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Introduction
The leading cause of cancer deaths worldwide is 
lung cancer, of which over 80% of cases are non-
small cell lung cancer (NSCLC).1,2 The 5-year 
survival of NSCLC is only around 15%, partly due 
to metastasis and relapse from current treatment 
methods.3,4 According to National Comprehensive 
Cancer Network (NCCN) Guidelines Insights: 

Non–Small Cell Lung Cancer (Version 1.2020), 
platinum-based chemotherapy is used as first-line 
treatment, but with toxicity and/or limited effec-
tiveness.5 Recently, targeted therapies for NSCLC 
patients harboring epidermal growth factor recep-
tor (EGFR) mutations have attracted the attention 
of researchers with their encouraging clinical out-
comes.6,7 Mutations in EGFR, which could lead to 
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Background: Non-small cell lung cancer (NSCLC) patients with an epidermal growth factor 
receptor (EGFR) mutation often initially respond to EGFR tyrosine kinase inhibitor (EGFR-TKI) 
treatment but may acquire drug resistance due to multiple factors. MicroRNAs are a class of small 
noncoding and endogenous RNA molecules that may play a role in overcoming the resistance.
Materials and methods: In this study, we explored and validated, through in vitro experiments and in 
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mimic, miR-30a-5p, to overcome drug resistance through regulation of the insulin-like growth 
factor receptor-1 (IGF1R) and hepatocyte growth factor receptor signaling pathways, which all 
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mechanisms of drug resistance in H1650, H1650-acquired gefitinib-resistance (H1650GR), H1975, 
and H460 cell lines. Next, we investigated a potential combination treatment approach to overcome 
acquired drug resistance in the H1650GR cell line and an H1650GR cell implanted mouse model.
Results: Dual inhibitors of EGFR and IGF1R significantly lowered the expression levels of 
phosphorylated protein kinase B (p-AKT) and phosphorylated mitogen-activated protein 
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of H1650GR-induced tumor in xenografts. Hence, a combination therapy of gefitinib and miR-
30a-5p may play a critical role in overcoming acquired resistance to EGFR-TKIs.
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the hyperactivation of the downstream oncogenic 
pathways related to cell proliferation and survival, 
were identified in approximately 10–15% of 
Caucasians and up to 50% of Asians with 
NSCLC.7–9 EGFR, a kind of transmembrane gly-
coprotein with tyrosine kinase activity, is usually 
auto-phosphorylated to activate downstream mol-
ecules, including mitogen-activated protein kinase 
(MAPK) and phosphatidylinositol 3 kinase 
(PI3K).7–11 EGFR tyrosine kinase inhibitors 
(TKIs), including gefitinib and erlotinib, represent 
small molecules that bind to the EGFR tyrosine 
kinase domain and inhibit subsequent phospho-
rylation and the signal transduction process.12 
However, the drug response is not usually durable 
due to acquired resistance. Various acquired resist-
ance mechanisms have been investigated, includ-
ing EGFR T790M secondary mutation, gene 
amplification of MET and ERBB2, and the trans-
formation to small cell lung cancer.13 According to 
NCCN Guidelines Insights: Non–Small Cell Lung 
Cancer (Version 1.2020), osimertinib is a third-
generation EGFR-TKI that is selective for patients 
with both EGFR-TKI-responsiveness and T790M 
mutation.14,15 The secondary mutation in EGFR 
T790M is one of the possible causes of drug resist-
ance but covers only about half of cases.16,17 
Meanwhile, activation of alternative tyrosine 
kinase receptors (TKRs), and their downstream 
molecules shared with EGFR, has been studied to 
explore alternative novel underlying mechanisms 
causing drug resistance.12,18,19

Compared with a single receptor inhibitor, com-
bined administration of inhibitors of multiple 
growth factor receptors may overcome drug resist-
ance and inhibit cancer growth and survival path-
ways more effectively. EGFR can promote tumor 
cell survival and proliferation by activating multiple 
downstream signaling pathways concurrently. 
Other TKRs, such as hepatocyte growth factor 
receptor (c-MET) and insulin-like growth factor 
receptor-1 (IGF1R), perform in a similar way as 
EGFR by influencing the same downstream signal-
ing pathways.12 The binding of c-Met with its 
ligand leads to the activation of the PI3K pathway 
and mitogenesis.20,21 Signaling transduction 
through EGFR and c-MET could promote cell 
survival and proliferation by activating various 
common downstream signaling pathways, particu-
larly PI3K/AKT/ERK.22 Researchers found that 
IGF1R and EGFR share the same downstream 
pathways, which lead to tumorigenesis and 
increased cell proliferation, angiogenesis, and 

metastasis; one such pathway, which plays a central 
functional role, is the PI3K/AKT signaling path-
way.23 However, the exact mechanisms whereby 
alternative TKRs lead to drug resistance remain 
unclear. Thus, identifying the key shared down-
stream signaling molecules of multiple growth fac-
tor receptors may provide useful information for 
developing therapeutic agents blocking signals 
from multiple activated growth factor receptors.

