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Abstract
Purpose H1650 non-small cell lung cancer (NSCLC)
cells display primary resistance to epidermal growth factor
receptor-tyrosine kinase inhibitors (EGFR-TKIs) although
they have a deletion mutation on exon 19 of the EGFR
gene. We investigated the eVect of inhibition of both insu-
lin-like growth factor receptor (IGFR) and EGFR signaling
considering that IGFR signaling pathway has been impli-
cated in the development and progression with therapeutic
resistance of various cancers including lung cancer.
Methods Three human NSCLC cell lines with an EGFR
mutation of PC-9, HCC827 and H1650 were used for
experiment. Cell viability and proliferative activity were
assessed by MTT and three-dimensional culture assay.
Combination index was obtained by CalcuSyn software.
The change of EGFR- and IGFR-related signals was evaluated
by western blots.

Results H1650 cells were 1,000 times more resistant to
geWtinib and erlotinib than HCC827 and PC-9 cells pos-
sessing the same EGFR mutation. Phosphatase and tensin
homolog loss and sustained phosphorylation of Akt in spite
of treatment with geWtinib were evident only in H1650
cells. Interestingly, IGFR phosphorylation was decreased
by geWtinib in HCC827 and PC-9 cells while being main-
tained in H1650 cells. Combined treatment with the IGFR
inhibitors �-IR3 and AG1024 enhanced geWtinib-induced
growth inhibition and apoptosis, and down-regulated phos-
phorylation of Akt, EGFR and IGFR.
Conclusion Combined inhibition of IGFR signaling
enhances the growth inhibitory and apoptosis-inducing
eVects of geWtinib, suggesting that this approach could be
useful to overcome the primary resistance to EGFR-TKIs in
lung cancer.

Keywords Lung cancer · Primary resistance · EGFR · 
IGFR

Introduction

Clinical beneWts of epidermal growth factor receptor-tyro-
sine kinase inhibitors (EGFR-TKIs) such as geWtinib and
erlotinib have been demonstrated in non-small cell lung
cancer (NSCLC) [1, 2]. These drugs can sometimes pro-
duce a rapid and dramatic improvement in patients with
disseminated cancer [3]. However, their eVect is not univer-
sal among patients, and clinical trials showing that they are
more eVective in certain groups of lung cancer patients
such as females, those who have never smoked and those
with certain adenocarcinoma histology led to the discovery
of activating EGFR mutations on the TK domain [4–6].
The response to EGFR-TKIs is closely related with these
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mutations and EGFR mutations play an important role in
the pathogenesis of cancer in the lungs of “never smokers”
[5].

Although more than 20 EGFR mutations are known,
clinical signiWcance has been demonstrated in only a few
such as G719A on exon 18, a deletion mutation on exon 19
and L858R on exon 21 [3, 4]. The deletion on exon 19 is
one of the most prevalent EGFR mutations, and is probably
the best indicator of response to EGFR-TKIs [7]. The
response rate in patients with EGFR mutations is approxi-
mately 70% [7]. It is increased if mutations without proven
clinical relevance are excluded, and even more when only
deletion mutations are considered. Nevertheless, it is quite
certain that there are patients with activating EGFR muta-
tions who show primary resistance. This is supported by the
presence of H1650, a lung cancer cell line with deletion
mutation on exon 19, which displays resistance although it
does not exhibit known resistant mechanisms including
T790M [8].

The insulin-like growth factor receptor (IGFR) signaling
pathway has been implicated in the development and pro-
gression of various cancers including lung cancer [9, 10].
IGFR signaling can activate downstream signaling path-
ways such as extracellular signal-regulated protein kinase/
mitogen-activated protein kinase (ERK/MAPK) and phos-
phoinositide 3-kinase (PI3K)/Akt, which are also modu-
lated by EGFR [11, 12]. This raises the possibility that
IGFR signaling is involved in resistance to EGFR-TKIs
such as mesenchymal–epithelial transition factor (MET)
signaling, which stimulates Akt activation to compensate
for block of EGFR function by EGFR-TKIs [13]. In addi-
tion, similar resistance is also induced by IGFR signals in
primary human glioblastoma, colorectal cancer and breast
cancer cells [14, 15].

