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Objectives:  Lung  cancer  is the  commonly  diagnosed  cancer  and  is the  leading  cause  of  cancer-related  mor-
tality worldwide.  The  most  prevalent  form  of  lung  cancer  is NSCLC,  comprising  80%  of all  lung  cancer  cases,
and epidermal  growth  factor  receptor  (EGFR)  is frequently  mutated  in NSCLC.  EI24  is  a p53-responsive
gene  and plays  an  important  role  in  tumor  suppression.  In  the  current  study,  we found  that  reduced
expression  of EI24 conferred  resistance  to EGFR-tyrosine-kinase  inhibitor  (TKI)  in  NSCLC  cells.
Materials  and  methods:  The  correlation  between  EI24  expression  and EGFR-TKI  drug  resistance  in  EGFR-
driven  tumors  were  determined  from  microarray  datasets.  The  phospho-protein  expression  profiles  of
receptor  tyrosine  kinases  and  protein  kinases  were  examined  using  antibody  arrays  method  in  PC9  cells
expressing  shRNAs  targeting  EI24  and gefitinib-resistant  PC9-GR  cells expressing  exogenous  EI24.
Results  and  conclusions:  The  EGFR-TKI  resistant  clones  had  reduced  expression  of  EI24  mRNA  compared
to  the  sensitive  clones,  and  EI24  knockdown  rendered  sensitive  cells  resistant  to  EGFR-TKI.  Receptor
tyrosine  kinase  screening  revealed  the  involvement  of  a kinase  switch  in  EI24-mediated  regulation  of  drug
sensitivity.  We  found  that EI24  modulates  the  insulin  growth  factor-1  receptor  (IGF-1R)  pathway  through
the induction  of  IGF-1.  Combination  treatment  with  EGFR  and  IGF-1R  inhibitors  significantly  reduced  the

viability  of  EI24  knockdown-induced  resistant  cell lines  compared  to single-agent  treatments.  We  also
showed  that  low  EI24  and  high  IGF-1R  expressions  in lung  cancer  patients  were  correlated  with  reduced
overall  survival.  Taken  together,  these  results  suggest  a potential  role  for EI24  as a biomarker  of drug
resistance,  and indicate  that  combination  therapy  with  EGFR  and  IGF-1R  inhibitors  would  be  effective  in
NSCLC  patients  with  low  EI24  expression.

©  2015  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Lung cancer is the most commonly diagnosed cancer (1.82 mil-

ion cases, 12.9% of total cancer diagnoses) and is the leading cause
f cancer-related mortality worldwide, accounting for nearly 1.6
illion (19.4%) deaths per year [1]. The most prevalent form of

Abbreviations: NSCLC, non-small cell lung cancer; EGFR, epidermal growth factor
eceptor; IGF-1R, insulin growth factor-1 receptor; RTK, receptor tyrosine kinase;
KI, tyrosine kinase inhibitor; AXL, anaplastic lymphoma kinase; EMT, epithelial-
o-mesenchymal transition; MET, mesenchymal-to-epithelial transition.
∗ Corresponding author at: Department of Biochemistry, College of Life Science
nd Biotechnology, Yonsei University, Seoul, 50 Yonsei-ro, Seodaemun-Gu, Seoul,
20-749, South Korea. Fax: +82 2 2123 8107.

E-mail address: hwl@yonsei.ac.kr (H.-W. Lee).

ttp://dx.doi.org/10.1016/j.lungcan.2015.08.019
169-5002/© 2015 Elsevier Ireland Ltd. All rights reserved.
lung cancer is NSCLC, which comprises 80% of all lung cancer cases.
The development of targeted therapy gave the marked advances
to patients who  harbor specific genetic alterations in this cancer.
The most common genetic alterations in NSCLC are KRAS muta-
tions, EGFR mutations, and the ALK rearrangement. EGFR mutations
are found in approximately 10–28% of NSCLC cases and are most
common in women and non-smokers in East Asian populations [2].