MicroRNAs (miRNAs) are short, endogenous, 
non-coding RNA molecules of 21–25 nucleo-
tides in length that play important roles in alter-
ing the expression of target oncogenes or tumor 
suppressor genes in human cancers.24–27 MiRNAs 
are reported to be involved in drug resistance in 
cancer, and could be regarded as therapeutic tar-
gets for lung cancer.28,29 According to the results 
of multiple linear regression and support vector 
regression models in our previous study, there is 
a negative association between the expression 
levels of miR-30a-5p and phosphoinositide-3-ki-
nase regulatory subunit 2 (PIK3R2).19 In another 
study, we found that overexpression of miR-
30a-5p could significantly reduce expression of 
PIK3R2 to further induce cell apoptosis, as well 
as inhibiting cell invasion and migration proper-
ties, indicating its potential in overcoming 
acquired resistance to EGFR-TKIs.18 We 
hypothesize that concurrent inhibition of EGFR 
and the alternative TKR, IGF1R, could over-
come resistance to EGFR-TKIs. Since miR-
30a-5p could inhibit expression of the shared 
downstream molecule PI3K, the combination 
treatment of gefitinib and miR-30a-5p may 
achieve the same effect as dual inhibition to 
improve drug responsiveness. Effectiveness could 
be reflected by the expression levels of phospho-
rylated downstream molecules AKT and ERK. 
Four cell lines were chosen for in vitro analysis. 
NCI-H1650 is a gefitinib-sensitive cell line. We 
followed the procedures of Han et al.30 to induce 
gefitinib-resistance in H1650 to develop the cell 
line H1650GR. NCI-H460 and NCI-H1975 are 
gefitinib-resistant cell lines. NCI-H1975 has a 
secondary T790M mutation in EGFR. The 
mouse xenograft model was established to fur-
ther validate the effects of the combination ther-
apy of gefitinib and miR-30a-5p mimics in vivo. 
Our study was able to identify a potential role for 
the combination treatment of gefitinib and 
miRNA in overcoming acquired resistance to 
EGFR-TKIs, supporting the development of a 
novel NSCLC treatment.
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Materials and methods

Cell culture and reagents
We purchased the cell lines NCI-H1650, NCI-
H1975, and NCI-H460 from the Type Culture 
Collection of the Chinese Academy of Sciences 
(Shanghai, China). RPMI-1640 supplemented 
with 10% fetal bovine serum (FBS) was used  
to grow the cells, which were incubated at 37°C 
in 5% CO2. We purchased the EGFR inhibitor 
gefitinib (#4765) from Cell Signaling Technology, 
the IGF1R inhibitor NVP-AEW541 (#S1034) 
from Selleckchem, the radioimmunoprecipitation 
assay (RIPA) lysis and extraction buffer (#89900) 
used to lyse cells from ThermoFisher, and MiR-
30a-5p mimics (5′-UGUAAACAUCCUCGAC 
UGGAAG-3′) and the negative control (NC) 
RNA oligo (5′-UUCUCCGAACGUGUCAC 
GUTT-3′) from GenePharma. MiR-30a-5p 
mimics were transfected using lipofectamine 2000 
reagent (#12566014), which was purchased 
from ThermoFisher. We purchased an Annexin 
V-FITC Apoptosis Detection Kit (#K101-25) 
from BioVision, and the CytoSelectTM Cell 
Invasion Assay Kit (#CBA-110) from Cell 
Biolabs, Inc.

Establishment of the H1650GR cell line
The H1650GR cell line was established by expos-
ing H1650 cells to gefitinib from January to June 
2017 with increasing concentrations starting from 
0.02 μM. The treatment dose was increased by 
25–50%. The treatment was stopped when no 
significant cell death was observed. From this 
stepwise treatment, the final concentration of 
gefitinib required to form the H1650GR cell line, 
in which the EGFR T790M mutation was not 
reported in sequencing results, was 20 μM.30

Cell cytotoxicity assay
Cell suspensions (100 μl) of H1650, H1650GR, 
H1975, and H460 were dispensed in 96-well 
plates with 5000 cells/well, respectively. The cells 
in the plates were then incubated for 24 h at 37°C 
in 5% CO2. Five 10 μl gefitinib solutions of differ-
ent concentrations (0.5 μM, 1 μM, 10 μM, 20 μM, 
and 30 μM) were added to the plates. After a 48-h 
incubation, 10 μl CCK-8 solutions (#CK04, 
Dojindo, Japan) were added to each well of the 
plates. The cells in the plates were then incubated 
for 2 h in the incubator, and absorbance at 450 nm 
was measured for calculating cell viability.

Western blotting and antibodies
Cells were washed twice in phosphate-buffered 
saline (PBS) prior to extraction of protein fractions. 
The cells were scraped from plates using Eppendorf 
tips. After adding 400 µl RIPA lysis buffer contain-
ing 1 mM sodium ortho vanadate and a protease 
inhibitor cocktail, samples were homogenized on 
ice and then constant agitation was maintained for 
30 min at 4°C. Lysates were obtained after centrifu-
gation at 13,000 rpm (~16,000 × g for 20 min at 
4°C). Using bovine serum albumin (BSA) as a 
standard, protein concentration was measured by 
Bradford assay (Coomassie Protein Assay, Pierce, 
Rockford, IL, USA). After loading 30 µg protein/
lane on an 8% polyacrylamide gel and subjecting it 
to electrophoretic separation by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS–
PAGE), we transferred the proteins to polyvi-
nylidene difluoride (PVDF) membranes (Immobilon 
P, Millipore, Billerica, MA, USA) and probed them 
with specific primary antibodies from Cell Signaling 
Technology, USA (EGF Receptor (D38B1) XP® 
Rabbit mAb, #4267, 1:1000; Phospho-EGF 
Receptor (Tyr1068) (D7A5) XP® Rabbit mAb, 
#3777, 1:1000; IGF-I Receptor β (D23H3) XP® 
Rabbit mAb, #9750, 1:1000; Phospho-IGF-I 
Receptor β (Tyr1135/1136)/Insulin Receptor β 
(Tyr1150/1151) (19H7) Rabbit mAb, #3024, 
1:1000; Met (D1C2) XP® Rabbit mAb #8198, 
1:1000; Phospho-Met (Tyr1234/1235) (D26) 
XP® Rabbit mAb #3077, 1:1000; PI3 Kinase p85 
Antibody, #4292, 1:1000; AKT (pan) (C67E7) 
Rabbit mAb, #4691, 1:1000; Phospho-AKT 
(Ser473) (D9E) XP® Rabbit mAb, #4060, 1:2000; 
p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb 
#4695, 1:2000; Phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb 
#4370, 1:2000; glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH; D16H11) XP® Rabbit mAb, 
#5174, 1:2000). We further incubated the proteins 
with the appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies (Anti-rabbit IgG, 
HRP-linked Antibody, #7074, 1:3000). A Kodak 
4000R Pro camera was used to detect chemilumi-
nescence. Bands resulting from western blotting 
were quantified by the product, optical density 
(OD) × band area, with arbitrary units. GAPDH 
was regarded as an internal control, and was used 
to normalize all data.

