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Background: Non-small-cell lung cancer (NSCLC) exhibits EGFR mutation.
Results: Treatment with isoliquiritigenin (ILQ) inhibited growth and induced apoptosis in tyrosine kinase inhibitor-sensitive
and -resistant NSCLC cells. ILQ suppressed wild type and mutant (L858R/T790M) EGFR kinase activity and attenuated H1975
lung cancer cell xenograft tumor growth.
Conclusion: ILQ directly targets wild type or mutant EGFR.
Significance: ILQ could be a potential therapeutic agent against NSCLC.

Non-small-cell lung cancer (NSCLC) is associated with
diverse genetic alterations including mutation of epidermal
growth factor receptor (EGFR). Isoliquiritigenin (ILQ), a chal-
cone derivative, possesses anticancer activities. In the present
study, we investigated the effects of ILQ on the growth of tyro-
sine kinase inhibitor (TKI)-sensitive and -resistant NSCLC cells
and elucidated its underlying mechanisms. Treatment with ILQ
inhibited growth and induced apoptosis in both TKI-sensitive
and -resistant NSCLC cells. ILQ-induced apoptosis was associ-
ated with the cleavage of caspase-3 and poly-(ADP-ribose)-po-
lymerase, increased expression of Bim, and reduced expression
of Bcl-2. In vitro kinase assay results revealed that ILQ inhibited
the catalytic activity of both wild type and double mutant
(L858R/T790M) EGFR. Treatment with ILQ inhibited the
anchorage-independent growth of NIH3T3 cells stably trans-
fected with either wild type or double-mutant EGFR with or
without EGF stimulation. ILQ also reduced the phosphorylation
of Akt and ERK1/2 in both TKI-sensitive and -resistant NSCLC
cells, and attenuated the kinase activity of Akt1 and ERK2 in
vitro. ILQ directly interacted with both wild type and double-

mutant EGFR in an ATP-competitive manner. A docking model
study showed that ILQ formed two hydrogen bonds (Glu-762
and Met-793) with wild type EGFR and three hydrogen bonds
(Lys-745, Met-793, and Asp-855) with mutant EGFR. ILQ atten-
uated the xenograft tumor growth of H1975 cells, which was
associated with decreased expression of Ki-67 and diminished
phosphorylation of Akt and ERK1/2. Taken together, ILQ sup-
presses NSCLC cell growth by directly targeting wild type or
mutant EGFR.

Lung cancer is the most common cancer throughout the
world and is the leading cause of cancer mortality (1). About
80 –90% of lung cancers are classified as non-small-cell lung
cancer (NSCLC),4 which is usually diagnosed at an advanced
stage (2). NSCLC is considered to be a smart cancer that is
linked to several genetic alterations including activating muta-
tions of the epidermal growth factor receptor (EGFR) gene,
amplification of the Met oncogene and mutation of the Kirsten
rat sarcoma viral oncogene homolog (KRAS) gene. About
40 – 80% of NSCLC patients exhibit elevated EGFR expression
(3, 4). Inappropriate overexpression of the EGFR tyrosine
kinase leads to amplification of intracellular signaling mediated
by mitogen-activated protein (MAP) kinases (5) and phosphati-
dylinositol 3-kinase (PI3-K)/Akt (6), thereby promoting cancer
cell proliferation. Because of the crucial role of the EGFR tyro-
sine kinase in tumor cell survival, several EGFR tyrosine kinase
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inhibitors (EGFR-TKIs), including erlotinib and gefitinib, have
emerged as first-line therapy for clinical management of
NSCLC patients (4). Moreover, treatment with erlotinib exhib-
ited better progression-free survival as well as overall survival
among Chinese NSCLC patients with EGFR mutation as com-
pared with those without EGFR mutation (7). However, the
clinical success of these EGFR-TKIs is limited by primary or
acquired resistance. Although NSCLC harboring mutations in
the EGFR respond well to EGFR-TKIs, virtually all patients with
a good initial response will relapse due to acquired resistance.
The acquired resistance to EGFR-TKIs has been shown to be
associated with the secondary gatekeeper mutation, T790M (8,
9). For instance, resistance to gefitinib appears within two years
corresponding with mutation of EGFR (L858R/T790M) (10,
11). Thus, for effective treatment of NSCLC, inhibition of both
wild type EGFR and mutant EGFR (L858R/T790M) functions
might be a promising therapeutic strategy.

