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Abstract

Recent evidence indicates that both the phosphatidylinositol 3-kinase (PI3K)/AKT and the MEK/ERK pathways
are strictly regulated by epidermal growth factor receptor in non-small cell lung cancer (NSCLC) that responds
to Gefitinib. Gefitinib resistance is partly owing to the activation of two major downstream signaling pathways
PI3K/AKT or MEK/ERK. In this study, we found that in Gefitinib-sensitive cell lines, Gefitinib could induce
tumor cell apoptosis via upregulation of a proapoptotic protein BIM. Small interfering RNA results showed that
silencing of BIM could alleviate apoptosis induced by Gefitinib. We adopted a combination of PI3K inhibitor
(LY294002) and MEK inhibitor (U0126) against Gefitinib resistance in cell lines. As expected, the combination
substantially induced apoptosis and restored the sensitivity to Gefitinib by increasing the expression of BIM. Our

studies provided a theoretical basis for overcoming drug resistance in NSCLC via combination therapy.
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Introduction

ung cancer is the most common cause of cancer-related

death in the world with a poor 5-year survival rate of
15%.'2 With the development of targeted therapy, some ki-
nases were identified to be involved in the pathogenesis of
lung cancer. Somatic gain-of-function mutations in exons
encoding the epidermal growth factor receptor (EGFR) tyro-
sine kinase domain were found in about 10% of non-small cell
lung cancer (NSCLC).>* Gefitinib, an EGFR tyrosine kinase
inhibitor (TKI), showed substantial efficacy on patients har-
boring active EGFR mutations. Unfortunately, nearly all pa-
tients who experienced remarkable response to Gefitinib will
develop progressive disease eventually. This kind of resis-
tance observed in clinical trials includes primary and acquired
resistance. Primary resistance usually happened in EGFR
wild-type patients with other gene mutation in the down-
stream of EGFR signaling pathway, such as the KRAS muta-
tion.” The acquired mutation is mainly due to the mutation in
exon 20 after sustained treatment, which is known as the re-

placement of threonine at position 790 by methionine (T790M)
in the tyrosine kinase functional domain of EGFR. T790M
mutation located in the ATP-/drug-binding cleft. It can trig-
ger the resistance by blocking the binding of Gefitinib and
kinase domain.® In addition toT790M, other types of acquired
mutations, such as D761Y, L747S, and T854A, were also
founded in Gefitinib-resistant patients.” Except for the T790M
mutation, c-Met amplification, which was detected in 22%
lung cancer specimens, is another major cause of EGFR-TKI
resistance. It can lead to the transactivation of the ERBB3-
signaling pathway and hamper the inhibition of EGFR.?

The hyperactivation of phosphatidylinositol 3-kinase
(PI3K)/AKT and MEK/ERK signaling pathways is frequent
in tumors and observed in many human malignant diseases.”
The activation is usually associated with malignant trans-
formation and drug resistance after chemotherapy. The
PI3K/AKT and MEK/ERK pathways are regulated by EGFR
in cancers responding to ERFG TKI. One of the major effects
of EGFR TKI in sensitive EGFR mutant cell lines is the in-
duction of cell apoptosis through the PI3K/AKT and/or
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MEK/ERK signaling block. Therefore, it suggested that the
hyperactivation of these signaling pathways may have an
association with resistance to Gefitinib in NSCLC.'***

Recently, the role of BIM, a BH3 domain protein that is ca-
pable of apoptosis induction has been extensively studied.
Previous publications demonstrated the involvement of BIM
was in imatinib-induced apoptosis of BCR-ABL leukemic cells
and gastric cancer cells.">"” Moreover, upregulation of BIM
expression was observed in Paclitaxel-induced apoptosis in
NSCLC cells, which did not occur in other Bcl-2 family mem-
bers.'® Furthermore, many studies have confirmed the close
connection between BIM and activation of the PI3K/AKT and
MEK/ERK signaling pathways. ERK activation can decrease
the expression of BIM by downregulating FOXO3a through
MDM2-mediated proteasome degradation of phosphorylated
FOXO3a, promoting the survival of tumor cells.!? Some studies
also showed that ERK and AKT could phosphorylate BIM and
regulated proapoptosis activity of BIM.2**!