Luciferase reporter assay
The pmirGLO Dual-Luciferase miRNA Target 
Expression Vector (Promega, Madison, WI, USA) 
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was used to examine binding of miR-30a-5p to the 
target genes PIK3R2 and PIK3 catalytic subunit 
delta (PIK3CD) in the H1650GR cell line. First, 
the mutant 3′-untranslated region (UTR) of 
PIK3CD was generated by mutating three nucle-
otides in the miR-30a-5p recognized PIK3CD 3′-
UTR, and the same method was used to generate 
the mutant 3′-UTR of PIK3R2. After that, wild-
type and mutant 3′-UTR sequences of PIK3CD 
and PI3KR2, including about 200 bp sequence 
before and after the putative miR-30a-5p binding 
site, respectively, adding an internal Notl restric-
tion site, were designed by our research team. The 
designed sequences were then synthesized by 
GenePharma (Shanghai, China). We introduced 
the synthesized sequence into the above men-
tioned vector to form the reporter plasmid accord-
ing to the manufacturer’s instructions. The 
reporter plasmid was then transiently transfected 
into cells in the presence of either a miR-30a-5p 
mimic or NC RNA oligo. The cells were harvested 
and lysed after being cultured for 48 h, and lucif-
erase activity was measured using the Dual-
Luciferase Reporter Assay System (Promega, 
Madison, WI, USA). Renilla-luciferase was 
applied for normalization.

Dual inhibition of EGFR and IGF1R
With the combined use of gefitinib and AEW541, 
the inhibitory effect on the signaling pathway was 
explored in the H1650GR cell line. The concen-
trations of gefitinib and AEW541 used followed 
the manufacturer’s instructions. The 10 mg 
gefinitib powder was dissolved in 2.24 ml DMSO 
to form a 10 mM stock. The 10 mg AEW541 pow-
der was dissolved in 2.2751 ml DMSO to reconsti-
tute a 10 mM stock. The appropriate stocks were 
diluted individually to concentrations of 2 µM in 
culture medium of 10% FBS. The H1650GR cells 
were seeded in 6-well plates, where 70–80% con-
fluency was achieved in each well after a 24-h incu-
bation; the spent medium was then aspirated. The 
cells were treated individually for 6 h with three 
prepared 2-ml samples of media containing gefi-
tinib, AEW541, or a combination of gefitinib and 
AEW541. Western blot assay was used to quantify 
expression levels of phosphorylated and total sign-
aling proteins.

Transfection with MiR-30a-5p mimics
The H1650GR cells were seeded on 6-well 
plates with glass-bottom dishes, where 70–80% 

confluency was achieved in each well after a 24-h 
incubation. Lipofectamine 2000 transfection 
reagent (5 µl) was dissolved in 125 µl of Opti-
MEM® I Reduced Serum Medium. MiR-30a-5p 
mimics (75 pmol) in 125 µl of the same medium 
were mixed with the transfection reagent and 
allowed to stand at room temperature for 20 min 
according to the manufacturer’s instructions. 
The resulting 250 µl transfection solutions were 
added to each well in 1.75 ml medium. After 6 h, 
2 ml fresh medium supplemented with 10% FBS 
was used to replace the cultures. Cells were then 
incubated for 24 h. The blank control group 
received Lipofectamine 2000 reagent only, and 
the NC group was formed by adding the RNA 
oligo to the lipofectamine 2000 agent. The 
resulting samples were used for western blotting, 
cell apoptosis, invasion, and wound healing 
assays.

Cell apoptosis assay
The Annexin V-FITC Apoptosis Detection Kit 
was used to perform the cell apoptosis assay 
according to the manufacturer’s instructions. 
Cells in the resulting sample were washed twice in 
PBS in glass-bottom dishes, and 500 µl 1X bind-
ing buffer was added. After that, 5 µl of Annexin 
V-FITC and 5 µl of propidium iodide were added 
to the cells, which were then incubated for 5 min 
in the dark at room temperature. Images were 
taken under a microscope to measure apoptosis 
signals at 6 h and 12 h after adding Annexin 
V-FITC. Green staining was seen in the plasma 
membrane when cells bound to Annexin V-FITC. 
Red staining throughout the nucleus and green 
staining on the cell surface were seen in cells hav-
ing lost membrane integrity. In three individual 
fields per dish, a 40X objective was used to count 
apoptotic and total cells for each biological repeat. 
The cell apoptosis rate was estimated using the 
formula: percentage apoptosis rate = apoptotic 
cell number / total cell number x100.

Cell invasion assay
The CytoSelectTM Cell Invasion Assay Kit was 
used to perform the cell invasion assay according 
to the manufacturer’s instructions. First, 500 µl 
medium with 10% FBS was added to the lower 
well of the invasion plate. From cell suspension 
samples with a concentration of 1.0 x 106 cells/ml 
in serum-free medium, 300 µl of cell suspension 
solution was added to the upper chamber of the 
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kit. Cells were then incubated at 37°C in 5% CO2 
for 24 h. Invasive cells migrated through the base-
ment membrane layer of the kit and adhered to 
the bottom of the insert membrane. Non-invasive 
cells remained in the upper chamber. After the 
process, non-invasive cells were removed care-
fully. Invasive cells were transferred to a clean well 
containing 400 µl Cell Stain Solution and incu-
bated for 10 min at room temperature. Microscopic 
images of the invasive cells were then captured. 
The stained cells were washed gently in 200 µl 
Extraction Solution and incubated for 10 min. 
100 µl of the resulting solution was transferred to a 
96-well microtiter plate and measured the OD at 
560 nm using a plate reader.

