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Abstract. Tyrosine kinase inhibitors (TKIs) bring significant 
benefits for patients with cancers harboring epidermal growth 
factor receptor (EGFR) mutations. However, after treatment 
for a certain period, most patients ultimately acquire resis-
tance. Numerous studies indicated that PI3K has an important 
role in tumor cell growth and drug sensitivity. Furthermore, 
inhibition of PI3K may lead to sensitization of non‑small cell 
lung cancer (NSCLC) cells to EGFR‑TKIs. The aim of the 
present study was to explore whether LY294002, an inhibitor 
of PI3K, is able to improve the sensitivity of NSCLC cell lines 
with wild‑type EGFR to the EGFR‑TKI erlotinib. An MTT 
assay was used to examine the effect of combined treatment 
with LY294002 and erlotinib on cell survival of two EGFR 
wild‑type NSCLC cell lines, NCI‑H661 and NCI‑H460. 
Furthermore, flow cytometry was used to assess apoptosis in 
NCI‑H661 and NCI‑H460 cells after treatment with erlotinib 
and LY294002. In addition, the expression of downstream 
proteins was detected by western blot analysis. The results 
indicated that the number of viable NCI‑H661 and NCI‑H460 
cells was dose‑dependently reduced by erlotinib or LY294002. 
Compared to treatment with erlotinib alone, the cell apop-
tosis was enhanced if combined treatment of erlotinib and 
LY294002 was performed in NCI‑H661 cells. Furthermore, 
combination treatment of erlotinib and LY294002 resulted 
in a significant reduction of phosphorylated p70S6K levels in 
NCI‑H661 [PI3K catalytic subunit alpha (PI3KCA) wild‑type] 
cells. However, this phenomenon was not observed in the 
NCI‑H460 cell line (PIK3CA mutant‑type). In conclusion, 

the present study indicated that inhibition of PI3K may have 
the potential to improve the sensitivity of NSCLC cells to an 
EGFR‑TKI. However, the therapeutic effect may depend on 
the mutation status of PIK3CA.

Introduction

Lung cancer is the leading cause of cancer‑associated 
mortality worldwide (1). Approximately 85% of patients with 
non‑small cell lung cancer (NSCLC) eventually progress to 
an advanced or metastatic stage of the disease, which is asso-
ciated with poor prognosis. Chemotherapy remains the only 
viable option for prolonging survival (2,3). In order to improve 
survival, studies have focused on exploring novel therapeutic 
approaches targeting the molecular mechanisms that regulate 
tumor cell growth.

NSCLCs harboring an activating epidermal growth factor 
receptor (EGFR) kinase domain mutation may be treated with 
EGFR tyrosine kinase inhibitors (TKIs), including erlotinib 
and gefitinib (4‑6). However, the majority of patients who 
initially respond to EGFR inhibitors ultimately develop resis-
tance to therapy, resulting in progression and relapse (7,8). 
Two major mechanisms are thought to be involved in the 
process of resistance. First, genetically secondary EGFR 
mutations may lead to resistance to TKIs. Furthermore, acti-
vation of bypass survival tracks via other receptor tyrosine 
kinases (RTKs), or alternative downstream components may 
also account for the acquired resistance (9,10). Mutational 
activation of downstream signaling components, including 
PI3K/Akt or mitogen‑activated protein kinase kinase/extracel-
lular signal‑regulated kinase, which was independent on the 
EGFR, was identified as a novel mechanism of TKI resistance. 
The PI3K/Akt signaling pathway is involved in oncogenesis, 
tumor cell differentiation, proliferation and apoptosis (11,12). 
Certain studies have indicated that the PI3K/AKT signaling 
pathway is implicated in the evasion of the inhibitory effects 
of EGFR‑TKIs. Studies have suggested that this signaling 
pathway has an important role in the occurrence of resistance 
to EGFR‑TKIs in NSCLC cells (13,14). Therefore, targeting 
the key proteins of the PI3K signaling pathway by inhibitors is 
a strategy that is being evaluated as a potential cancer therapy. 
Furthermore, inhibition of the key proteins of this pathway 
may improve sensitization of NSCLC cells to EGFR‑TKI. 
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Combination of a TKI and PI3K inhibitor has been introduced 
as a therapeutic intervention in cancers harboring PIK3CA 
mutations (15).