In this study, we adopted a combination of PI3K inhibitor
(LY294002) and MEK inhibitor (U0126) against Gefitinib re-
sistance in cell lines, investigating their effects on resistant
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cells. Results had shown that this combination could sub-
stantially inhibit the proliferation of Gefitinib-resistant NSCLC
cells by inducing apoptosis through elevating the expression
of BIM, which is a result of the PI3K/AKT and MEK/ERK
signaling pathway inhibition. This study was aimed to pro-
vide a theoretical basis to overcome drug resistance in NSCLC
by combination therapy in clinical practice.

Materials and Methods
Cell lines and reagents

Human adenocarcinoma cell line NCI-H1975 was obtained
from Biocat; 95-D, SPC-A1, H1299, A549, and PC-9 were
purchased from Fulengen Company. NCI-H1975, 95-D, and
SPC-A1 were cultured in a 1640 culture solution containing
10% fetal bovine serum with 1% penicillin/streptomycin, and
H1299, A549, and PC-9 in the DMEM supplemented 10% fetal
bovine serum with 1% penicillin/streptomycin. All cells were
cultured at 37°C, 5% CO,. Gefitinib was purchased from LC
laboratories (Cat No. G-4408); PI3K inhibitor (LY294002) and
MEK inhibitor (U0126) were products of Sigma. All
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compounds were dissolved with DMSO to 20mM as a stock
solution and stored at a temperature of —20°C.

Cell proliferation assay

Tumor cells in a logarithmic growth phase were seeded in
96-well tissue culture plates at appropriate concentration and
cultured at 37°C with 5% CO, at the first night. On the sec-
ond day, cells were exposed to various concentrations of
compounds and then cultured at a temperature of 37°C,
under 5% CO, for 72 hours. About 100 uL/well Cell Titer-
Glo (Promega) was added into the plate and incubated at
room temperature for about 15 minutes. The luminescence
was measured on TECAN infinite 1000. The inhibition rate
was calculated as (RLUcontrol_RLUcompound)/ (RLUcontrol_
RLUblank) x 100%

Apoptosis assay

Tumor cells in the logarithmic growth phase were seeded
in 96-well tissue culture plates at the concentration of
4%10%/well and cultured at 37°C with 5% CO, at the first
night. On the second day, cells exposed to various concen-
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trations of compounds were cultured for another 24 hours,
and then caspase3/caspase7 luminescent assay kit Caspase-
Glo™ (Promega) was applied to measure the apoptosis ac-
cording to the manufacturer’s instruction.

Western blotting

Tumor cells were seeded and grown to half confluence in
six-well plates and then induced with compounds for 24
hours. Cells were washed with cold phosphate-buffered sa-
line (PBS) and lysed. The lysates were then subjected to SDS-
PAGE, transferred to nitrocellulose membranes, blocked
with 5% milk-PBST, and probed with antibodies against
phospho-EGFR  (Try1068), phospho-AKT (Ser473), AKT,
phospho-ERK1/2, ERK1/2, BIM, and Actin (Cell Signaling
Technology).

Flow cytometry

Cells were plated at 2x10°/well in six-well plates, and
then induced with different drugs for 48 hours. All cells,
including the supernatant, were collected and centrifuged at
1000 g for 5 minutes. After two washes with PBS, cells were
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resuspended with a binding buffer at the concentration
of 1x10°/mL. Cells then were incubated with 5 L. Annexin
V-FITC (Biovision) at room temperature in the dark for 10
minutes. Then, the cells were centrifuged at 1000 g for 5
minutes, and the supernatant was aspirated. Cells were re-
suspended with 200 L binding buffer, and 10 uL propidium
iodide (PI; Biovision) was added and incubated at room
temperature for 5 minutes, and then cells were detected by
flow cytometry. The results were analyzed using the Flow]o
software.