Wound healing assay
The wound healing assay was used to assess cell 
migration ability. A straight scratch was made 
gently in monolayers of cells in 6-well plates using 
an Eppendorf tip. PBS buffer was then used to 
wash away the detached cells and serum-free cul-
ture medium was added. We took images of cells 
migrating to the scratch at 0 h, 12 h and 24 h after 
applying the wound under a microscope. The 
migration rate was estimated according to the 
formula: percentage wound healing = [(wound 
length at 0 h) – (wound length at 12 h or 24 h)] / 
(wound length at 0 h) × 100.31

Animal studies
Athymic BALB/c nude mice (4 weeks old, female, 
18–22 g body weight for each mouse) were 
obtained from the Chinese University of Hong 
Kong and assigned randomly to five groups (four 
mice per group): i) H1650 group, H1650 cells 
were injected and no treatment was given; ii) 
H1650GR group, H1650GR cells were injected 
and no treatment was given; iii) H1650 
gefitinib+NC group, H1650 cells were injected 
and treated with gefitinib and NC of microRNA; 
iv) H1650GR gefitinib+NC group, H1650GR 
cells were injected and treated with gefitinib and 
NC; and vi) H1650GR gefitinib+miR-30a-5p 
group, H1650GR were injected and treated with 
gefitinib and miR-30a-5p mimics. A flow chart 
illustrating the design of the animal study is 
shown in Figure S1.

Mice were anesthetized using a mixture (0.1 ml 
mixture per 10g body weight) of ketamine 
(10 mg/ml) and xylazine (1.6 mg/ml). According 

to the groupings, suspensions of 1 × 106 H1650 
or H1650GR cells (in 0.2 ml of PBS) were 
injected subcutaneously in the lower-right flank 
of the mice. Four mice were placed in each 
housing cage with free access to water and food. 
The housing cages were then transferred to 
Centralized Animal Facilities of Hong Kong 
Polytechnic University for further husbandry. 
The mice were raised in a pathogen-free barrier 
environment. The mice were monitored for 
body weight and general condition every day. 
The size of the xenograft tumor was measured 
twice per week using calipers, and the volume 
calculated using the formula: volume = 1/2 
(length × width2). On the 7th day postinocula-
tion, xenografts were established successfully in 
the mice (mean tumor volume per group was 
130–160 mm3).

Gefitinib was administered at 150 mg/kg/day by 
oral gavage. According to the grouping, a mix-
ture of 10 μl miR-30a-5p mimics or NC RNA 
oligo (20 μM) and 10 μl lipofectamine 2000 was 
injected to the xenograft tumors in a multi-site 
subcutaneous injection manner at 2-day inter-
vals, and the tumor size was measured simulta-
neously. After 3 weeks of treatment, the mice 
were sacrificed and tumor tissues were collected 
with 4% formalin fixation to prepare paraffin-
embedded sections for the immunohistochemis-
try (IHC) assay. An overdose of anesthetics with 
combination treatment of ketamine and xylazine 
was used for euthanasia. The mean tumor size 
was calculated to evaluate the effects of combi-
nation treatment of gefitinib and miR-30a-5p in 
mice. All measurements were taken by research 
staff blind to the grouping of the mice.

All experimental procedures were carried out 
according to the guidelines and protocols approved 
by the Animal Subjects Ethics Subcommittee of 
the Hong Kong Polytechnic University (Approval 
number: 14-15/09-HTI-R-HMRF). A “License 
to Conduct Experiments” was granted by 
Department of Health, Hong Kong Government 
[(14-180) in DH/HA&P/8/2/4 Pt.9].

Immunohistochemistry assay
H1650GR xenograft tumors were collected and 
fixed in 4% formalin. After paraffin-embedding 
and slicing, a heat-mediated antigen retrieval 
process lasting 20 min and using sodium citrate 
buffer was conducted (#ab64236, Abcam, 
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Eugene, OR, USA), followed by Tris-buffered 
saline (TBS) containing 1% Tween (TBST) 
rinsing for 5 min. The tissue sections were then 
incubated with endogenous peroxidase blocker 
for 10 min, and washed twice in TBST. After 
that, the tissue sections were incubated with 
primary antibodies against PI3K (#ab86714, 
Abcam) and p-AKT (#4060, Cell Signaling 
Technology, Danvers, MA, USA) for 60 min at 
room temperature, and washed twice in TBST. 
The HRP-conjugated compact polymer system 
(#ab64264, Abcam) was used as the secondary 
antibody for visualization, and staining was 
detected using diaminobenzidine (DAB). Tissue 
sections were then counterstained with hema-
toxylin followed by washing three times in 
TBST. The IHC score of PI3K and p-AKT was 
calculated based on the following formula: 
score = 0×[% cells with no staining(0)]+1×[% 
cells staining faint to barely visible (1+)]+2×[% 
cells staining weak to moderately (2+)]+3×[% 
cells staining strongly (3+)].32 The products of 
the quantity and intensity scores were calcu-
lated: a final score of 0–1 indicated negative 
expression (–); 2–3 indicated weak expression 
(+); 4–5 indicated moderate expression (++); 
and 6 indicated strong expression (+++). Each 
sample was tested separately and scored by two 
pathologists. Divergent scores were discussed 
until agreement was reached.32

Statistical analysis
Based on the results of invasion assay on cell cul-
tures, ODs reflecting invasive cell numbers were 
1.2 and 0.9, with standard deviation 0.1 for the 
miR-30a-5p-transfected cell culture and NC, 
respectively. The error probability α was 0.05 
based on Bonferroni correction, and the power 
(1–β error probability) is 0.80. The power analysis 
indicates that the minimum number of mice 
required for each group is four.

IBM SPSS Statistics 24.0 software was used to 
perform the statistical analysis. All descriptive 
statistical values are shown as mean ± standard 
error of mean (SEM). One-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc 
test allowed multiple and pairwise comparisons 
of western blotting results. Student’s t test was 
applied to determine the statistical significance 
in the cell apoptosis, invasion and wound heal-
ing assays, and animal experiments. Significant 
differences were defined by p-values < 0.05.

