mice were obtained from GemPharmatech Co., Ltd. 
(Jiangsu, China). To assess the antitumor response of 
gefitinib and selumetinib, 1 × 107 A549 cells in 200 μL 
FBS-free medium were subcutaneously injected into the 
left axilla of the mice. Once the tumor volume reached 
100–150 mm3, the mice were divided into four groups (6 
mice per group): the control group was orally gavaged 
with the vehicle control [mixture of normal saline (87%), 
polyoxyethylenated castor oil (8%), ethyl alcohol (5%)]; 
single administration group was intraperitoneal injected 
with selumetinib (30 mg/kg) and gefitinib (30 mg/kg); in 
the combined administration group, gefitinib and selu-
metinib were administered sequentially by intraperitoneal 
injection at an interval of more than 1 h. All groups were 
administered every day for 21 days. The tumor volume and 
body weight were measured every 3 days. At the end of 
the experiments, the mice were sacrificed, and the primary 
tumors and some major organs including the heart, lung, 
liver, spleen, and kidney were collected and weighed. Cal-
culate the organ index according to the following formula: 
organ index = (organ weight/mouse weight) × 100%.



928	 X. Song et al.

1 3

Statistical analysis

The experimental data were analyzed with GraphPad Prism 
8 software using one-way analysis of variance (ANOVA), 
and a p-value < 0.05 was considered statistically significant. 
The data are shown as the mean ± standard deviation (SD).

Results

Selumetinib and gefitinib synergistically inhibit 
the proliferation of NSCLC

To explore the antiproliferative effect of selumetinib com-
bined with gefitinib in gefitinib-resistant NSCLC, we 
selected gefitinib primary resistant cell lines A549 (harbor-
ing EGFR wild type) and H1975 (harboring EGFR L858R/
T790M mutant), as well as PC9/GR cells selected from 
a subculture that had acquired resistance to gefitinib. As 
shown in Fig. 1A, B the IC50 values of gefitinib on A549 
cells and H1975 cells alone for 72 h were 14.94 μM and 
10.07 μM, respectively. The IC50 values of selumetinib and 
gefitinib in the combined administration group on A549 cells 
and H1975 cells were 0.74 μM and 0.4 μM, respectively. 
In addition, PC9/GR cells exhibited a 110-fold increase in 
resistance to the growth-inhibitory effect of gefitinib com-
pared with that in parent PC-9 cells as determined by MTT 
assay, and the resistant phenotype was stable for at least 
6 months under drug-free conditions. Similarly, selumetinib 
potently enhanced the inhibitory effect of gefitinib on PC9/
GR cells (Fig. 1C). Furthermore, according to the analysis 
of CompuSyn software, the combination of selumetinib and 
gefitinib synergistically inhibited the proliferation of A549 
(Fig. 1D), H1975 (Fig. 1E) and PC9/GR cells (Fig. 1F) with 
CI values < 1. In addition, the synergistic effect of selu-
metinib and gefitinib was time-dependent. A549, H1975, 
and PC9/GR cell viability was examined following treat-
ment with 5 µM gefitinib with or without the indicated 
selumetinib for 24, 48, and 72 h (Fig. 1G–I). The results of 
the MTT assay demonstrated that the combination of gefi-
tinib and selumetinib increased the cell viability inhibition 
effect compared with that of gefitinib or selumetinib treat-
ment alone, and the difference was statistically significant 
at 48 and 72 h (*p < 0.05, **p < 0.01). The clone formation 
assay also showed that gefitinib combined with selumetinib 
treatment significantly inhibited clone formation in A549, 
H1975, and PC9/GR cells compared with that of gefitinib 
treatment alone (*p < 0.05) (Fig. 1J). Clone formation effi-
ciency is indicated in the histogram (Fig. 1K). In short, the 
results indicated that selumetinib and gefitinib synergisti-
cally inhibited the proliferation of NSCLC.