The majority of EGFR mutations occur within the kinase
domain, leading to ligand-independent activation of EGFR sig-
naling. Although these mutant proteins are clinically sensitive to
EGFR-TKIs, this therapy is limited by acquired resistance after vary-
ing periods of time [3]. Recently, several groups have identified

mechanisms of this resistance, including amplification of MET,
activation of AXL, activation of EMT, and upregulation of IGF-1R
signaling. The IGF-1R signaling pathway plays a central role in the

dx.doi.org/10.1016/j.lungcan.2015.08.019
http://www.sciencedirect.com/science/journal/01695002
http://www.elsevier.com/locate/lungcan
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lungcan.2015.08.019&domain=pdf
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egulation of cell proliferation and metabolism [4] and polymor-
hism and copy number amplification of IGF network components
re associated with an increased risk for developing several cancers
5]. IGF-1R is expressed in most organs, and a higher level of cir-
ulating IGF-1 is associated with a higher risk for developing lung
ancer [4]. Recently, antibodies against IGF-1R and small molecules
hat target IGF-1R kinase activity have been evaluated in clinical
rials [6].

EI24, a p53 responsive pro-apoptotic factor, plays an impor-
ant role in the suppression of cell growth and the activation of
utophagy [7,8]. Furthermore, reduced expression of EI24 is asso-
iated with the induction of EMT  and tumor progression [9]. Loss of
I24 contributes to etoposide resistance, suggesting that EI24 status
ould be used as a prognostic marker for chemotherapy respon-
iveness [10]. In the current study, we examined the functional
ole of EI24 on EGFR-TKI-mediated cell viability. EGFR-TKI-resistant
lones expressed less EI24 than sensitive clones, and EI24 knock-
own in gefitinib-sensitive cells induced resistance to EGFR-TKI
reatment. Moreover, combined inhibition of EGFR and IGF-1R in
I24 knockdown cell lines reduced cell viability more effectively
han single-agent treatments. We  also found that low EI24 and high
GF-1R expressions in lung cancer patients were correlated with
educed overall survival. From this study, we provide a rationale
or using EI24 as a biomarker for EGFR-TKI sensitivity and demon-
trate that targeting both IGF-1R and EGFR could be an effective
herapy for patients expressing low levels of EI24.

. Materials and methods

.1. Cell culture and generation of cell lines

The PC9 EGFR-mutant NSCLC cell line and its gefitinib-resistant
erivative (PC9-GR) have been previously characterized [11] All
ells were cultured in RPMI 1640 supplemented with 10% FBS.
he human EI24-overexpressing and control cell lines were gen-
rated by transfection with a plasmid containing FLAG-tagged EI24
nd the corresponding empty vector (pcDNA3.1), respectively. The
uman EI24 stable knockdown cell lines were generated as previ-
usly described [9]. The shRNA sequences are as follows:

#TRCN0000159876 (CCGGGCCATTTGGTTTCAGGATATACTCGA-
TATATCCTGAAACCAAATGGCTTTTTTG) and #TRCN0000160559

CCGGCAAAGCATATCTCTTCCAGTTCTCGAGAACTGGAAGAGATAT-
CTTTGTTTTTTG).

.2. Plasmids and reagents

The human EI24 construct was used as previously described
9]. The shRNAs against human EI24 were purchased from
igma–Aldrich. Gefitinib was obtained from Cayman Chemical. PQ-
01 and AG-1024 were purchased from Selleck Chemicals. Human
GF-1 and recombinant IGF-1 were purchased from R&D Systems.

.3. Immunoblotting and antibodies

Protein extraction was performed as previously described [12].
xposures were acquired using a LAS-3000 Imager (Fujifilm). The
ollowing antibodies were used: anti-phospho-EGFR, anti-EGFR,
nti-phospho-IRS-1, anti-IRS-1, anti-AKT, anti-phospho-AKT, anti-
RK1/2, and anti-phospho-ERK1/2. All antibodies were purchased
rom Cell Signaling Technology.

.4. RNA isolation and real-time qPCR
Total RNA was prepared using Trizol (Invitrogen). One micro-
ram of total RNA was reverse-transcribed to cDNA using
he Superscript III First-Strand Synthesis System with oligo-dT
r 90 (2015) 175–181

primers (Invitrogen). Real-time qPCR was performed as previ-
ously described [9]. The primer sequences used were previously
described [9,13], or were obtained from OriGene (www.origene.
com).