We investigated whether IGFR signaling pathway is
involved in primary resistance to EGFR-TKIs and so would
represent a reasonable target to overcome resistance using
three NSCLC lines possessing the same deletion mutation
on exon 19.

Materials and methods

Cell culture and reagents

The human NSCLC cell lines HCC827 and H1650 were
obtained from the American Type Culture Collection
(Rockville, MD, USA). PC-9 NSCLC cells were a kind gift
from F. Koizumi and K. Nishio (National Cancer Center
Hospital, Tokyo, Japan). All cell lines were cultured in
RPMI 1640 medium that contained 10% fetal bovine serum
(FBS), 2 mM L-glutamine and 100 units/ml penicillin and
streptomycin and were maintained at 37°C in a humidiWed

chamber containing 5% CO2. GeWtinib and ZD6474 were
kindly provided by AstraZeneca Korea (Seoul, Korea), and
erlotinib was supplied by Roche Korea (Seoul, Korea). CL-
387,785 and �-IR3 were purchased from Calbiochem (La
Jolla, CA) and Abcam (Cambridge, MA, USA), respec-
tively.

Cell proliferation assay and combination index (CI) 
analysis

Cell proliferation was measured by a colorimetric assay
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT). Cells (0.5 £ 104 per well) were
exposed to varying concentrations of geWtinib, erlotinib,
ZD6474 and CL-387,785 in 96-well sterile plastic plates
(Costar, New York, USA). After 72 h, 15 �l of MTT solu-
tion (5 mg/ml) was added to each well and incubated for
4 h. Then, crystalline formazan was solubilized with 10%
(w/v) sodium dodecyl sulfate (SDS). The absorbance at
595 nm was read spectrophotometrically using a microplate
reader. Combination eVect was evaluated in H1650 cells by
the MTT assay at a 1:1 ratio of geWtinib (�M) and �-IR3
(�g/ml), and a 1:2 ratio of geWtinib (�M) and AG1024
(�M). The fraction aVected (Fa) (i.e., Fa of 0.25 is equiva-
lent to 75% viable cells) and CI values were processed by
the CalcuSyn software (Biosoft, Cambridge, UK). CI val-
ues <1, 1 and >1 indicated synergism, additive eVect and
antagonism, respectively.

Apoptosis assay

Apoptotic cell death was determined by the Annexin V-
Xuorescein isothiocyanate (FITC) apoptosis kit I (BD Bio-
sciences, Franklin Lakes, NJ, USA) according to the manu-
facturer’s instructions. BrieXy, cells were harvested,
washed with phosphate-buVered saline, and resuspended in
1£ binding buVer [10 mM Hepes (pH 7.4), 140 mM NaCl,
2.5 mM CaCl2]. Cells were stained with 5 �l of annexin V-
FITC and 10 �l of propidium iodide (PI), and incubated for
12 min at room temperature in the dark. 400 �l of 1£ bind-
ing buVer was added and the samples were analyzed with
Becton–Dickinson FACScan Xow cytometer using Cell-
Quest Pro software (BD Biosciences).

Three-dimensional culture assay

Wells in 24-well plates were pre-coated with 200 �l of
growth factor reduced (GFR) matrigel (BD Biosciences)
and placed in a 37°C incubator for 30 min for matrigel
solidiWcation. H1650 cells (2 £ 104 per well) were incu-
bated in the presence or absence of 1 �M geWtinib and 1 �g/
ml �-IR3 for 72 h in the matrigel-coated wells. As the
drugs were exhausted from the medium over time, fresh
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drug-supplemented medium was added every 3 days over
10 days. Cells were trypsinized and cell numbers were
determined with an ADAM-MC automatic cell counter
(NanoEnTek, Seoul, Korea) according to the manufac-
turer’s instructions.