Selumetinib enhanced gefitinib‑induced apoptosis 
in gefitinib‑resistant NSCLC

To evaluate the effects of selumetinib on apoptosis, AO/
EB staining and flow cytometry were performed on A549 
and H1975 cells. As illustrated in Fig. 2A, the AO/EB 
staining assay revealed that the number of cells emitting 
red fluorescence increased in the combined administra-
tion group in both A549 and H1975 cells, indicating that 
the number of apoptotic cells increased in the group co-
induced by selumetinib, compared with that in the gefitinib 
group. Cell apoptosis triggered by gefitinib/selumetinib 
was determined using the Annexin V/PI apoptosis assay. 
The proportion of early and late apoptotic cells was mark-
edly increased after cotreatment with selumetinib, while the 
rate of apoptotic cells increased from 7.18 ± 0.33% in the 
gefitinib group to 26.1 ± 1.27% of the cells cotreated with 
selumetinib (**p < 0.01) in A549 cells, and the rate of apop-
totic cells increased from 7.27 ± 1.70% in the gefitinib group 
to 17.28 ± 2.28% of the cells cotreated with selumetinib (* 
p < 0.05) in H1975 cells (Fig. 2B, C). Subsequently, we 
explored the expression of important signaling proteins 
involved in apoptosis via western blotting assays (Fig. 2D, 
E). The combination of gefitinib and selumetinib increased 
the expression of cleaved caspase 9 and downregulated the 
expression of pro-caspase 9 and Bcl2, which were major 
members of the mitochondrial apoptotic pathway. Further-
more, as shown in Fig. 2D, the expression of caspase 8, a 
key member of the death receptor pathway, did not change 
significantly after cotreatment with selumetinib. However, 
co-treatment with selumetinib promoted the cleavage of pro-
caspase 3 and pro-PARP1, which were the ultimate executors 
of apoptosis and its substrate protein. These results suggest 
that cotreatment with selumetinib may enhance apoptosis 
in gefitinib-resistant NSCLC cell lines mainly through the 
caspase-dependent mitochondrial pathway.

Selumetinib enhanced migration inhibition 
in gefitinib‑resistant NSCLC

To test the antimigration effects of selumetinib on NSCLC 
cells, wound healing, and Transwell assays were conducted. 
The wound healing assay showed that the wound healing 
percentages of the combined group decreased evidently in 
both treated A549 and H1975 cells (Fig. 3A, B, * p < 0.05). 
Furthermore, the Transwell assay showed that the cell 
migration ability of the selumetinib cotreatment group 
showed an obvious reduction of 42.2% in A549 cells and 
28.0% in H1975 cells (Fig. 3C, D, *p < 0.05, **p < 0.01), 
indicating the inhibitory effect of selumetinib on migration. 
Subsequently, we explored the expression of important 
signaling proteins involved in migration via western blot-
ting assays (Fig. 3E, F). The combination of gefitinib and 
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Fig. 1   Selumetinib synergistically inhibited the proliferation of NSCLC with gefitinib. A–C MTT assay was used to examine the cell viability of A549, H1975, and 
PC9/GR cells treated with gefitinib (0, 1, 2, 5, 10, 20, 40, or 80 µM) with or without selumetinib (0, 1, 2, 5, 10, 20, 40 or 80 µM) for 72 h. D–F Gefitinib in combina-
tion with selumetinib induced the proliferation inhibition by the MTT assay (The CI value was calculated according to the CompuSyn software, n ≥ 3). The CI > 1 
was antagonistic, CI = 1 was additive and CI < 1 was synergistic. G–I Cell viability of A549, H1975, and PC9/GR cells treated with 5 µM gefitinib and selumetinib 
for 24, 48, and 72 h. J Plate clone formation assay was used to examine the cell clone formation ability after treatment of gefitinib with or without ginsenoside CK in 
A549, H1975, and PC9/GR cells. (K) Clone formation efficiency was indicated in the histogram by Image J software. A statistically significant difference (*p < 0.05, or 
**p < 0.01) between the gefitinib/selumetinib combined group and the gefitinib group
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Fig. 2   Selumetinib enhanced gefitinib-induced apoptosis in gefitinib-resistant NSCLC. A AO/EB staining was performed to assess apoptosis-induced morphologi-
cal variation via fluorescence microscopy. Scale bars = 100 µm. B Flow cytometry was used to examine apoptosis in A549 cells treated with gefitinib (5 µM) with or 
without selumetinib (5 µM) for 48 h. *P < 0.05 vs. the gefitinib group. C Quantification plots were shown on the right. Statistics were exhibited as the mean ± SD of 
triplicate independent experiments; * p < 0.05 and ** p < 0.01 compared with the gefitinib group. D Protein expression levels of PARP1, Cleaved-PARP, Caspase 8, 
Caspase 9, Cleaved Caspase 3, Cleaved Caspase 9, and Bcl2 were determined by western blotting analysis in A549 cells treated with gefitinib (5 µM) with or with-
out selumetinib (5 µM) for 48 h. GAPDH was used as a control protein. E Quantification plots were shown on the right
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selumetinib significantly increased the protein expression 
levels of E-cadherin and decreased the protein expression 
levels of N-cadherin and Vimentin. These results demon-
strated that the migration inhibition ability was enhanced 
after cotreatment with selumetinib in gefitinib-resistant 
A549 and H1975 cells.