LY294002, a PI3K inhibitor, has been demonstrated to 
potentiate the anti‑myeloma activity of homoharringtonine (16). 
Furthermore, LY294002 increased the chemosensitivity of 
pancreatic carcinoma cells to gemcitabine (17,18). However, 
whether LY294002 is able to improve the sensitivity of NSCLC 
to erlotinib has remained elusive. In the present study, it was 
assessed whether co‑treatment of erlotinib and PI3K inhibitor 
LY294002 has an enhanced inhibitory efficacy in NSCLC cell 
lines, in comparison to erlotinib treatment alone. The effect 
of LY294002 on the sensitivity of NSCLC cell lines to erlo-
tinib was evaluated, so as to provide a theoretical basis for the 
clinical treatment of NSCLC with EGFR‑TKI combined with 
PI3K inhibitor.

Materials and methods

Cell culture and reagents. The lung cancer cell lines 
NCI‑H460 and NCI‑H661 were purchased from the Type 
Culture Collection of the Chinese Academy of Sciences 
and were cultured in Dulbecco's modified Eagle's medium 
(Corning, Inc.) supplemented with 10% fetal bovine serum 
(Ausbian) in an incubator with 5% CO2 at 37˚C. Erlotinib 
was supplied by Selleck Chemicals, LY294002 was provided 
by MedChemExpress and monoclonal antibodies targeting 
p70S6K(ab32529) or anti‑phospho‑p70S6K (ab5231) were 
purchased from Abcam. Anti‑GAPDH(sc‑32233) and 
horseradish peroxidase‑conjugated anti‑rabbit (sc‑2004)or 
anti‑mouse IgG(sc‑2005) were purchased from Santa Cruz 
Biotechnology, Inc.

Cell viability assay. Cell viability was determined by MTT 
assays following the manufacturer's instructions. Cells were 
seeded in 96‑well plates at a density of 4,000 cells/well and 
allowed to attach overnight. The next day, cells were treated 
with various concentrations of erlotinib (0.001, 0.003, 0.01, 
0.03, 1, 3, 10, 30 or 100 µM), LY294002 (0.0001, 0.0003, 
0.001, 0.003, 0.01, 0.03, 1, 3 or 10 µM) or their combination 
as indicated. After 72 h of incubation, 20 µl MTT solution 
(5 mg/ml) was added to each well and after incubation for 
4 h later, the formazan crystals were dissolved with 100 µl 
DMSO. The absorbance of each well was measured using a 
spectrophotometer(Tecan infinite) at 490 nm wavelength. 
Each experiment was performed in triplicate. Inhibitory 
effects = (1‑OD experimental group / OD negative control group) x100%.

Cell apoptosis assay. Apoptosis was detected by flow 
cytometry using the Annexin V FITC Apoptosis Detection 
kit (eBioscience) according to the manufacturer's instruc-
tions. NCI‑H460 cells were incubated with erlotinib (10 µM), 
LY294002 (10 µM) or their combination for 72 h. NCI‑H661 
cells were incubated with erlotinib (3 µM), LY294002 (10 µM) 
or their combination for 72 h. The harvested cells were 
washed with pre‑cooled PBS three times and resuspended 
in 1X Binding Buffer. Subsequently, the cells were stained 
with Annexin V‑APC using a commercial kit (eBioscience), 
samples were determined by flow cytometry on a FACSort 
(BD Biosciences) and analyzed using CellQuest software.

