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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.

Keywords: Materials and methods: The correlation between EI24 expression and EGFR-TKI drug resistance in EGFR-
NSCLC . . . . .

EI24 driven tumors were determined from microarray datasets. The phospho-protein expression profiles of
EGFR-TKI receptor tyrosine kinases and protein kinases were examined using antibody arrays method in PC9 cells
IGE-1R 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 E[24-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.

Drug resistance

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Lung cancer is the most commonly diagnosed cancer (1.82 mil-
lion cases, 12.9% of total cancer diagnoses) and is the leading cause
of cancer-related mortality worldwide, accounting for nearly 1.6
million (19.4%) deaths per year [1]. The most prevalent form of

Abbreviations: NSCLC, non-small cell lung cancer; EGFR, epidermal growth factor
receptor; IGF-1R, insulin growth factor-1 receptor; RTK, receptor tyrosine kinase;
TKI, tyrosine kinase inhibitor; AXL, anaplastic lymphoma kinase; EMT, epithelial-
to-mesenchymal transition; MET, mesenchymal-to-epithelial transition.
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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-TKISs, 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
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regulation of cell proliferation and metabolism [4] and polymor-
phism and copy number amplification of IGF network components
are associated with an increased risk for developing several cancers
[5]. IGF-1R is expressed in most organs, and a higher level of cir-
culating IGF-1 is associated with a higher risk for developing lung
cancer [4]. Recently, antibodies against IGF-1R and small molecules
that target IGF-1R kinase activity have been evaluated in clinical
trials [6].

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

2. Materials and methods
2.1. Cell culture and generation of cell lines

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

#TRCN0000159876 (CCGGGCCATTTGGTTTCAGGATATACTCGA-
GTATATCCTGAAACCAAATGGCTTTTTTG) and #TRCN0000160559
(CCGGCAAAGCATATCTCTTCCAGTTCTCGAGAACTGGAAGAGATAT-
GCTTTGTTTTTTG).

2.2. Plasmids and reagents

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

2.3. Immunoblotting and antibodies

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

2.4. RNA isolation and real-time qPCR
Total RNA was prepared using Trizol (Invitrogen). One micro-

gram of total RNA was reverse-transcribed to ¢DNA using
the Superscript Il First-Strand Synthesis System with oligo-dT

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 x 10% 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 .1 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 5min 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 wl of mouse anti-phospho-tyrosine antibody conjugated
to horseradish peroxidase (HRP) and a chemiluminescence assay.

2.8. GEOZ2R 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


http://www.origene.com
http://www.origene.com
http://www.origene.com
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.ncbi.nlm.nih.gov/geo/geo2r/

J.-M. Choi et al. / Lung Cancer 90 (2015) 175-181

177

A Zhang dataset B Cortot dataset C Ercan dataset
2 (GSE38121) 2 (GSE38404) 2 (GSE37700)
3 t-} 3 -
. S 2000+ & 3000
= 045 > >
s s S 2500
5 < 1500 2 1 .
@ 010 2 % g =
2 2 2
3 £ 1000 S 2000
i 0.05 i —;P- s ]
> > >
g g 500 g 1500+ $
g 0.00 — g g
N
5 & & & 5 o 5 1000
—_ o ,\o ;\' —3 v T T T = T T
= 0.05-,¢ 3 & = PC9 PFR31 PFR32 = NCI-H1975 NCI-H1975_WZR6
& &
R &
D , E F
5 1.2 | *
@ i 1.2 e 9-shGFP 5, 12 s~ 9GR-Crl
E_” _*E‘ 10} 2'5 = 9-shEI24 # § - 9GR-O/E
> 3 B 10{ T~
E 06 S 0.81 = \
— 3 | o
E o4 & 061 3 0.8 ™ Kkk
2 02 Py P —
k<] 2 0.4 H I : *x
< 0.0 5 S 06-
@ 9-shGFP  9-shEI24 #1 9-shEl24 #2 T 0.2 T
e (4
Ctrl O/E #1 OJE #2 SO ob o1 1 10 45 20 RA T TR T S R

El24

GAPDH

[ =
[ o ]

Gefitinib Concentration (uM)

Gefitinib Concentration (uM)

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
shown are the mean + S.D., "p <0.0005. Immunoblot analysis of EI24 expression in PC9-GR cells expressing either control vector (9GR-Ctrl) or exogenous EI24 (9GR-O/E #1
and #2). (E and F) Cells were treated with the indicated concentrations of gefitinib for 48 h before cell viability was measured by the MTT assay. Error bars, S.D.; p-values

were calculated using paired 2-tailed t-test. “p <0.005, ""p <0.05.