Selumetinib could overcome gefitinib resistance 
by regulating MIG6/STAT3 in NSCLC

As previously described (Song et al. 2021), considering that 
sustained activation of STAT3 was an intrinsic mechanism 
underlying resistance to EGFR-TKIs, the inhibitory effect 
of the combination of gefitinib and selumetinib on STAT3 
activation was examined. As shown in Fig. 4A, p-EGFR 
was significantly inhibited, but its downstream phosphoryla-
tion level of STAT3 was activated after exposure to gefi-
tinib alone. When the cells were cotreated with selumetinib, 
p-STAT3, p-AKT, and p-ERK were significantly inhibited 
in a dose-dependent manner and were almost completely 
suppressed at high concentrations.

To further explore the mechanism by which selumetinib 
overcomes gefitinib resistance, proteins that might interact 
with STAT3 were analyzed, and a PPI network diagram 
was drawn using the STRING database (Fig. 4B). Mitogen-
induced gene 6, MIG-6 (also known as ERRFI1) attracted our 
attention because it regulated receptor tyrosine kinase (RTK) 
signaling through negative feedback (Yoon et al. 2012). To 
confirm the expression of MIG6 in tumors, we searched and 
analyzed the data in the GEPIA database and found that the 
expression of MIG6 was lower in breast cancer (BRCA), liver 
hepatocellular carcinoma (LIHC), lung squamous cell carci-
noma (LUSC), and ovarian serous cystadenocarcinoma (OV) 
tissues than in normal tissues (Fig. 4C). Therefore, the effect 
of selumetinib on MIG6 expression was examined. As shown 
in Fig. 4D, the expression of MIG6 was slightly elevated 
after selumetinib treatment, suggesting that MIG6 may play 
a certain regulatory role.

Next, to further investigate whether MIG6 was involved 
in EGFR-TKI resistance, the effects of gefitinib and 

selumetinib on cell proliferation and STAT3 activation 
were examined when MIG6 was knocked down or over-
expressed in A549 cells. As shown in Fig. 4E, the effect 
of MIG6 on the proliferation rate of A549 cells after gefi-
tinib and selumetinib cotreatment was analyzed using the 
MTT assay. The results showed that siMIG6 significantly 
decreased the gefitinib-mediated growth inhibition of 
A549 cells. However, transfection of A549 cells with the 
MIG6-overexpressing plasmid promoted gefitinib-medi-
ated growth inhibition. Then, we further examined the 
effect of gefitinib on the activation of STAT3 when MIG6 
was knocked down with siRNA in A549 cells (Fig. 4F). 
When MIG6 was not disturbed, p-STAT3 was strongly 
inhibited after gefitinib and selumetinib cotreatment. 
However, the decrease of p-STAT3 mediated by cotreat-
ment with selumetinib and gefitinib in MIG6-intact A549 
cells was blocked or much relieved when MIG6 expression 
was knocked down. Conversely, when MIG6 was over-
expressed, p-STAT3 was further inhibited after treatment 
with gefitinib and selumetinib (Fig. 4G), suggesting that 
selumetinib enhanced gefitinib sensitivity by regulating 
MIG6/STAT3 in NSCLC.

Selumetinib promoted the sensitivity of lung cancer 
xenografts to gefitinib in vivo

Finally, to provide more evidence of the negative effect of 
selumetinib on tumor progression, xenograft mouse mod-
els were created with A549 cells. A schematic diagram of 
the animal experimental process is shown in Fig. 5A. The 
tumor size and weight were both decreased by selumetinib 
and gefitinib separately, but the reduction was more pro-
nounced in the selumetinib and gefitinib combination 
groups (Fig. 5B, C). Tumor volumes were measured every 
3 days during the experimental period, and the results 
demonstrated that selumetinib and gefitinib visibly inhib-
ited solid tumor growth (Fig. 5D). The inhibition rates of 
selumetinib (30 mg/kg/d) and gefitinib (30 mg/kg/d) on 
tumor volume were 60.79% and 31.95%, respectively, but 
the inhibition rate of the combination group was 81.49%. 
After 21 days of administration, the average body weights 
of mice treated with gefitinib and selumetinib were 
23.01 ± 0.48 g and 21.92 ± 0.61 g, respectively, which did 
not show an outstanding decrease compared to that of the 
normal group (21.75 ± 0.34 g). Meanwhile, the weight of 
mice in the combination group was 21.27 ± 0.40 g, which 
was similar to that of the normal group with no signifi-
cance (Fig. 5E, p > 0.05).