Results

Detection of gefitinib resistance levels in H1650, 
H1650GR, H1975, and H460 cell lines
To investigate the resistance levels of the four cell 
lines to gefitinib, cytotoxicity assays were per-
formed in H1650, H1650GR, H1975, and H460 
cells. After measuring absorbance at 450 nm, cell 
viability and IC50 were calculated (Figure S2). 
The results demonstrated that IC50 values in the 
three gefitinib-resistant cell lines, H1650GR 
(IC50: 24.4), H1975 (IC50: 10.2), and H460 (IC50: 
13.4), were higher than in the gefitinib-sensitive 
cell line H1650 (IC50: 8.7). Notably, the 
H1650GR cell line had the largest IC50 value, 
indicating that this cell line was more resistant to 
gefitinib compared with the other three cell lines.

Exploration of activation status of the IGF1R 
and MET pathways in H1650, H1650GR, H1975, 
and H460 cell lines
Different concentrations of gefitinib (0, 0.1, 1, 
and 10 μM) were used to treat the H1650, 
H1650GR, H1975, and H460 cell lines. In order 
to study activation of downstream molecules, we 
also tested the expression levels of phosphoryl-
ated proteins after treatment.

In the H1650 cell line, the expression levels of 
phosphorylated EGFR (p-EGFR) and down-
stream molecules p-AKT and p-ERK decreased 
with increasing concentration of gefitinib from 0 
to 10 μM (Figure 1A), indicating that the high 
concentration of gefitinib may inactivate signal 
transduction in the EGFR signaling pathway. 
However, expression levels of p-IGF1R and 
p-MET were nearly undetectable in all four 
experimental groups (Figure 1A), indicating that 
the IGF1R and MET pathways were not acti-
vated, regardless of gefitinib concentration used.

After gefitinib-resistance was induced in the 
H1650 cell line to form the H1650GR cell line, 
expression levels of p-EGFR and p-ERK 
decreased with increasing concentration of gefi-
tinib, whereas there was no obvious decrease in 
the expression level of p-AKT (Figure 1B), indi-
cating that high concentrations of gefitinib could 
effectively inhibit phosphorylation of EGFR, but 
not downstream signal transduction in the EGFR 
signaling pathway. At all four concentrations of 
gefitinib, expression of p-IGF1R, but not p-MET, 
was detected (Figure 1B), indicating that the 
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Figure 1.  (Continued)
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Figure 1.  Activation status of IGF1R and MET signaling pathways in terms of protein expression in four 
cell lines: (A) H1650, (B) H1650GR, (C) H1975, and (D) H460. The internal control was GAPDH. The bar chart 
presents results as the mean of three independent experiments. Blots are representative of three independent 
experiments.
*p-value < 0.05. One-way ANOVA was used to compare the four groups with concentrations of gefitinib from 0 to 10 μM.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IGF1R, insulin-like growth factor receptor-1; MET, hepatocyte growth 
factor receptor.

IGF1R pathway was activated, whereas the MET 
pathway was not.

In the H1975 cell line, there was no obvious 
decrease in expression levels of p-EGFR and the 
downstream molecules p-AKT and p-ERK with 
increasing concentrations of gefitinib (Figure 
1C). At all four concentrations of gefitinib tested, 
expression of p-IGF1R, but not p-MET, was 
detected (Figure 1C). The results demonstrate 
that the IGF1R pathway was activated, whereas 
the MET pathway was not. It is known that a sec-
ondary T790M mutation exists in EGFR, whereas 
the activated IGF1R pathway may be a new 
mechanism leading to drug resistance in the 
H1975 cell line.

In the H460 cell line, with increasing concentra-
tions of gefitinib, expression levels of p-EGFR 
and p-ERK decreased, but p-ERK still exhibited 
a small amount of expression in the presence of 
10 μM gefitinib. Notably, there was no obvious 
decrease in the expression level of p-AKT (Figure 
1D), indicating that high concentrations of gefi-
tinib could effectively inhibit phosphorylation of 
EGFR, but not inhibit downstream signal trans-
duction in the EGFR signaling pathway. In all 
four groups, nearly no expression of p-IGF1R 

was detected. Expression of p-MET was detected, 
but with no obvious decrease (Figure 1D), indi-
cating that the MET pathway was activated, 
whereas the IGF1R pathway was not. All results 
are summarized in Table S1.

Dual inhibition of EGFR and IGF1R blocks 
shared downstream signaling pathways
Gefitinib, AEW541, or a combination of gefitinib 
and AEW541 inhibitors were used to treat 
H1650GR cells. The results revealed significant 
differences in the expression levels of p-EGFR, 
p-IGF1R, p-AKT, and p-ERK among the three 
experimental groups and one control group, with 
p-values < 0.05 (Figure 2). Compared with gefi-
tinib treatment, AEW541 treatment and the con-
trol groups, the combination treatment of gefitinib 
and AEW541 suppressed p-AKT expression sig-
nificantly, according to Tukey’s post hoc test 
(p-values < 0.05). Hence, the combination treat-
ment could block downstream signaling path-
ways. The same results were also found in H1975 
and H460 cell lines in our previous study.18 AKT 
is the downstream molecule in the signaling path-
ways, and expression levels of the phosphorylated 
form of AKT were lowest in the dual-inhibitor 
group, compared with the other three groups. 
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Therefore, the PI3K/AKT signaling pathway 
could be blocked by the dual inhibition of EGFR 
and IGF1R.

MiR-30a-5p could bind to target genes PIK3R2 
and PIK3CD to downregulate expression levels
In our previous studies, miR-30a-5p was found to 
inhibit expression of PI3K.18,19 PIK3R2 and 
PIK3CD are two subunits of PI3K. In this study, 
the Dual-Luciferase Reporter Assay was used to 
test the specific binding sites. Wild-type (WT) or 
mutant (Mut) 3′-UTRs with a dual-luciferase 
reporter vector were generated (Figure 3A). The 
results revealed that luciferase activity was 
significantly decreased in the PIK3R2-WT plas-
mid with miR-30a-5p mimics compared with 
PIK3R2-WT plasmid with the NC (p-value < 0.05). 
However, no significant difference was found 
between PIK3R2-MUT plasmid with miR-
30a-5p mimics compared with PIK3R2-MUT 
plasmid with the NC (p-value > 0.05) (Figure 
3B). The same situation was found for PIK2CD 
(Figure 3B). Western blotting results showed that 
overexpression of miR-30a-5p mimics decreased 
protein levels of PIK3R2 and PIK3CD compared 
with control groups (Figure 3C). The Dual-
Luciferase Reporter Assay and western blotting 
confirmed association of miR-30a-5p with expres-
sion levels of target genes PIK3R2 and PIK3CD 
in the H1650GR cell line.