2.5. Cell viability assay

Cells were seeded at a density of 3 × 104 cells per well in a 96-
well culture plate and incubated for 24 h. After cells were exposed
to drugs for 48 h, 0.4 mg/ml  of MTT  was  added to the medium in the
well. After incubating for 4 h at 37 ◦C, formazan crystals in viable
cells were solubilized with 100 �l of dimethyl sulfoxide (DMSO).
The optical density of the formazan product was  read at 590 nm on
a microplate reader (Bio-Rad). All experiments were conducted in
triplicate.

2.6. IGF-1 quantification

Supernatants from cultured cells were collected and centrifuged
for 5 min  to remove dead cells and cellular debris. An enzyme-
linked immunosorbent assay (ELISA) for IGF-1 was conducted by
using a kit according to the manufacturer’s instructions (#DG100,
R&D Systems).

2.7. Human RTK and kinase array

Proteome Profiler Human Phospho-RTK Antibody Array and
Human Phospho-Kinase Antibody Array kits (R&D Systems) were
used according to the manufacturer’s instructions. Briefly, fresh
proteins were incubated overnight at 4 ◦C with nitrocellulose mem-
branes dotted with duplicate antibody spots for 49 RTKs (RTK array)
or 43 kinases and 2 related total proteins (kinase array), with each
containing reference controls. The bound proteins were detected
with 50 �l of mouse anti-phospho-tyrosine antibody conjugated
to horseradish peroxidase (HRP) and a chemiluminescence assay.

2.8. GEO2R analysis

Microarray datasets containing the gene expression values of
EGFR-TKI-sensitive and EGFR-TKI-resistant clones were obtained
from Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo). We
selected GSE38121 [14], GSE38404 [15], and GSE37700 [16]
datasets to evaluate EI24 expression. The data were analyzed
through the GEO2R interface (http://www.ncbi.nlm.nih.gov/geo/
geo2r/) as previously described [17].

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism.
Unpaired t-tests were used, unless otherwise stated. Values of
p < 0.05 were considered statistically significant.

3. Results

3.1. Reduced EI24 expression in EGFR-TKI-resistant EGFR-driven
lung tumors

To identify the possible role of EI24 in mediating EGFR-TKI
resistance, publicly available GEO microarray datasets were ana-
lyzed to determine the correlation between EI24 expression and
EGFR-TKI drug resistance in EGFR-driven tumors. In the Zhang
dataset [14], we  found reduced EI24 expression in erlotinib-

resistant HCC827 clones compared to the sensitive HCC827 NSCLC
cell line (Fig. 1A). Additionally, in the Cortot [15] and Ercan [16]
datasets, we observed a marked decrease in EI24 expression in
both dacomitinib- and WZ4002- resistant clones compared to each
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Fig. 1. Reduced expression of EI24 in EGFR-TKI-resistant EGFR-driven lung tumors. (A) Bar graph showing EI24 gene expression values from a microarray dataset in erlotinib-
sensitive HCC827 cells and erlotinib-resistance clones HCC827-ER1 and HCC827-ER2. (B and C) Scatter plots showing EI24 gene expression values from the indicated
microarray dataset in drug-sensitive clones (PC9 and NCI-H1975) and drug-resistant clones (PFR31, PFR32, and NCI-H1975-WZR6). All p-values were <0.05 (D) Real-time
qPCR  analysis of EI24 expression in PC9 cells infected with shRNA containing GFP-targeting sequence (9-shGFP) or an EI24-targeting sequences (9-shEI24 #1 and #2). Data
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hown are the mean ± S.D., *p < 0.0005. Immunoblot analysis of EI24 expression in 

nd  #2). (E and F) Cells were treated with the indicated concentrations of gefitinib
ere  calculated using paired 2-tailed t-test. **p < 0.005, ***p < 0.05.

arental clones, respectively (Fig. 1B and C). These data indicate
hat reduced expression of EI24 in EGFR-TKI-sensitive cells might
ender them resistant to EGFR-TKIs, demonstrating that EI24 may
nhibit EGFR-TKI resistance.