Additionally, there were no statistically significant 
differences in organ indicators between each group, 
which demonstrated that the selumetinib and gefitinib 
combination group had no toxic side effects (Fig. 5F). 

Fig. 3   Selumetinib enhanced migration inhibition in gefitinib-resist-
ant NSCLC. A Wound healing assays were performed to investigate 
the migration ability alteration of A549 cells and H1975 cells after 
gefitinib treatment with or without selumetinib. Data were processed 
using ImageJ software. Quantification charts were listed on the right 
(B). C Transwell migration assays were performed to investigate the 
migration and invasion ability after gefitinib treatment with or with-
out selumetinib. Quantification charts were listed on the right (D). 
Statistics were exhibited as the mean ± SD of triplicate independent 
experiments; * p < 0.05, ** p < 0.01. E Protein expression levels of 
E-Cadherin, N-Cadherin, and Vimentin were determined using west-
ern blotting analysis in A549 cells treated with gefitinib (5 µM) with 
or without selumetinib (5 µM) for 48 h. GAPDH was used as a con-
trol protein. F Quantification plots were shown on the right
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Subsequently, the results of the immunoblotting assay in 
tumor tissues also showed that p-EGFR, p-STAT3, and 
p-ERK were more strongly inhibited in combination with 
selumetinib (Fig. 5G). Consequently, selumetinib effec-
tively promoted the sensitivity of lung cancer xenografts 
to gefitinib in vivo.

Discussion

Lung cancer is driven by several oncogenes, including ALK, 
BRAF, EGFR, HER2, KRAS, MEK1, MET, NRAS, RET, 
and ROS1 (Roncarati et al. 2020). Mutation or amplifica-
tion of these genes leads to the development of lung cancer, 
thus, small-molecule drugs targeting these oncogenes have 
provided a novel strategy for the treatment of lung cancer 
and have already achieved remarkable therapeutic results 
(Wang et al. 2021). EGFR overexpression is associated 
with survival rate, poor prognosis, and postoperative qual-
ity of life in NSCLC patients. Therefore, the development 
of small molecule inhibitors targeting EGFR is significant 
for the clinical treatment of NSCLC. Gefitinib, a first-gen-
eration EGFR-TKI, has achieved remarkable efficacy in the 
clinical treatment of advanced non-small cell lung cancer 
(NSCLC); However, drug resistance will inevitably occur. 
Therefore, exploring the resistance mechanism and over-
coming strategies of gefitinib, as well as developing new 
combination treatment strategies have become the research 
hotspots in the field of lung cancer treatment.

In our study, the MEK1/2 inhibitor, selumetinib was 
selected to investigate the efficacy of combination with 

gefitinib in gefitinib-resistant NSCLC cells. Selumetinib 
(AZD6244), is a potent and selective adenosine triphos-
phate-uncompetitive inhibitor of MEK1/2 with anticancer 
activity both in vitro and in vivo. The drug is currently in 
phase III clinical development. However, selumetinib, as 
a single agent, failed to demonstrate clinical activity in 
different tumor types (Maiello et al. 2015). Therefore, we 
hypothesized that selumetinib and gefitinib had synergistic 
effects in lung cancer cells. The results of MTT assays 
illustrated that selumetinib, with gefitinib, synergistically 
inhibited the proliferation of NSCLC in primary resist-
ant lung cancer cells A549 and H1975 cells, as well as 
in acquired resistant PC9/GR cells. Similar results were 
observed in the mouse xenograft model in vivo. The com-
bined administration of selumetinib and gefitinib signifi-
cantly inhibited the growth of solid tumors, and the tumor 
inhibition rate reached 81.49%. These results suggested 
that selumetinib could effectively enhance the inhibitory 
effect of gefitinib on NSCLC in vitro and in vivo.