Treatment with miR-30a-5p mimics induces 
cell apoptosis, and inhibits cell invasion and 
migration
We further explored the effects of miR-30a-5p on 
cell apoptosis, invasion, and cell migration prop-
erties. The cell apoptosis assay demonstrated the 
effect of miR-30a-5p mimics treatment on apop-
tosis in the cell line H1650GR. Apoptosis signals 
were detected, and images were taken at 6 h and 
12 h after adding Annexin V-FITC. We then cal-
culated the cell apoptosis rate. In H1650GR cells 
transfected with miR-30a-5p mimics, the cell 
apoptosis rate increased significantly at both 6 h 
and 12 h compared with the NC group (p-val-
ues < 0.05) (Figure 4A). The invasion and migra-
tion properties were also tested after transfection 
of miR-30a-5p mimics. Invasion images were 
recorded, and invasion ability evaluated accord-
ing to the OD value at 560nm. In H1650GR, the 
invasive cells of the miR-30a-5p mimic-trans-
fected group were decreased significantly com-
pared with those of the NC group (Figure 4B). 
Furthermore, cell migration was detected and 
imaged at 0 h, 12 h, and 24 h after wounding. The 
results showed that the cell migration rate 
decreased significantly at both 12 h and 24 h fol-
lowing treatment with miR-30a-5p mimics, com-
pared with the NC group (p-values < 0.05) 
(Figure 4C). The same results for cell apoptosis, 
invasion, and migration were also found in both 
H460 and H1975 cells in our previous study.18

Figure 2.  Protein expression in H1650GR cell line subject to EGFR inhibitor (gefitinib), IGF1R inhibitor 
(AEW541), and dual inhibition (gefitinib+AEW541). The concentration of gefitinib and AEW541 was 2 µM. The 
internal control was GAPDH. The bar chart shows the results as the mean of three independent experiments. 
The blots shown are representative images from three independent experiments.
*p-value < 0.05, one-way ANOVA.
ANOVA, analysis of variance; EGFR, epidermal growth factor receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
IGF1R, insulin-like growth factor receptor-1.
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Combination treatment with gefitinib and miR-
30a-5p mimics decreases expression levels of 
p-AKT and p-ERK in the H1650GR cell line
We then explored the effects of combination treat-
ment with gefitinib and miR-30a-5p on down-
stream molecules in the signaling pathway. 
H1650GR cells were further transfected with 
MiR-30a-5p mimics, and gefitinib was added to 
the culture medium. Protein expression levels were 

then measured in the four groups: miR-30a-5p 
mimics, gefitinib+miR-30a-5p mimics, gefitinib+ 
NC, and NC groups. p-AKT expression levels 
were decreased significantly in the miR-30a-5p 
mimics group, the gefitinib+miR-30a-5p mimics 
group and the gefitinib+NC group, compared 
with the NC group, according to Tukey’s post hoc 
test (p-values < 0.05) (Figure 5). The expression 
levels of p-ERK were decreased significantly in 

Figure 3.  Dual-Luciferase Reporter Assay and western blotting to test binding of miR-30a-5p to, and 
downregulation of, target genes PIK3R2 and PIK3CD in the H1650GR cell line. (A) Putative miR-30a-5p binding 
sites in the 3′-UTRs of PIK3R2 and PIK3CD. A mutation was introduced into the 3′-UTR by altering 3 nt in the 
binding sites, and WT or Mut 3′-UTRs were subcloned into a dual-luciferase reporter vector. (B) Luciferase 
activities indicating binding between miR-30a-5p and PIK3R2/PIK3CD. Luc/R-luc is the ratio of firefly 
luciferase to Renilla-luciferase activities. *p-value < 0.05. (C) Western blotting was used to determine the 
PIK3R2 and PIK3CD protein expression levels in cells transfected with the miR-control or miR-30a-5p mimics. 
The internal control was GAPDH.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PIK3CD, phosphatidylinositol 3 kinase catalytic subunit delta; PI3KR2, 
phosphatidylinositol 3 kinase regulatory subunit 2; UTR, untranslated region; WT, wild type.
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Figure 4.  H1650GR cell line assays following transfection with miR-30a-5p mimics. (A) Cell apoptosis assay. The chart shows the 
results as the mean of three independent experiments. Green represents the early stage of cell apoptosis, and red represents 
apoptotic cells at the late stage. (B) Cell invasion assay. Invasive cells at the bottom of the invasion membrane were stained and 
quantified by measuring OD at 560nm after extraction. The bar chart presents the results as the mean of three independent 
experiments. *p-value < 0.05. (C) Cell wound healing assay. At 0 h, 12 h, and 24 h after the wound was induced, microscopy images 
of cells migrating towards the scratch were taken. The chart presents the results as the mean of three independent experiments. 
Wound length was measured to calculate migration rate. Representative microscopy images are shown.
OD, optical density.
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both the gefitinib+miR-30a-5p mimics and 
gefitinib+NC groups, compared with the NC 
group (p-values < 0.05). The expression levels of 
p-AKT and p-ERK were lowest in the combina-
tion treatment group compared with the other 
three groups. In conclusion, the combination 
treatment of gefitinib+miR-30a-5p mimics signifi-
cantly decreased expression of p-AKT and p-ERK.