Western blot analysis

Cellular lysates were prepared by suspending the cells in
100 �l of lysis buVer (137 mM NaCl, 15 mM EGTA,
0.1 mM sodium orthovanadate, 15 mM MgCl2, 0.1% Triton
X-100, 25 mM MOPS, 100 �M phenylmethylsulfonyl Xuo-
ride, and 20 �M leupeptin, adjusted to pH 7.2). The pro-
teins were separated on SDS–polyacrylamide gels and were
electrotransferred to Immobilon-P membranes (Millipore,
Bedford, MA, USA). Antibodies were obtained from the
following sources: p-EGFR (Tyr1173), EGFR, IGF-1R�,
MET, p-Akt (Ser 473), Akt and Erk were obtained form
Santa Cruz Biotechnology (Santa Cruz, CA); p-HER2
(Tyr1221/22), p-ErbB3 (Tyr1222), p-MET (Tyr1234/
1235), p-IGF-1R (Tyr1135/1136), p-Erk (Thr202/Tyr204),
PTEN, caspase-3, caspase-8 and caspase-9 were purchased
from Cell Signaling Technology (Beverly, MA); and
�-actin was obtained from Sigma–Aldrich (St. Louis, MO,
USA). Detection of speciWc proteins was carried out with
an enhanced chemiluminescence Western blotting kit
(Amersham Biosciences, NJ, USA) according to the manu-
facturer’s instructions. The ratio of phosphorylated/total
IGFR expression was compared using densitometry by NIH
Image J software.

Fluorescence in situ hybridization (FISH) for MET 
ampliWcation

Fluorescence in situ hybridization was performed using a
MET/CEP7 probe according to the manufacturer’s protocol
(Abbott Molecular, Abbott Park, IL, USA). BrieXy, the
Wxed slides were pretreated for 3 h in 2£ NaCl-sodium cit-
rate buVer (SSC) at 75°C, digested with proteinase K at
37°C for 60 min, codenatured at 85°C for 15 min, hybrid-
ized for approximately 36 h and washed with 2£ SCC con-
taining 0.3% NP-40. Chromatin was counterstained with

4�,6-diamidino-2-phenylindole (DAPI, Abbott Molecular).
Analysis was performed using an epiXuorescence micro-
scope with a single interference Wlter set for green (FITC),
red (Texas red) and blue (DAPI), as well as dual (red/
green) and triple (blue, red, green) band pass Wlters.

Results

Primary resistance of H1650 cells to EGFR-TKIs

The eVects of EGFR-TKIs on cell viability were deter-
mined by the MTT assay in HCC827, PC-9 and H1650
cells, which have the same deletion mutation on exon 19 of
the EGFR gene (delE746-A750). Cells were treated with
various concentrations of geWtinib, erlotinib, ZD6474 (an
EGFR-VEGFR dual inhibitor) and CL-387,785 (an irre-
versible EGFR-TK inhibitor) for 72 h. IC50 values of
EGFR-TKIs are summarized in Table 1. H1650 cells
showed more than 1,000-fold higher IC50 for geWtinib than
HCC827 and PC-9 cells. In addition, H1650 cells were also
more resistant to erlotinib, ZD6474 and CL-387,785, sug-
gesting that the presence of EGFR mutation was not suY-
cient to predict the sensitivity of EGFR-TKIs.

The apoptosis-inducing eVect of geWtinib was evaluated
by FACScan and western blot analyses. Apoptosis occurred
in HCC827 and PC-9 cells treated with 0.01 �M geWtinib
for 24 h, while concentrations of up to 1 �M could not
induce apoptosis in H1650 cells, consistent with MTT
assay results (Fig. 1a). Under identical conditions of apop-
tosis analysis, geWtinib activated caspase-3, -8 and -9, and
cleaved poly(ADP-ribose) polymerase-1 (PARP-1), an
intracellular substrate of caspase-3, in HCC827 and PC-9
cells (Fig. 1b, c). However, these results were not evident
in H1650 cells, demonstrating the primary resistance to
EGFR-TKIs.