Apoptosis, the most common form of cell death under 
physiological conditions, is crucial for the occurrence 
and development of tumors and drug resistance (Liu et al. 
2017a, b). In this study, the results of AO/EB staining 
and flow cytometry showed an increased number of apop-
totic A549 and H1975 cells after cotreatment with selu-
metinib. Subsequently, western blotting data showed that 
the expression levels of cleaved caspase 9, cleaved caspase 
3, and cleaved PARP were significantly increased in cells 
after cotreatment with selumetinib. However, the expres-
sion levels of pro-caspase 9, pro-PARP1, and Bcl2 were 
decreased, indicating that cotreatment with selumetinib 
may enhance apoptosis in gefitinib-resistant cells mainly 
through the caspase-dependent mitochondrial pathway. 
Additionally, scratch assays and Transwell assays were 
performed to detect the tumor cell migration ability. Com-
pared with those in the gefitinib monotherapy group, the 
proportion of wound healing and cell migration in the 
Transwell experiment in the selumetinib combined admin-
istration group was significantly reduced, indicating that 
selumetinib enhanced migration inhibition in gefitinib-
resistant NSCLC.

STAT3, an important member of the signal transducer 
and activator of transcription (STAT) family, has dual 
functions in signal transduction and transcriptional regula-
tion which regulate the growth, differentiation, apoptosis, 
and other physiological functions of cells (El-Tanani et al. 
2022). Under normal physiological conditions, the activity 
of STAT3 is regulated by upstream activated proteins and 
some endogenous negative regulatory proteins. Once the 
regulation is lost, the overexpression of STAT3 will lead 
to a series of diseases. Studies have shown that persistent 
activation of STAT3 frequently occurs in non-small cell 
lung cancers, and is associated with survival, prognosis, 

Fig. 4   Selumetinib could overcome gefitinib resistance by regulat-
ing MIG6/STAT3 in NSCLC. A A549 cells were exposed to gefitinib 
(6.25, 12.5, or 25  µM) alone or co-treated with selumetinib (5  µM) 
for 24 h. Cells were harvested for western blotting analysis. Protein 
expression levels of p-EGFR, p-STAT3, p-AKT, and p-ERK were 
determined. B Protein interactions were analyzed using the STRING 
database. C MIG6 expression in breast cancer (BRCA), liver hepato-
cellular carcinoma (LIHC), lung squamous cell carcinoma (LUSC), 
and ovarian serous cystadenocarcinoma (OV) compared with the 
normal group based on GEPIA dataset. D A549 cells were exposed 
to selumetinib (2.5, 5, 10, or 20 µM) for 24 h. Cells were harvested 
for western blotting analysis. Protein expression levels of p-STAT3, 
MIG6, and p-ERK were determined. E A549 cells were transfected 
with 20  nM of control (NC), MIG6 siRNAs, or MIG6 cDNA for 
48 h, then cells were treated with gefitinib (0, 1, 2, 5, 10, 20, 40 or 
80 µM) with selumetinib (5 µM) for 48 h. Protein expression levels of 
MIG6 were determined using western blot analysis, and cell prolifera-
tion was detected by MTT assay. F A549 cells were interfered with 
siRNA MIG6 for 48 h, and treated with gefitinib (12.5 or 25 µM) in 
the presence of smeitinib (5 µM) for 24 h. Cells were harvested for 
western blotting analysis. G A549 cells were transfected with MIG6 
cDNA for 48 h, then cells were treated with gefitinib (12.5 or 25 µM) 
in the presence of smeitinib (5 µM) for 24 h. Cells were harvested for 
western blotting analysis. Protein expression levels of p-EGFR and 
p-STAT3 were determined. GAPDH was used as a control protein
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and resistance (Zheng et al. 2021). It was reported that 
combined targeted inhibition of EGFR and STAT3 could 
enhance the efficacy of other EGFR-TKIs in lung cancer 
(Liu et al. 2017a, b). Our previous study also proved that 
some small molecule inhibitors could offset the sustained 
activation of STAT3 and enhance sensitivity in gefitinib-
resistant cells (Song et al. 2021). In this study, the sus-
tained activation of STAT3 was significantly inhibited 
after cotreatment with selumetinib, suggesting that the 
ability of selumetinib to overcome gefitinib resistance may 
be related to the regulation of STAT3.