.2. Reduced EI24 expression confers resistance to gefitinib in
SCLC cell lines

To validate the role of EI24 in EGFR-TKI resistance, we  estab-
ished PC9 cells expressing shRNAs targeting EI24 (EI24-knockdown
ells) and PC9-GR (gefitinib-resistant clone of PC9) cells expressing
xogenous EI24 (Fig. 1D). The EI24-knockdown PC9 cells displayed
ecreased sensitivity to gefitinib with a significant increase in cell
iability at all gefitinib concentrations tested (Fig. 1E). Next, we
ested whether the overexpression of EI24 would alter gefitinib
ensitivity in the gefitinib-resistant PC9-GR cell line. Interestingly,
ctopic expression of EI24 reduced cell viability up to 18% upon
xposure to 20 �M gefitinib (Fig. 1F). These data demonstrate that
educed EI24 expression renders NSCLC cells resistant to the EGFR-
KI gefitinib.

.3. EI24 knockdown drives gefitinib resistance through the
ctivation of IGF-1R signaling

To explore the molecular mechanism of EI24-mediated EGFR-
KI sensitivity, we examined the protein phosphorylation of EGFR,

KT, and ERK1/2 after gefitinib treatment in EI24 knockdown

9-shEI24) and control (9-shGFP) cells. 9-shEI24 cells exhibited
ncreased p-EGFR, p-AKT, and p-ERK1/2 expression compared to
he control cells (Fig. 2A). Gefitinib significantly reduced the phos-
R cells expressing either control vector (9GR-Ctrl) or exogenous EI24 (9GR-O/E #1
8 h before cell viability was measured by the MTT assay. Error bars, S.D.; p-values

phorylation of EGFR in both cells, indicating that EI24-mediated
alteration of drug sensitivity was  not due to retention of acti-
vated EGFR signaling (Fig. 2A). Although gefitinib reduced AKT
phosphorylation in the control cells, this was attenuated in 9-
shEI24 cells. We  also observed that the AKT phosphorylation was
diminished by ectopic expression of EI24 upon treatment with gefi-
tinib in PC9-GR cells (Fig. 2B). These results indicate that signaling
upstream of AKT might regulate EI24 loss-mediated acquired drug
resistance.

Recent studies have shown that other receptor tyrosine kinases
(RTKs) participate in driving EGFR-independence in NSCLC cell
lines that become resistant to EGFR-TKIs [18]. In this context,
we investigated whether aberrant activation of other RTKs might
be involved in EI24 knockdown-mediated EGFR-TKI resistance.
Phospho-RTK profiling of lysates from 9-shGFP and 9-shEI24 cells
revealed increased activation of the insulin-like growth factor-1
receptor (IGF-1R) and decreased activation of ERBB2 and ERBB3
by EI24 knockdown (Fig. 2C). We  also examined the changes of
downstream targets by analyzing the phosphorylation profiles of
kinases and their protein substrates upon EI24 knockdown. The
Phospho-kinase array showed significant increases in phosphoryla-
tion of proteins downstream of the IGF-1R pathway such as p-p38,
p-AKT, and p-ERK1/2 with EI24 knockdown (Fig. 2D). Moreover,
we observed an inhibitory effect of EI24 on the activation of p-
IGF-1R, p-p38, p-AKT, and p-ERK1/2 in gefitinib-resistant PC9-GR
cells (Fig. 2E and F). These data suggest that EI24 regulates survival

signaling in NSCLC cells through the IGF-1R pathway.

To determine how EI24 regulates the IGF-1R signaling pathway,
we evaluated the expression of the IGF-1R activating ligand (IGF-
1) in EI24 knockdown PC9 and EI24-overexpressing PC9-GR cells.
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Fig. 2. Involvement of EI24 in IGF-1R signaling. (A and B) 9-shGFP, 9-shEI24, 9GR-Ctrl, and 9GR-EI24 cells were left untreated or treated with gefitinib for 3–6 h before lysis for
i a pho
o  show
b

9
c
c
B
s
a
E
s
w
p
c
s
t

3
o

r
I
b
t

mmunoblotting against the indicated proteins. (C–F) A phospho-RTK (C and E) and 

r  EI24-overexpressing cells compared to each control cells. Representative blots are
y  measuring pixel density.