Persistence of phospho-Akt and phospho-IGFR 
in geWtinib-treated H1650 cells

The eVect of geWtinib on Akt and ERK phosphorylation in
EGFR downstream signals was examined, considering that

Table 1 Comparison of sensitivity to EGFR-TKIs in EGFR mutant cell lines

Cells were cultured in medium containing 1% FBS and treated with various concentrations of drugs for 72 h. IC50 was deWned as the concentration
that resulted in a 50% decrease of cell proliferation in MTT assay. Data represent the mean (SD) from at least three independent experiments

GeWtinib IC50 
(nM, mean § SD)

Erlotinib IC50 
(nM, mean § SD)

ZD6474 IC50 
(nM, mean § SD)

CL-387,785 IC50 
(nM, mean § SD)

HCC827 5.5 § 0.6 6.4 § 0.2 7.8 § 0.8 5.7 § 0.1

PC-9 8.0 § 1.1 8.1 § 1.1 52.7 § 4.2 7.5 § 1.5

H1650 10307.1 § 245.8 11160.5 § 2537.0 673.4 § 27.8 2097.9 § 37.3
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the Akt and ERK pathways are mainly involved in geWtinib
sensitivity and therapeutic eYcacy [16]. Although phos-
phorylation of EGFR and ERK was inhibited by geWtinib in
all cell lines, activated Akt persistently remained only in
H1650 cells indicating that other signaling pathways may
exist to maintain it. Interestingly, we also found that the
treatment of geWtinib for 48 h modulated IGFR phosphory-
lation in HCC827 and PC-9 cells, but not in H1650 cells
(Fig. 1b, c). These results are consistent with the suggestion
that IGFR signaling could contribute to sustained Akt activ-
ity leading to the primary resistance to EGFR-TKIs in
H1650.

Lack of resistance mechanisms such as T790M mutation 
and MET gene ampliWcation in H1650 cells

The expression of baseline EGFR-related signaling mole-
cules was explored by western blots in the three cell lines.
Although results varied markedly in the cell lines, loss of
phosphatase and tensin homolog (PTEN), which acts as a
negative regulator of Akt and elevated expression of phos-
pho-IGFR in H1650 were distinguished regarding resis-
tance to EGFR-TKIs (Fig. 2a). The densitometric analysis
showed that the phosphorylated/total IGFR ratio of

HCC827, PC-9 and H1650 was 0.26, 0.43 and 1.73, respec-
tively. No known resistant mechanisms such as T790M
mutation leading to reduced eYcacy of EGFR-TKIs were
evident (data not shown). The MET/CEP7 ratio of
HCC827, PC-9 and H1650 was 0.64, 0.67 and 0.72, respec-
tively, indicating that the MET gene was not ampliWed in
all cell lines (Fig. 2b).

AG1024 enhanced growth inhibitory and apoptotic 
eVects of geWtinib in H1650 cells

To examine the growth inhibitory eVect of combined inhi-
bition of EGFR and IGFR signals, we treated with geWtinib
and AG1024 (a small molecule that inhibits IGFR-TK) for
72 h at a concentration ratio of 1:2. Fa and CI values were
0.57 and 0.19, respectively, upon treatment with 5 �M geW-
tinib and 10 �M AG1024, indicative of a synergistic eVect
(Fig. 3a, b). A similar synergistic eVect was observed over
the entire range of tested concentrations. FACScan apopto-
sis analysis showed that AG1024 also enhanced the apopto-
sis-inducing eVect of geWtinib (Fig. 3c). Consistent with
this, caspase-3, -8 and -9 were activated and PARP-1 cleav-
age occurred with the combined treatment, as detected by
western blots (Fig. 3d).