Western blot analysis. The protein levels of p70S6K and 
p‑p70S6K in the control group, erlotinib group, LY294002 
group and the combined erlotinib and LY294002 group 
were examined using western blot analysis. NCI‑H460 and 
NCI‑H661 cells were cultured for 72 h and treated with erlotinib, 
LY294002 or their combination at the indicated concentra-
tions. Cells were lysed in radioimmunoprecipitation assay lysis 
buffer and lysates were sonicated for 10 sec and centrifuged 
at 12,000 x g for 15 min at 4˚C. Protein concentrations were 
determined using a BCA Protein Assay Kit(Beyotime). Total 
protein in each group (30 µg per lane) was separated using 
10% SDS‑PAGE and transferred to polyvinylidene difluoride 
membranes (EMD Millipore). The membranes were blocked 
with 5% nonfat milk for 2 h at room temperature and then 
incubated with anti‑p‑p70S6K or anti‑p70S6K antibodies at 
4˚C overnight. Subsequently, the membranes were incubated 
with the appropriate secondary antibodies conjugated to 
horseradish peroxidase for 1.5 h at 37˚C. Protein signals were 
visualized using the enhanced chemiluminescence western 
blot analysis system.

Statistical analysis. Statistical significance of differences 
between drug treatment groups and the control group was 
determined by one‑way analysis of variance with Bonferroni's 
multiple‑comparison test using GraphPad Prism 5 (GraphPad 
Software, Inc.). All values are expressed as the mean ± stan-
dard deviation. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Effects of erlotinib and LY294002 on the growth of NSCLC 
cells. The inhibition rate of erlotinib or LY294002 on two 
NSCLC cell lines, of which NCI‑H661 was PI3K catalytic 
subunit alpha (PI3KCA) wild‑type and NCI‑H460 was 
PIK3CA mutant‑type, was examined using an MTT assay. 
First, the IC50 of erlotinib was compared between the cell 
lines (Fig. 1A). The IC50 value of erlotinib was 12.43 µM for 
NCI‑H460 and 13.97 µM for NCI‑H661, indicating that the 
sensitivity of these cells to erlotinib is not associated with the 
mutation status of PIK3CA, but on the genotype regarding 
EGFR.

The inhibitory effect of LY294002 on the cell growth 
activity of these cell lines with different mutation status of 
PIK3CA was also determined (Fig. 1B). The results indicated 
that cell growth inhibition occurred in a dose‑dependent 
manner. Furthermore, the inhibitory effect of LY294002 
on NCI‑H661 cells was better than that on NCI‑H460 cells, 
suggesting that the effect of LY294002 may be influenced by 
the mutation status of PIK3CA.

Combined treatment with erlotinib and LY294002 enhances 
the inhibitory effect of either drug alone on NCI‑H460 
and NCI‑H661 cells. To examine whether PI3K inhibitor 
LY294002 is able to enhance the sensitivity of NSCLC cells 
to erlotinib, the combined effect of erlotinib and LY294002 on 
NCI‑H460 and NCI‑H661 cell viability was detected using an 
MTT assay. As presented in Fig. 2, compared with LY294002 
(10 µM) or erlotinib (10 µM) treatment alone, combined treat-
ment with LY294002 (10 µM) and erlotinib (10 µM) caused 
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greater decreases in the amount of viable cells of NCI‑H460 
(P<0.05) and NCI‑H661 cells (P<0.05). However, there was no 
significant difference in the effect of the dual inhibitor therapy 
between NCI‑H460 and NCI‑H661 cells (P>0.05). These 
results indicated that PI3K inhibitor has the ability to enhance 
the sensitivity of NSCLC cell lines with wild‑type EGFR to 
erlotinib.

Combined treatment with erlotinib and LY294002 enhances 
apoptosis of NCI‑H661 cells with wild‑type PIK3CA. In 
order to examine the effects of the combined treatment on the 
NSCLC cells with different mutation status of PIK3CA, the 
apoptosis of NCI‑H661 cells harboring wild‑type PI3KAC 
and NCI‑H460 cells with a mutation of PI3KAC in response 
to the drug treatments was compared. The concentrations of 
LY294002, erlotinib and their combination for apoptosis were 
selected based on the results of cell viability. The concentra-
tion of drugs were chosen which have the same cell viability 
between NCI‑H661 and NCI‑H460. Cell apoptosis in each 
group was detected using flow cytometry. The results revealed 

that in NCI‑H661 cells, the apoptotic ratio in the combination 
treatment group was higher than that in each group treated 
with either drug alone (P<0.05; Fig. 3A and C). However, in 
NCI‑H460 cells, the combination treatment did not significantly 
enhance the percentage of apoptotic cells when compared with 
that following treatment with LY294002 alone (Fig. 3B and D), 
suggesting that the effect of LY294002 to enhance apoptosis 
may be influenced by the mutation status of PIK3CA.