-shEI24 cells contained approximately 2-fold higher IGF-1 mRNA
ompared to the control cells, while EI24-overexpressing PC9-GR
ells exhibited decreased expression of IGF-1 mRNA (Fig. 3A and
). To determine the effect of EI24 on IGF-1 secretion, we mea-
ured IGF-1 protein in the culture medium using an ELISA. The
mount of secreted IGF-1 protein was significantly increased in
I24-knockdown cells, and was reduced by exogenous EI24 expres-
ion (Fig. 3C and D). Moreover, stimulation of PC9-GR control cells
ith IGF-1 resulted in increased expression of p-IRS, p-AKT, and
-ERK1/2, but this was diminished in EI24-overexpressing PC9-GR
ells (Fig. 3E). These data demonstrate that EI24 modulates survival
ignaling in NSCLC cells through the IGF-1R pathway by regulating
he expression of IGF-1.

.4. The EGFR and IGF-1R pathways exhibit combinatorial effects
n EI24-mediated drug resistance

Given the likely importance of IGF-1R activation in gefitinib

esistance, we reasoned that EGFR-mutant cells with activated
GF-1R signaling following EI24 knockdown could be inhibited
y a combination of drugs against both EGFR and IGF-1R. Upon
reatment with both EGFR and IGF-1R inhibitors, we found that
spho-kinase array (D and F) were performed with the lysates from EI24 knockdown
n (1: p-p38, 2: p-ERK1/2, 3: p-AKT). Quantification of each protein was determined

combination treatments were more effective than single-agent
treatment at reducing cell viability and clonogenic potential in PC9
EI24-knockdown cells (Fig. 4A–D). These results indicate that the
efficacy of EGFR-TKI therapy can be improved by co-inhibition of
the IGF-1R pathway in instances of EI24-mediated drug resistance.

Based on these data, we analyzed the correlation between the
EI24 expression level and the clinical outcomes for lung cancer
patients by using the Kaplan–Meier Plotter, which can perform a
meta-analysis of many microarray datasets from primary tumors
of lung cancer patients [19]. We  found that reduced expression of
EI24 was significantly correlated with reduced overall survival of
lung cancer patients (Fig. 4E). We  used the same approach to eval-
uate IGF-1R expression, and found a significant correlation between
high IGF-1R expression and reduced overall survival (Fig. 4F). Taken
together, these data suggest that low EI24 and high IGF-1R expres-
sions are relevant to the survival of lung cancer patients.

4. Discussion
Here, we  show that EI24 loss contributes to the resistance
of EGFR-mutant NSCLC cells to gefitinib treatment through the
upregulation of IGF-1R signaling. IGF-1R signaling involves several
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Fig. 3. EI24 modulates IGF-1R signaling through the regulation of IGF-1. (A and B) Relative mRNA expression levels of IGF-1 in indicated cells were analyzed by real-time qPCR.
Data  shown are the mean ± S.D. of two independent experiments with each sample assayed in triplicate. p-Values were calculated by unpaired t-test. *p < 0.05, **p < 0.005. (C
and  D) The levels of secreted IGF-1 protein were measured by ELISA using supernatants from the indicated cell types. p-Values were calculated by unpaired t-test. **p < 0.005.
(E)  9GR-Ctrl and 9GR-EI24 cells were left untreated or treated with IGF-1 (50 ng/ml) for 30 min before lysis for immunoblotting against the indicated proteins.

Fig. 4. IGF-1R is key determinant of the EI24-mediated gefitinib sensitivity. (A and B) EI24-knockdown cells were treated with the indicated concentrations of inhibitors
for  24 h before cell viability was  measured by the MTT  assay. Error bars, S.D., p-values were calculated using unpaired t-test. *p < 0.01, **p = 0.0003, *** p < 0.0001. (C and D)
E tment
a  displ
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t
a

I24-knockdown cells were fixed and stained with crystal violet after 14 days trea
nd  F) Kaplan–Meier survival plots were obtained using Kaplan–Meier Plotter and
I24  (208289 s at, E) and IGF-1R (203627 at, F) expression. p-Values were calculate

eedback loops and is implicated in promoting oncogenic trans-

ormation, growth, and the survival of cancer cells [4,20]. Others
ave found that IGF-1R mediates resistance to anti-EGFR therapy
hrough the continued activation of the PI3K-AKT pathway, and
blation of EGFR-dependent activation of the anti-apoptotic pro-
 with concentrations of gefitinib (0.1 �M),  PQ401 (5 �M), and AG1024 (20 �M). (E
ay the probability of overall survival of lung cancer patients grouped according to
g the log-rank test.

tein AKT is significantly associated with gefitinib sensitivity [21,22].