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

3.2. Reduced EI24 expression confers resistance to gefitinib in
NSCLC cell lines

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

3.3. EI24 knockdown drives gefitinib resistance through the
activation of IGF-1R signaling

To explore the molecular mechanism of EI24-mediated EGFR-
TKI sensitivity, we examined the protein phosphorylation of EGFR,
AKT, and ERK1/2 after gefitinib treatment in EI24 knockdown
(9-shEI24) and control (9-shGFP) cells. 9-shEI24 cells exhibited
increased p-EGFR, p-AKT, and p-ERK1/2 expression compared to
the control cells (Fig. 2A). Gefitinib significantly reduced the phos-

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
immunoblotting against the indicated proteins. (C-F) A phospho-RTK (C and E) and a phospho-kinase array (D and F) were performed with the lysates from EI24 knockdown
or EI24-overexpressing cells compared to each control cells. Representative blots are shown (1: p-p38, 2: p-ERK1/2, 3: p-AKT). Quantification of each protein was determined

by measuring pixel density.

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

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

Given the likely importance of IGF-1R activation in gefitinib
resistance, we reasoned that EGFR-mutant cells with activated
IGF-1R signaling following EI24 knockdown could be inhibited
by a combination of drugs against both EGFR and IGF-1R. Upon
treatment with both EGFR and IGF-1R inhibitors, we found that

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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feedback loops and is implicated in promoting oncogenic trans-
formation, growth, and the survival of cancer cells [4,20]. Others
have found that IGF-1R mediates resistance to anti-EGFR therapy
through the continued activation of the PI3K-AKT pathway, and
ablation of EGFR-dependent activation of the anti-apoptotic pro-

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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the presence of gefitinib in EI24-knockdown cells suggested the
involvement of IGF-1R pathway. Moreover, IGF-1R expression and
its activation have been linked to disease progression, increased
resistance to radiotherapy, and poor prognosis [4,24,25]. We found
that lung cancer patients with reduced expression of EI24 and
increased expression of IGF-1R have a poor prognosis, reinforc-
ing the relevance of EI24 in NSCLC. Further study will be necessary
to determine which of these signaling pathways is most critical
for EI24-mediated resistance to EGFR TKIs in EGFR-mutant NSCLC.
Such studies may identify additional evidences for therapeutic
intervention in the context of the acquisition of resistance to EGFR
TKIs driven by EI24. On the basis of our data, we propose that inhibi-
tion of IGF-1R signaling may enhance responses to treatment with
EGFR TKI-resistant EGFR-mutated NSCLC.

Recent studies have shown that EMT plays a role in acquired
resistance to EGFR-TKIs, indicating that mesenchymal status is
correlated to the resistance to these drugs in NSCLC cell lines
and clinical samples [26-28]. Furthermore, it has been reported
that phosphorylation of EGFR, ERBB2, and ERBB3 is attenuated
in mesenchymal-like erlotinib-resistant cells, suggesting that EMT
confers resistance by generating a switch in kinase pathway
activation [29]. We found decreased ERBB2 and ERBB3 phospho-
rylation and increased IGF-1R phosphorylation in EI24 knockdown
NSCLC cells, suggesting the existence of an EMT-mediated kinase
switch. We previously found that loss of EI24 induces EMT [9],
and PC9 cells acquire mesenchymal-like morphology upon EI24
knockdown (data not shown). These results support previous data
demonstrating the crosstalk between EMT and IGF-1R signaling
in EGFR-TKI-resistant cell lines [30], and implicate EI24 as candi-
date molecule for studying the relationship of EMT and the IGF-1R
pathway in drug sensitivity.

As a strong mediator of cell proliferation, differentiation, and
a potent inhibitor of apoptosis, we focused on the induction of
IGF-1 by EI24 knockdown. Since the action of IGF-1 is predomi-
nantly mediated through the IGF-1R [31], the regulation of IGF-1R
activation by EI24 is critical for the EI24-mediated regulation of
drug sensitivity in NSCLC cells. Recent study has identified possi-
ble interconnection between IGF-1 and NF-kB signaling in patients
with chemotherapy resistance [32] and we found NF-kB regulation
through autophagy by EI24 [9] and many NF-kB binding motifs at
IGF-1 promoter region (data not shown). Along these lines, it is
likely that EI24/NF-kB/IGF-1 axis would be an important signal-
ing pathway to confer drug resistance though the more detailed
investigations are needed on the molecular mechanism.

To confirm the clinical relevance of EI24 expression, we eval-
uated the impact of EI24 expression on overall survival in lung
cancer patients. We found that low EI24 and high IGF-1R expres-
sions were correlated with poor survival in lung cancer patients.
Our results suggest that combination treatment with EGFR and IGF-
1R inhibitors could be more effective than single-agent treatments
in EGFR-TKI resistant EGFR-mutant NSCLC patients who have low
EI24 expression level, highlighting as a new therapeutic strategy
for effectively treating these patients.
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