RNA interference

BIM-specific and negative control small interfering
RNAs (siRNA) were purchased from Cell Signaling Tech-
nology. Cells were transfected with the Lipofectamine
2000 transfection reagent (Invitrogen) according to the
manufacture’s protocol in the presence of siRNA. After 24
hours of transfection, cells were lysed with radio-
immunoprecipitation assay and subjected to SDS-PAGE to
detect the transfection efficiency. For flow cytometric anal-
ysis, after 24 hours of transfection, cells were washed with
the DMEM twice and incubated with the DMEM containing
10% FBS in the presence of DMSO, or Gefitinib for 48 hours.

Immunocytochemistry (SP method)

Sterile coverslip was placed into 24-well culture plates, and
the cell suspension 2x10*/well cells was seeded into the
plates and cultured at 37°C with 5% CO,, Next day, cells were
induced with different drugs and exposed to compound for 48
hours, and the coverslip from each well was washed with PBS
twice and fixed with 4% paraformaldehyde for 10 minutes at
4°C. After two washes with PBS, cells were penetrated with
0.1% Triton X-100 and then incubated with 3% H,O, to block
endogenous peroxidase. The coverslip was incubated with the
normal goat serum working solution at room temperature for
10 minutes, and then appropriate amounts of anti-BIM pri-
mary antibody (1:100 dilution) were added and incubated in a
moisture box at 4°C overnight, and the biotinylated secondary
antibodies were added at a 1:100 dilution and incubated at
room temperature for 10 minutes, and then a solution con-
taining HRP-labeled streptavidin was added and incubated at
room temperature for 60 minutes; the binding of antibodies
was visualized with 3,3-diaminobenzidine (DAB) solution at
last. The coverslips were then subjected to hematoxylin
staining and differentiated with 1% acid alcohol for several
seconds and washed with tap water for 5 minutes. Slides were
then dried and mounted.

Statistical analysis

The results were analyzed using SPSS15.0 software. Data
were presented as the mean+SEM of three independent
experiments. One-way ANOVA was used to analyze data
among groups. p<0.05 was used for the significance
threshold.

Results

Sensitivity of different NSCLC cell lines to Gefitinib

First, we tested the sensitivity of six different NSCLC cell
lines to Gefitinib, as shown in Figure 1A. We found that PC-9
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was extremely sensitive to Gefitinib, and the ICs, of Gefitinib
against PC-9 was about 0.016 M. However, other five
NSCLC cells lines, including NCI-H1975, 95-D, SPC-Al,
H1299, and A549, were resistant to Gefitinib, at the concen-
tration of 10 uM. Gefitinib did not show substantial inhibi-
tory effects on the proliferation of these tumor cell lines. We
then used the caspase3/caspase7 luminescent assay kit to
investigate the apoptosis induced by Gefitinib in NSCLC cell
lines. As shown in Figure 1B, in Gefitinib-sensitive NSCLC
cell PC-9, induced with 0.1 M Gefitinib for 24 hours,
caspase3/7 activity in PC-9 increased about 3-fold in contrast
with the control group, which implies the occurrence of ap-
optosis after the treatment of Gefitinib in PC-9 cells, but the
activity of caspase3/7 had no change in Gefitinib-resistant
tumor cells.
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FIG. 3. The role of BIM in the the apoptosis induced by
Gefitinib in PC-9 cells. (A) BIM silencing in PC-9 cells. PC-9
cells were seeded in 6-well plate, BIM-specific, and control
small interfering RNAs (siRNA) were transfected with Lipo-
fectamine 2000. After transfection, cells were lysed, and the
lysate was subjected to SDS-PAGE, and probed with BIM
antibody. (B) AnnexinV-propidium iodide (PI) staining of
PC-9 cells after the BIM was silenced. Cells were seeded in a
six-well plate, transfected with BIM-specific or control siRNA.
24 hours after the transfection, and the cells were treated with
1 uM Gefitinib for 48 hours, and then the cells were collected
and apoptosis was analyzed by AnnexinV-PI staining.
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Gefitinib substantially induced BIM expression
in sensitive cell lines