Mitogen-induced gene 6 (MIG-6), also known as ErbB 
receptor feedback inhibitor 1 (ERRFI1), is considered an 
immediate early response gene that plays an important role 
in regulating the stress response, maintaining homeostasis, 
and functioning as a tumor suppressor in multiple kinds 
of human cancers (Liu et al. 2017a, b). A large number of 
studies have shown that MIG-6 is downregulated in many 
tumors including breast cancer, skin cancer, non-small 
cell lung cancer, ovarian cancer, pancreatic cancer, and 
endometrial cancer (Anastasi et al. 2005; Li et al. 2012; 
Cui et al. 2022). Loss of function in MIG6 is also associ-
ated with drug resistance (Boopathy et al. 2018). MIG-6 
inhibits EGFR kinase activation by binding to the EGFR 
kinase domain and promoting the endocytogenic degrada-
tion of EGFR (Boopathy et al. 2018). Chang et al. (Chang 
et al. 2013) proved that the relative expression of MIG6 
and EGFR is associated with resistance to EGFR kinase 
inhibitors. Recent studies have proven that abnormal acti-
vation of STAT3 and negative regulation of MIG6 are 
related to antitumor drug resistance (Yoo et al. 2018), but 
the mechanism underlying drug resistance remains unclear. 
In our study, the results of the GEPIA database illustrated 
that MIG6 was downregulated in many cancers compared 
with that in normal tissue. Yoon et al. (Yoon et al. 2012) 
reported that MIG6 was elevated after selumetinib treat-
ment in LOVO cells containing wild-type EGFR and 
mutant KRAS. Meanwhile, the results showed that the 
expression of MIG6 was slightly elevated after selumetinib 
treatment in A549 cells harboring wild-type EGFR and 
mutant KRAS, suggesting that MIG6 may play a key regu-
latory role and that MIG6 may regulate the sensitivity of 
KRAS mutant cells and the MEK/ERK signaling pathway.

To further investigate the mechanism by which selu-
metinib overcomes gefitinib resistance, the coeffect of 
selumetinib on the activation of STAT3 was investigated 
when MIG6 was knocked down with siRNA or overex-
pressed with cDNA in A549 cells. The results showed that 
downregulation of p-STAT3 due to the combination of 
selumetinib and gefitinib was reversed by the deletion of 
MIG6, and p-STAT3 was further inhibited after cotreatment 

with selumetinib when MIG6 was overexpressed, suggest-
ing that the negative regulatory axis of MIG6/STAT3 medi-
ated the sensitization of selumetinib to gefitinib resistance 
in NSCLC. The above results indicate that the MIG6/STAT3 
axis plays an important role in the sustained activation of 
STAT3 and the resistance to EGFR-TKIs. Our study also 
suggests that EGFR-TKIs combined with MEK1/2 inhibi-
tors, such as selumetinib, may be beneficial to those patients 
with NSCLC who develop a primary or acquired resistance 
to EGFR-TKIs, also providing an effective strategy for com-
bination treatment of clinical lung cancer.

Currently, the literature on NSCLC clinical trials of gefi-
tinib and selumetinib in combination therapy is not avail-
able. However, selumetinib has shown promising results as 
a single agent or in combination with conventional chemo-
therapy and other targeted therapies both preclinically and 
clinically, in multiple cancers including pediatric low-grade 
glioma, non-small cell lung cancer, and melanoma, An ini-
tial phase II trial of selumetinib monotherapy for recurrent 
advanced NSCLC did not show a significant difference in 
PFS, but a subsequent phase II study of selumetinib com-
bined with chemotherapy in KRAS wild-type or KRAS 
unknown tumors showed a higher response rate with the 
addition of selumetinib. In addition, in the phase 1 study of 
selumetinib combined with EGFR tyrosine kinase inhibitor 
erlotinib, patients with metastatic melanoma had an objec-
tive response (Campagne et al. 2021).

In the era of modern medicine, although many other treat-
ment options, such as antibodies, nucleic acids, and cell and 
gene therapy, have emerged, small molecules are usually still 
the preferred option for many diseases (Beck et al. 2022). On 
the one hand, small-molecule drugs have precise targets and 
flexible delivery routes, on the other hand, small-molecule 
drugs also provide an alternative treatment option to single-
targeted treatment options by combining chemotherapy with 
other drugs. As a result, the innovative use or combination 
of small-molecule drugs may be able to enhance clinical 
outcomes and improve patients' lives. In this study, we 
found that selumetinib could overcome gefitinib primary and 
acquired resistance by regulating MIG6/STAT3 in NSCLC, 
supporting the feasibility of combination therapy and the 
utility of selumetinib for NSCLC therapeutics.
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