The combination treatment of gefitinib 
and miR-30a-5p inhibits H1650GR induced 
xenograft tumor growth in vivo
No adverse events were found in the experiment. 
The mean tumor volumes of the H1650, H1650GR, 
H1650 gefitinib+NC, H1650GR gefitinib+NC, 
and H1650GR gefitinib+miR-30a-5p groups in 
the first 19 days after the xenograft models were 
established are shown in Figure 6A. After a 3-week 
treatment, the mice were sacrificed and the col-
lected tumors are shown in Figure 6B. From the 
first to the last day of the observation period, the 
tumor size in the H1650GR group was always sig-
nificantly larger than that in the H1650 group. 
Following gefitinib treatment, the tumor size of the 
H1650 gefitinib+NC group was larger than that of 
the H1650 group, but the difference was not sig-
nificant (p-values > 0.05). There was also no sig-
nificant difference between the H1650GR group 
and the H1650GR gefitinib+NC group (p-val-
ues > 0.05). Starting from the 3rd day, the tumor 
size of the H1650GR gefitinib+miR-30a-5p group 
was significantly lower than that of the H1650GR 
gefitinib+NC group according to Tukey’s post hoc 
test (p-values < 0.05). No significant difference was 

found between the H1650GR gefitinib+miR-
30a-5p group and the H1650 gefitinib+NC group 
throughout the observation period (p-val-
ues > 0.05). On the 19th day, the H1650GR 
gefitinib+miR-30a-5p group not only formed sub-
stantially smaller tumors (508 ± 74 mm3) than the 
H1650GR gefitinib+NC group (1558 ± 206 mm3), 
but tumor size was also similar to that of the H1650 
gefitinib+NC group (462 ± 71 mm3). Hierarchical 
clustering for the mean tumor volume from the five 
groups was further drawn, indicating two clusters: 
the H1650GRand H1650GR gefitinib+NC 
groups, and the H1650 gefitinib+NC and 
H1650GR gefitinib+miR-30a-5p groups (Figure 
6C).

The combination treatment of gefitinib and 
miR-30a-5p inhibits PI3K/AKT signaling 
pathway in xenograft tumors in vivo
After a 3-week treatment, the xenograft tumors 
were collected and sliced for immunohistochemi-
cal staining analysis. The results revealed that 
expression of PIK3R2, the target of miR-30a-5p, 
was significantly lower in the H1650GR 
gefitinib+miR-30a-5p group (++) compared 
with the H1650GR gefitinib+NC group (+++) 
(p-value < 0.05) (Figure 7). Meanwhile, the 
expression level of the activated AKT (p-AKT), a 
downstream molecule of the PI3K/AKT path-
way, was also significantly reduced in the 
H1650GR gefitinib+miR-30a-5p group (++) 
compared with the H1650GR gefitinib+NC 
group (+++) (p-value < 0.05), indicating that 
the combination treatment of gefitinib and 

Figure 5.  Combination treatment effect of gefitinib and miR-30a-5p mimics on the expression levels of 
p-AKT and p-ERK in the H1650GR cell line. The bar chart presents results as the mean of three independent 
experiments. Blots shown are representative of three independent experiments.
*p-value < 0.05, one-way ANOVA.
ANOVA, analysis of variance.
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miR-30a-5p could inhibit the PI3K/AKT signal-
ing pathway in vivo (Figure 7).

Discussion
This study explored the effects of a combination 
therapy of gefitinib and miR-30a-5p in overcoming 
acquired resistance to EGFR-TKIs through regu-
lating the IGF1R and MET signaling pathways in 
vitro and in vivo. The TKRs IGF1R and MET 
share downstream effector molecules with EGFR. 
First, drug resistance mechanisms were examined 
in one gefitinib-sensitive (H1650) and three gefi-
tinib-resistant (H1650GR, H1975, and H460) cell 
lines. Interestingly, our findings showed that, with 

increasing concentrations of gefitinib, the IGF1R 
signaling pathway was activated in the H1650GR, 
H1975, and H460 cell lines, while the MET signal-
ing pathway was activated only in the H460 cell line 
(Table S1). Given the different pathways activated 
in different cell lines, the combination treatment of 
gefitinib and miR-30a-5p mimics could block 
downstream signal transduction in H1650GR cell 
line, and effectively suppress tumor growth in a 
mouse model induced by the H1650GR cell line, 
further overcoming drug resistance.

In the gefitinib-sensitive cell line H1650, gefitinib 
could effectively block the EGFR downstream sign-
aling pathways, since the expression levels of 

Figure 6.  Tumor growth in xenograft mouse models among the H1650, H1650GR, H1650 gefitinib+NC, 
H1650GR gefitinib+NC, and H1650GR gefitinib+miR-30a-5p groups. (A) Comparison of mean tumor volume 
from the first to the last day of the observation period. *p-value < 0.05, one-way ANOVA followed by Tukey’s 
post hoc test. (B) Tumor samples collected from the five groups after the 3-week treatment. (C) Hierarchical 
clustering of the mean tumor volume from the five groups.
ANOVA, analysis of variance; NC, negative control.
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p-EGFR and the downstream molecules p-AKT 
and p-ERK decreased with increasing concentra-
tions of gefitinib (Figure 1A). After the H1650 cell 
line was induced to become the H1650GR cell line, 
gefitinib could inhibit phosphorylation of EGFR, 
but could not block downstream signal transduc-
tion. We showed that the IGF1R pathway was acti-
vated in the H1650GR cell line (Figure 1B). It has 
been reported that redundant signaling through 
IGF1R could maintain activation of vital pathways 
for survival when EGFR is inhibited.33 To our 
knowledge, there are at least three possible causes 
leading to gefitinib resistance in NSCLC, which has 
been summarized in Table S1. Firstly, the T790M 
mutation of EGFR has been demonstrated in many 
studies. The T790M mutation increases the recruit-
ment and binding of ATP, to further phosphorylate 
EGFR to transduce the signals even in the presence 
of gefitinib.34,35 Secondly, other TKR signaling 
pathways sharing the same downstream molecules 
with EGFR are activated, such as IGF1R and 
c-MET, which also has been proved in our study 
(Table S1).12 A third factor is the gene mutations 
found in key downstream molecules of the EGFR 
signaling pathway, such as the G118D mutation in 
PI3K and Q61H in K-ras.36 The G118D mutation 
could lead to increased affinity between PIK3R2 
(P85) and PIK3CA (P110), allowing PI3K to gain 
the ability to activate downstream molecules inde-
pendent of EGFR activation.37