Western blotting was used to detect the effects of Gefitinib
on EGFR phosphorylation and its downstream signaling
pathways. As shown in Figure 2, in PC-9 cells, 0.1 uM Gefi-
tinib could substantially inhibit the phosphorylation of
EGFR. With the inhibition of EGFR phosphorylation, the
phosphorylation of AKT and ERK was also inhibited simul-
taneously. Furthermore, we also investigated the effects of
Gefitinib through the expression of BIM, a proapoptotic
protein. In a sensitive cell line, after the induction of Gefiti-
nib, BIM expression was obviously increased. However, in
Gefitinib-resistant cell lines (A549, SPC-A1, and NCI-H1975),
Gefitinib had little effect on the phosphorylation of EGFR,
AKT, and ERK as well as the expression of BIM.

Gefitinib-induced apoptosis is closely correlated
with BIM

To further confirm the role that BIM plays in Gefitinib-
induced apoptosis in PC-9 cells, BIM siRNA was adopted to
block the expression of BIM in PC-9 cells. As shown in Figure
3A, after 24 hours of induction of BIM siRNA, BIM expres-
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sion is obviously decreased. Next, we used Annexin V-PI
double staining to investigate the activity of Gefitinib on BIM
siRNA PC-9 cells. We found that after 48-hour treatment of
Gefitinib, apoptosis was happened in about 70% PC-9 cells.
However, once the BIM expression was silenced in PC-9
cells, the apoptosis induced by Gefitinib was substantially
decreased, and just about 40% cells undergo apoptosis (Fig.
3B). The results clarified that the apoptosis induced by Ge-
fitinib in PC-9 cells was closely correlated with BIM expres-
sion in Gefitinib-sensitive cells.

PI3K inhibitor and MEK inhibitor combination restores
the sensitivity to Gefitinib in resistant cell lines

Given the importance of PI3K and MEK signaling path-
ways in cell proliferation, survival, as well as chemotherapy
resistance, we adopted the combination of PI3K inhibitor and
MEK inhibitor to study their impact on Gefitinib-resistant
NSCLC cell lines. As shown in Figure 4, when this combi-
nation was used with Gefitinib together, the apoptosis was
obviously increased in Gefitinib-resistant cell lines. In 95-D,
NCI-H1975, and H1299 cell lines, the apoptosis increased by
about 2.1, 3.3, and 2.7 times, respectively. The level of apo-
ptosis induced in the A549 and SPC-A1 cell lines was 1.2

NCI-H1975

Caspase 3,7 acitivity

Caspase 3,7 acitivity
g &

R

FIG. 4. The apoptosis induced by different drug combinations in Gefitinib-resistant NSCLC cell lines. Cells were seeded in
96-well plates, and different drug combinations as indicated were added into the plates for 24 hours, and then the activity of
caspase3/7 was assayed with caspase3/7 luminescent assay kit Caspase-Glo. Concentration of compound is as follows:

Gefitinib: 10 uM, 1Y294002:20 uM, and U0126:10 M.
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times and 1.6 times, respectively, in a moderate way. The
difference between cell lines may be owing to different cel-
lular context.

PI3K inhibitor and MEK inhibitor combination increases
BIM expression in EGFR-resistant cell lines

We tested the expression of BIM after the drug treatment.
As shown in Figure 5, PI3K inhibitor (L'Y294002) and MEK
inhibitor (U0126) could, respectively, inhibit the phospho-
rylation of AKT and ERK in Gefitinib-resistant NSCLC cells.
With the inhibition of AKT and ERK, the expression of BIM
was increased. Moreover, when the combination of
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LY294002 and U0126 was used with Gefitinib together, the
BIM expression was substantially increased in contrast
with these inhibitors were used alone. This result demon-
strated that to restore the sensitivity to Gefitinib in Gefitinib-
resistant cell lines, it is better to inhibit the activity of AKT
and ERK simultaneously.

We also confirmed the BIM expression by immuno-
cytochemisty. BIM was mainly expressed in the outer
membrane of mitochondria. As shown in Figure 6, the cyto-
plasm in the control group has shown blue color and a little
yellow color. After drug treatment, the cytoplasm showed
different extents of yellow color ranging from light yellow to
brown; after triple treatment with Gefitinib plus PI3K and
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MEK inhibitors, the color of the cytoplasm in all cell lines
become darker compared with that in the single Gefitinib

group.