Fig. 1 DiVerential eVects of 
geWtinib on apoptosis and 
EGFR-related signals. a 
HCC827, PC-9 and H1650 cells 
were treated with the indicated 
doses of geWtinib for 24 h in a 
medium containing 1% FBS. 
Cells were harvested, stained 
with Annexin V-FITC and PI, 
and analyzed by Xow cytometry. 
The percentage of apoptotic 
cells was expressed as the sum 
of the bottom right (early state of 
apoptosis) and top right quad-
rants (late stage of apoptosis). 
Results were obtained from 
three experiments, and the bars 
represent standard deviation 
(SD). b Under identical condi-
tions of apoptotic analysis, 
EGFR and apoptosis-related 
molecules were analyzed using 
western blot for indicated anti-
bodies after treatment with geW-
tinib of various concentrations. 
c The EGFR mutant cell lines 
were treated with 1 �M geWtinib 
for indicated times and protein 
(40 �g) of cell lysates was ana-
lyzed by western blot
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Fig. 2 Comparison of baseline 
EGFR-related signals having 
possible roles in resistance and 
MET ampliWcation. a HCC827, 
PC-9 and H1650 cells were incu-
bated in 10% FBS medium. 
Equal amounts of whole cell ly-
sates (40 �g) were subjected to 
electrophoresis and the proteins 
were analyzed by western blot 
for indicated antibodies. b MET 
ampliWcation was detected by 
FISH using probe against cen-
tromere of chromosome 7 
(CEP7) and MET (£400)

Fig. 3 Enhanced growth inhibitory and apoptotic eVects by combina-
tion with AG1024 and geWtinib. H1650 cells were cultured in medium
containing 1% FBS and treated with geWtinib, AG1024 and their com-
binations for 72 h. Combined eVects at a constant ratio (1:2 �M) were
measured by a MTT assay. Dose–eVect curve (a) and CI plots (b) were
computationally generated; CI <1, 1 and >1 indicates synergism, addi-
tive eVect and antagonism, respectively. c H1650 cells were treated
with AG1024 and geWtinib for 48 h in a medium containing 1% FBS.

Cells were harvested, stained with Annexin V-FITC and PI, and ana-
lyzed by Xow cytometry. The percentage of apoptotic cells was ex-
pressed as the sum of the bottom right (the early state of apoptosis) and
top right quadrants (the late stage of apoptosis). Results were obtained
from three experiments, and the bars represent SD. *P < 0.01,
**P < 0.005 vs. control and either drug alone. d Whole cell lysates
(40 �g) were analyzed by western blot for caspase-8, caspase-9,
caspase-3, PARP-1 and �-actin
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Synergistic eVects in combination with �-IR3, which 
suppresses Akt phosphorylation

We investigated whether �-IR3, a monoclonal blocking
antibody for IGFR, enhanced the eVect of geWtinib. Fa and
CI values were 0.34 and 0.09, respectively, upon treatment
with 1 �M geWtinib and 1 �g/ml �-IR3, indicative of syner-
gistic growth inhibition (Fig. 4a, b). To further conWrm the
cellular eVects of this combination treatment, H1650 cells
were treatment with geWtinib and �-IR3 for 72 h in matri-
gel-coated wells. After elimination of drugs, cells were
incubated for 10 days and then the viable cell numbers
were ascertained. Colony formation was signiWcantly
reduced by the combination treatment compared with sin-
gle drug treatment (Fig. 4c). Western blots clearly demon-
strated that phosphorylation of Akt was completely
suppressed by inhibition of both EGFR and IGFR signals
(Fig. 4d), although H1650 cells do not possess PTEN activ-
ity.

Discussion

Examinations of clinical samples from patients who devel-
oped EGFR-TKI resistance during therapy and resistant
cell lines generated by chronic exposure to drugs have iden-
tiWed two major mechanisms of resistance acquisition:

T790M mutation and MET ampliWcation [13, 17]. These
resistance mechanisms seem to be of primary importance,
considering their presence in specimens from EGFR-TKI-
naïve patients [18, 19]. Moreover, H1975 lung cancer cells
harboring T790M mutation show resistance to EGFR-TKIs
despite the presence of a L858R activating mutant [17].
However, caution is needed in interpreting T790M muta-
tion analysis because conventional direct sequencing could
easily miss the presence of T790M, which requires more
than 20% of target DNA for detection [18, 20]. In allelic
dilution theory, small proportions of T790M among total
tumor DNA can be related with resistance [21]. Therefore,
we performed the T790M mutation test using the more sen-
sitive Scorpion method than direct sequencing, which con-
Wrmed that resistance in H1650 cells was not caused by
T790M mutation. In addition, MET ampliWcation could not
be detected by FISH analysis in HCC827, PC-9 and H1650
cells, showing that the two known resistant mechanisms,
T790M mutation and MET gene ampliWcation, are not cor-
related with primary resistance to EGFR-TKIs in H1650
cells.