Inhibiting both EGFR and IGF1R could block signal 
transduction in the PI3K/AKT signaling pathway. 
AKT is the molecule downstream of PI3K, and 
expression of its phosphorylated form was lowest in 
the dual inhibitors group compared with the gefi-
tinib-only and AEW541-only treatment groups 
(Figure 2). Due to EGFR and IGF1R cross talk, 
these two pathways could mediate common down-
stream MAPK and AKT signaling.38 Clinical data 
from a cohort of lung cancer patients have proved 
that EGFR and IGF1R are significantly co-expressed, 
and a high co-expression level is associated with poor 
prognosis.39 Dual inhibition of EGFR and IGF1R 
has been found to significantly decrease cell growth 
and invasiveness.33 Activation of the IGF1R pathway 
could confer resistance to EGFR inhibitors in EGFR-
dependent glioblastoma by regulating AKT, indicat-
ing that a concurrent blockade of both EGFR and 
IGF1R pathways may provide hopeful promise in 
the treatment of EGFR-dependent glioblastoma.40 
Activation of the IGF1R signaling pathway makes a 
contribution to afatinib resistance in NSCLC cells 
with the T790M mutation.41 Knockdown of IGF1R 
could overcome resistance to afatinib, and induce 
apoptosis in afatinib-resistant cells.41 Dual inhibition 
of EGFR and other TKRs may not overcome 
acquired drug resistance, due to the mutation exist-
ing in common downstream molecules, including the 
G118D mutation in PI3K mentioned above. 
Therefore, it is particularly important to suppress the 

Figure 7.  Immunohistochemistry analysis of xenograft tumors after 3-week treatments with gefitinib+miR-
30a-5p and gefitinib only, showing expression of PIK3R2 and p-AKT in the H1650GR gefitinib+miR-30a-5p and 
H1650GR gefitinib+NC groups. The bar chart presents the mean immunoreactive score of PIK3R2 and p-AKT 
in tumors among four mice.
*p-value < 0.05 in t-test. Representative immunohistochemistry images are shown on the right.
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common key downstream molecules among differ-
ent TKR signaling pathways.

The PI3K/AKT pathway is one such vital signaling 
pathway shared by different TKRs that can lead to 
cell proliferation and survival.42,43 It has been con-
firmed that PI3K inihibtion could restore the gefi-
tinib resistance in xenograft models.44 In our 
previous study, we found that knockdown of PI3K 
had the same effect with the dual inhibition of EGFR 
and IGF1R to block the signal transduction.18 In 
this study, we found that miR-30a-5p could bind 
to the target genes PIK3R2 and PIK3CD, two 
subunits of PI3K, and further downregulate the 
expression levels.  Furthermore, treatment with 
miR-30a-5p mimics induced cell apoptosis, and 
inhibited cell invasion and migration in the 
H1650GR cell line (Figure 4). The combination 
treatment of gefitinib and miR-30a-5p mimics 
lowered expression levels of p-AKT and p-ERK in 
the H1650GR cell line, effectively suppressed 
tumor growth, and further inhibited signal trans-
duction of the PI3K/AKT signaling pathway in 
xenograft tumor in vivo (Figures 5–7). MiRNAs 
play essential roles in the malignant phenotypes of 
cancers as these small molecules modulate the 
aberrant functions of their target genes, including 
metastasis, multi-drug resistance, proliferation, 
and the self-renewal or differentiation of cancer 
stem cells.45 Other studies have shown that miR-
NAs are involved in the pathogenesis, diagnosis, 
and prognosis of lung cancer.46 MiR-30a could 
inhibit proliferation and metastasis in many 
tumors, as well as autophagy in chronic myeloge-
nous leukemia.47 miR-19a and miR-19b are upreg-
ulated in multi-drug resistant cell lines, modulating 
multi-drug resistance in gastric cancer cells by 
regulating phosphatase and tensin homolog 
(PTEN).48 MiR-153 upregulation could increase 
the cell invasiveness and resistance to oxaliplatin 
and cisplatin in colorectal cancer induced by 
FOXO3a.49 The miR-134/487b/655 cluster was 
found to regulate the TGF-β1-induced epithelial-
mesenchymal transition (EMT) phenomenon and 
affect resistance to gefitinib by directly targeting 
MAGI2 in lung cancer cells.50 Another study 
found that the gefitinib-induced apoptosis and 
EMT of NSCLC cells were affected by miR-30b, 
miR-30c, miR-221, and miR-222 through inhibit-
ing expression of some important oncogenes.25 
MiRNAs, as anti-oncomiRs, could reverse EGFR-
TKI resistance in NSCLC by relevant targets, 
including EGFR, PI3K, and IGF1R.51 Thus, 
miRNAs are poised to become remarkable agents 

of novel drug discovery in cancer treatment, espe-
cially when used together with other agents.52 
Researchers have tested a liposomal nanoparticle 
loaded with synthetic miRNA-34a mimics 
(MRX34) combined with the EGFR-TKI, erlo-
tinib, as a promising cancer therapy method.53,54

This study used a xenograft model for creating 
tumor microenvironments with physiological  
and pathological conditions similar to those of 
patients. However, the cell lines used cannot 
reflect the original behaviors of cancer cells due to 
their artificial nature and adaptations to in vitro 
culture growth conditions.

In this study, we showed that dual inhibition of 
EGFR and IGF1R could block signal transduction 
in the PI3K/AKT signaling pathway. The direct 
inhibition of the shared downstream molecule PI3K 
was further investigated to improve acquired drug 
resistance. The combination treatment of gefitinib 
and miR-30a-5p mimics inhibited signal transduc-
tion in the H1650GR cell line, and effectively sup-
pressed tumor growth in the H1650GR xenograft. 
Hence, the combination therapy of gefitinib and 
miR-30a-5p may play a critical role in overcoming 
acquired resistance to EGFR-TKIs, giving new 
insights into improving cancer treatment.
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