Combination treatment decreases p‑p70S6K signaling in 
NCI‑H661 cells. To further investigate the mechanisms 
of PI3KCA genotype‑dependent apoptosis after the 
combination treatment, the changes in the relevant cell 
signaling pathway were evaluated. p70S6K is an important 
downstream effector of PI3K. Western blot analysis was 
performed to identify the change of p70S6K in the cell 
lines induced by combination treatment. NCI‑H661 harbors 
wild‑type PI3KCA, whereas NCI‑H460 is PI3KCA‑mutant. 
Compared to monotherapy, the combination treatment has 
no influence on p70S6K expression neither in NCI‑H460 nor 

Figure 1. Effect of LY294002 and erlotinib on NCI‑H460 and NCI‑H661 cell growth. (A) Erlotinib and (B) LY294002 inhibited the growth of NCI‑H460 and 
NCI‑H661 cells in a dose‑dependent manner. Values are presented as the mean ± standard error of the mean from three independent experiments.

Figure 2. Combined effect of erlotinib and LY294002 to inhibit the growth of NCI‑H460 and NCI‑H661 cells. (A) NCI‑H460 and (B) NCI‑H661 cells were 
treated with erlotinib or LY294002 alone, or a combination of erlotinib and LY294002 at a fixed concentration. Compared with the erlotinib only group and 
the LY294002 only group, the growth inhibition of the combined treatment of erlotinib and LY294002 on the NCI‑H460 and NCI‑H661 cells was enhanced.
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in NCI‑H661 cells. However, combination treatment with 
erlotinib and LY294002 significantly decreased p‑p70S6K 
levels in the NCI‑H661 cell line (Fig. 4). By contrast, the 
level of p‑p70S6K was almost unaffected in NCI‑H460 
cells. These results suggested that the PI3K signaling 
pathway has an important role in NSCLC cells. LY294002 
was able to enhance the sensitivity of NSCLC cells to 
erlotinib, particularly for NSCLC cells with wild‑type 
PI3KCA, suggesting that combined treatment may enhance 
the anti‑tumor effect.

Discussion

Therapy for NSCLC has significantly changed with the 
discovery of EGFR mutations, as it led to novel treat-

ment approaches based on the molecular characteristics of 
tumors (19). In NSCLC patients with EGFR mutation, treat-
ment with EGFR‑TKIs achieved much higher response rates 
and longer progression‑free survival than platinum‑based 
chemotherapies (20,21). However, patients eventually develop 
acquired resistance after treatment with EGFR‑TKIs, typically 
after ~12 months. The mechanisms of acquired resistance to 
EGFR‑TKIs have been broadly divided into two categories: 
Pharmacological and biological mechanisms, including 
alterations in the drug target, bypass track mechanisms, pheno-
typic/histologic changes and downstream signaling pathways 
alterations (22). The PI3K/AKT pathway has a crucial role 
in oncogenesis and tumor cell growth, and under long‑term 
inhibition of EGFR, the PI3K/AKT pathway may be activated 
through alternative pathways to maintain tumor cell survival, 

Figure 3. Apoptosis of (A) NCI‑H661 and (B) NCI‑H460 cells was measured by flow cytometry after treatment with a combination of erlotinib and LY294002. 
The percentage of apoptotic (C) NCI‑H661 and (D) NCI‑H460 cells was compared between the monotherapy and combined treatment groups. In NCI‑H661 
cells, a difference in cell apoptosis was detected with the combined drug treatment. Compared with the control, erlotinib (3 µM) or LY294002 (10 µM) treat-
ment alone, the cell apoptosis was significantly enhanced after co‑treatment. However, no significantly enhanced apoptosis was observed in the NCI‑H460 cell 
line after co‑treatment compared to LY294002 treatment alone. Apoptosis of the erlotinib+LY294002 group was significantly increased compared with the 
Erlotinib or LY294002 groups. *P<0.05 vs. Erlotinib; #P<0.05 vs. LY294002.