EGFR-TKI sensitivity is largely dependent on Akt acti-
vation [22]. Persistently, phosphorylated Akt signal is a
common characteristic in resistant cells, although its activ-
ity can be slightly reduced by EGFR-TKIs. This phosphor-
ylated Akt tail may be caused by activation of EGFR
families, PTEN loss and activation of other receptor-tyrosine

Fig. 4 Synergistic eVects on 
growth inhibition by �-IR3 and 
geWtinib. H1650 cells were treat-
ed with 1 �M geWtinib, 1 �g/ml 
�-IR3 or a 1:1 ratio combination 
of both, and the eVects were 
measured by a MTT assay. 
Dose–eVect curve (a) and CI 
plots (b) were generated. c 
H1650 cells were incubated with 
1 �M geWtinib and 1 �g/ml �-
IR3 for 72 h in GFR matrigel-
coated wells and then the culture 
medium was changed every 
3 days within 10 days (phase 
contrast, £20). Cells were tryp-
sinized and cell numbers were 
determined. Bars represent the 
mean § SD of three wells. d Un-
der identical MTT assay condi-
tions, cells were harvested and 
whole cell lysates (40 �g) were 
analyzed using western blot for 
indicated antibodies
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kinase pathways, including c-MET and IGFR [8, 13, 23,
24]. H1650 cells express lower levels of phosphorylated
and total EGFR, Her2 and Her3 and PTEN loss, which may
lead to failure of Akt modulation and EGFR-TKI resis-
tance. Although Her3 expression is required to activate the
Akt pathway in geWtinib-sensitive NSCLC cell lines, intro-
duction of Her3 protein fails to increase sensitivity in geWti-
nib-insensitive NSCLC cell lines [23]. Indeed, the already-
low expression level of phosphorylated Her3 was not
changed by geWtinib in H1650 cells suggesting that activa-
tion of Akt may not be maintained by Her3/Akt pathway
(data not shown). PTEN loss leads to erlotinib resistance in
H1650 cells [8]. Nevertheless, constitutive activation of
Akt may play a more important role of erlotinib resistance
than PTEN loss in EGFR mutant NSCLC cells [8].
Although we did not directly manipulate PTEN activity in
H1650 cells, our results showing that combined inhibition
of IGFR and EGFR could eVectively suppress Akt activa-
tion suggest that its contribution might not be major.

Rather, our Wndings that geWtinib itself could inhibit
IGFR activity in sensitive cells, but not in H1650 cells,
indicate a possible role of IGFR signaling in primary resis-
tance. IGFR signaling may play a role in maintaining Akt
activation to compensate for geWtinib-mediated blockage of
the EGFR pathway. Consistent with this, it has been dem-
onstrated that geWtinib-resistant cells have hyperphosph-
orylation of the IGFR and constitutive association of IRS-1
with PI3K [24]. Presently, inhibition of IGFR signaling dis-
rupted the association of IRS-1 with PI3K, restoring the
capability of geWtinib to suppress PI3K/Akt signaling and
cell growth. In addition, cross-talk between IGFR and
EGFR has a speciWc role in inducing EGFR-TKIs resis-
tance in lung cancer cell lines [25], although the study was
not related with EGFR mutations.

In summary, we have clearly demonstrated that the com-
bined inhibition of IGFR enhances the growth inhibitory
and apoptotic eVects of geWtinib in H1650 cells. Although
more cell lines could not be examined for evaluation of
clinical feasibility because H1650 is the sole NSCLC cell
line showing primary resistance despite activating EGFR
mutation, we suggest that combined inhibition of EGFR
and IGFR may provide an eVective therapeutic strategy to
overcome primary resistance to EGFR-TKIs in lung cancer.
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