Discussion

In this study, we investigated the effects of a combination
of PI3K inhibitor and MEK inhibitor on Gefitinib-resistant

121

FIG. 6. BIM expression in NSCLC
cell lines after the treatment of
different drug combinations
detected by immnocytochemistry
(SP). Approximately 2 x 10*/well
cells were seeded on the sterile
coverslip placed in a 24-well plate
and treated with different drug
combinations as indicated for 24
hours. The expression of BIM in
different groups was performed
immmocytochemistry analysis by a
stained BIM antibody.
Representative photograph per
group was shown. (A) H1975 cell.
(B) H1299 cell.

NSCLC tumor cells. We found that this combination could
substantially inhibit the proliferation of resistant cell lines.
Moreover, it could increase BIM protein to inducing tumor
cell apoptosis.

Gefitinib has shown prospective and exciting efficacy in
NSCLC patients with EGFR mutation in the beginning.
However, after a sustained treatment, the resistance to Ge-
fitinib was found in clinical trials because of different
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mechanisms, including EGFR second mutation in the kinase
domain, c-Met amplification, as well as mutations in the
EGFR downstream signaling pathways. From the results
of previous studies, we have learned that the sensitivity of
tumor cells to Gefitinib is largely determined by EGFR kinase
activity of tumor cells. In tumor cells with EGFR mutations,
such as L858R and deletion of exon 19, EFGR hyperactivation
plays an important role in the tumor cell proliferation and
survival, and the inhibition of EGFR activity can be substan-
tially inhibited tumor growth. Just as in PC-9 cells shown in
Figure 1, Gefitinib can potently inhibit tumor cell proliferation
via suppressing the autophosphorylation of EGFR, which leads
to the inhibition of downstream signaling pathways AKT and
ERK, and the induction of proapoptotic protein BIM.

As the two important signaling pathways of EGFR acti-
vation, PI3K/AKT and MEK/ERK play important roles in
tumor cell survival and proliferation, and their aberrant
activation is often related to chemotherapy resistance. Pre-
vious studies have demonstrated, in NSCLC cells with
EGFR mutation that, when the PI3K/AKT and MEK/ERK
pathways were blocked together, the level of cell apoptosis
was similar to that treated with EGFR TKI alone.””> We
found that in Gefitinib-resistant NSCLC cells, treatment of
Gefitinib had little effect on the phosphorylation of AKT
and ERK, which probably attribute to their resistance to
Gefitinib. Based on the view above, LY294002 and U0126
were combined to treat Gefitinib-resistant NSCLC cells.
In our study, we have shown that the combination of PI3K
and MEK inhibitors can restore the sensitivity to Gefitinib
in Gefitinib-resistant NSCLC cells and induce tumor cells
to apoptosis via inducing the expression of BIM in resis-
tant cells.

BIM, a proapoptotic protein, plays an important role in the
regulation of tumor cell survival. Our study demonstrated
that BIM expression is closely correlated with the sensitivity
of NSCLC tumor cells to Gefitinib. In sensitive tumor cells,
Gefitinib alone can promote the expression of BIM, but has
little effect on BIM expression in resistant cells. The reason
that single Gefitinib cannot increase the expression of BIM is
due to the activation of downstream signaling pathways
such as AKT and ERK. Therefore, inhibition of the activity of
these two downstream molecules is important for restoring
the sensitivity. Given the complexity of the cellular signaling
network and the offset mechanism in tumor cells, inhibition
of one signaling pathway cannot effectively potentiate the
antitumor activity of Gefitinib. It is necessary to inhibit these
two signaling pathways at the same time. As shown in our
study, when Gefitinib was combined with LY294002 and
U0126, the apoptosis in resistant cells is the most obvious,
which is consistent with the BIM expression in resistant cell
lines. In conclusion, the combination therapy offers a
promise to drug resistance in NSCLC.
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