Figure 4. Effects of combined erlotinib and LY294002 treatment on the phosphorylation of p70S6K. NCI‑H661 and NCI‑H460 cell lines were treated with 
erlotinib, LY294002 or a combination of the two drugs. The cell extracts were examined by western blot analysis for determination of p‑p70S6K. Erlotinib, 
LY294002 or the combination treatment inhibited p70S6K phosphorylation in the NCI‑H661 cell line. While the phosphorylation level of p70S6K was not 
reduced after monotherapy in the NCI‑H460 cell line, combination treatment caused a slight decrease in the level of p‑p70S6K. p‑p70S6K, phospho‑p70S6K.
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escape TKI attack and generate secondary drug resistance. 
Therefore, inhibition of the PI3K pathway may increase the 
sensitization of various tumor cell lines to EGFR‑TKIs (15,23). 
Combined treatment of PI3K inhibitor with EGFR‑TKI has 
been suggested as a novel and effective method for targeted 
cancer therapy.

LY294002 is a selective inhibitor of PI3K, which may 
induce apoptosis and inhibit cell proliferation via reducing 
AKT activation. Numerous studies have indicated that 
LY294002 is able to improve the sensitivity of various chemo-
therapy drugs to a variety of tumor cell types (16‑18,24). In the 
present study, it was demonstrated that LY294002 was able to 
increase the sensitivity of NSCLC cells to erlotinib. The results 
suggested that the cell viability was reduced in all NSCLC cell 
lines after treatment with LY294002 or erlotinib. Furthermore, 
co‑treatment with LY294002 and erlotinib amplified cell 
growth inhibition in two NSCLC cell lines compared with 
that achieved with LY294002 or erlotinib alone. In order to 
study the intrinsic molecular mechanism of how LY294002 
enhanced the sensitivity of NSCLC cell lines to erlotinib, the 
NSCLC cells with different status of PIK3CA were selected, 
NCI‑H661 with wild‑type PIK3CA and NCI‑H460 with 
PIK3CA‑mutant status. The present results suggested that 
the anti‑tumor cell effect of co‑treatment with LY294002 and 
erlotinib on NSCLC cells may be influenced by the mutation 
status of PIK3CA. The inhibitory effect of LY294002 or erlo-
tinib on NCI‑H661 with wild‑type PIK3CA was greater than 
that on NCI‑H460 with PIK3CA mutation. Cell apoptosis was 
evaluated by flow cytometric analysis and the results revealed 
significantly enhanced apoptosis in NCI‑H661 cells treated 
with a combination of LY294002 and erlotinib compared 
with that achieved with either LY294002 or erlotinib alone. 
However, in NCI‑H640 cells, apoptosis was not enhanced 
after combination treatment. Furthermore, in NCI‑H661 cells, 
phosphorylation of p70S6K, an important downstream factor 
of PI3K, was effectively reduced by combined treatment with 
the PI3K inhibitor LY294002 and the EGFR‑TKI erlotinib, 
but this result was not obtained in NCI‑H640 cell lines. All of 
these results indicated that the effects of combined treatment 
with LY294002 and erlotinib on the wild‑type EGFR cells 
were closely linked to the genetic background of PIK3CA.

In conclusion, the present study suggests that inhibiting 
EGFR may be more effective if combined with selective inhi-
bition of PI3K/AKT pathways for treating wild‑type EGFR 
and PIK3CA wild‑type NSCLC cells. The PI3K‑AKT pathway 
is an important mechanistic constituent underlying drug 
resistance and provides potential targets that hold promise for 
reversal of drug resistance. The present study provided a novel 
idea for combining PI3K/AKT and EGFR inhibitors for the 
treatment of wild‑type EGFR and PIK3CA NSCLC in clinical 
trials for patients with NSCLC. However, the LY294002 
and erlotinib combination was only administered in vitro. 
Additional studies are necessary to understand the efficacy 
of LY294002 combined with erlotinib on NSCLC in vivo. In 
addition, further investigations are warranted to determine the 
potential underlying molecular mechanisms.
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