Additionally, a recent study utilizing combined treatment of gefi-
tinib and IGF-1R inhibitors in NSCLC cell lines showed induction
of apoptosis, inhibition of cell proliferation, and decreased expres-
sion of p-AKT [23]. In our study, AKT activation that persisted in
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he presence of gefitinib in EI24-knockdown cells suggested the
nvolvement of IGF-1R pathway. Moreover, IGF-1R expression and
ts activation have been linked to disease progression, increased
esistance to radiotherapy, and poor prognosis [4,24,25]. We found
hat lung cancer patients with reduced expression of EI24 and
ncreased expression of IGF-1R have a poor prognosis, reinforc-
ng the relevance of EI24 in NSCLC. Further study will be necessary
o determine which of these signaling pathways is most critical
or EI24-mediated resistance to EGFR TKIs in EGFR-mutant NSCLC.
uch studies may  identify additional evidences for therapeutic
ntervention in the context of the acquisition of resistance to EGFR
KIs driven by EI24. On the basis of our data, we propose that inhibi-
ion of IGF-1R signaling may  enhance responses to treatment with
GFR TKI-resistant EGFR-mutated NSCLC.

Recent studies have shown that EMT  plays a role in acquired
esistance to EGFR-TKIs, indicating that mesenchymal status is
orrelated to the resistance to these drugs in NSCLC cell lines
nd clinical samples [26–28]. Furthermore, it has been reported
hat phosphorylation of EGFR, ERBB2, and ERBB3 is attenuated
n mesenchymal-like erlotinib-resistant cells, suggesting that EMT
onfers resistance by generating a switch in kinase pathway
ctivation [29]. We  found decreased ERBB2 and ERBB3 phospho-
ylation and increased IGF-1R phosphorylation in EI24 knockdown
SCLC cells, suggesting the existence of an EMT-mediated kinase

witch. We  previously found that loss of EI24 induces EMT  [9],
nd PC9 cells acquire mesenchymal-like morphology upon EI24
nockdown (data not shown). These results support previous data
emonstrating the crosstalk between EMT  and IGF-1R signaling

n EGFR-TKI-resistant cell lines [30], and implicate EI24 as candi-
ate molecule for studying the relationship of EMT  and the IGF-1R
athway in drug sensitivity.

As a strong mediator of cell proliferation, differentiation, and
 potent inhibitor of apoptosis, we focused on the induction of
GF-1 by EI24 knockdown. Since the action of IGF-1 is predomi-
antly mediated through the IGF-1R [31], the regulation of IGF-1R
ctivation by EI24 is critical for the EI24-mediated regulation of
rug sensitivity in NSCLC cells. Recent study has identified possi-
le interconnection between IGF-1 and NF-�B signaling in patients
ith chemotherapy resistance [32] and we found NF-�B regulation

hrough autophagy by EI24 [9] and many NF-�B binding motifs at
GF-1 promoter region (data not shown). Along these lines, it is
ikely that EI24/NF-�B/IGF-1 axis would be an important signal-
ng pathway to confer drug resistance though the more detailed
nvestigations are needed on the molecular mechanism.

To confirm the clinical relevance of EI24 expression, we eval-
ated the impact of EI24 expression on overall survival in lung
ancer patients. We  found that low EI24 and high IGF-1R expres-
ions were correlated with poor survival in lung cancer patients.
ur results suggest that combination treatment with EGFR and IGF-
R inhibitors could be more effective than single-agent treatments

n EGFR-TKI resistant EGFR-mutant NSCLC patients who  have low
I24 expression level, highlighting as a new therapeutic strategy
or effectively treating these patients.
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