A wide variety of anticancer agents isolated from various
medicinal plants have shown multi-targeted therapeutic and/or
chemopreventive potential. Isoliquiritigenin (ILQ, 4, 2�, 4�-tri-
hydroxychalcone), present in licorice, shallot, and bean sprouts
(12), possesses antioxidative (13), anti-inflammatory (14), and
anticancer (15) activities. ILQ has been reported to inhibit the
proliferation and induce apoptosis in various cancer cell types
in culture (16 –19). It has also been shown to suppress the
growth of xenograft tumors developed from human cancer cells
in athymic nude mice (20, 21) and to inhibit tumor angiogenesis
(22), diminish migration, invasion (23, 24), and metastasis (25)
of cancer cells. Previous studies have shown that ILQ inhibits
proliferation of human lung cancer (A549) cells by arresting
cells at the G1 and G2/M phase of cell cycle and induces p53-
and Fas-FasL-mediated apoptosis in these cells (26, 27). Con-
sidering that EGFR tyrosine kinase signaling plays a critical role
in NSCLC, we examined the anticancer potential of ILQ in sev-
eral lung cancer cell lines harboring wild type or mutant EGFR,
and elucidated the mechanisms of its possible modulation of
EGFR signaling. Our study revealed that ILQ directly interacts
with EGFR and its downstream signaling kinases, Akt1 and
extracellular signal-regulated kinase (ERK)1/2, and inhibits the
catalytic activities of these kinases, thereby suppressing prolif-
eration and inducing apoptosis in EGFR-sensitive and -resis-
tant lung cancer cells. Moreover, ILQ attenuated the in vivo
xenograft tumor growth of human lung cancer (NCI-H1975)
cells expressing mutant (L858R/T790M) EGFR.

EXPERIMENTAL PROCEDURES

Materials—ILQ (purity �99%) was purchased from Selleck-
chem (Houston, TX). Erlotinib, gefitinib, and CL-387785 were
purchased from Sigma-Aldrich. Antibodies against phosphor-
ylated (p-)EGFR (Tyr-1068), p-Akt (Ser-473), cleaved PARP,
caspase-3, Bim, total EGFR, p90RSK, p110, mTOR, and
p70RSK were from Cell Signaling Biotechnology (Beverly, MA).
Antibodies against p-ERKs (T202/Y204), phosphatidylinositol
3-kinase (PI3-K), Bcl-2, Raf, MEK, MNK, and �-actin were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). For
immunohistochemistry, the Ki-67 antibody was from Thermo
Scientific (Fremont, CA). CNBr-Sepharose 4B and glutathione-
Sepharose 4B beads were purchased from GE Healthcare (Pis-

cataway, NJ). The protein assay kit was obtained from Bio-Rad.
The DNA construct of wild type EGFR and mutant EGFR
(L858R) were from Addgene (Cambridge, MA). The mutant
EGFR (T790M/L858R) was produced using the QuickChange
lightning site-directed mutagenesis kit (Stratagene, Santa
Clara, CA). Active wild type EGFR, mutant T790M/L858R
EGFR, phospholipase C-�. (PLC� substrate), active ERK1,
ERK2, Akt1, and Akt2 were purchased from Millipore. Cell
Titer 96 Aqueous One Solution Reagent [3-(4,5-dimethylthi-
azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt (MTS)] kit for the cell proliferation assay
was from Promega.

Cell Culture and Transfection—Human lung adenocarci-
noma, HCC827, NCI-H1650, NCI-H1975, and A549 cells,
293T, and NIH3T3 cells were purchased from the American
Type Culture Collection (ATCC, Manassas, VA). HCC827GR
(gefitinib-resistant) cells were kindly provided by Dr. Pasi A.
Jänne (Dept. of Medical Oncology, Dana-Farber Cancer Insti-
tute, Boston, MA) (28). The HCC827, NCI-H1650, NCI-
H1975, and HCC827GR cells were cultured in RPMI 1640
medium containing penicillin (100 units/ml), streptomycin
(100 �g/ml), L-glutamine (2 mM), and 10% fetal bovine serum
(FBS; Gemini Bio-Products, Calabasas, CA). A549 cells were
maintained in F12K medium with 10% FBS. 293T cells were
cultured in MEM with 10% FBS. NIH3T3 cells were cultured in
DMEM with 10% calf serum. Cells were maintained in a 5%
CO2, 37 °C humidified incubator. All cells were cytogenetically
tested and authenticated before being frozen. Each vial of fro-
zen cells was thawed and maintained in culture for a maximum
of 8 weeks. For stable expression of wild type or mutant EGFR,
293T cells were transfected with the pBabe-mock, pBabe-wild
EGFR, or pBabe-mutant EGFR plasmid using the jetPEI poly
transfection reagent (Polyplus-transfection SAS, Saint Quentin
Yvelines, France), following the manufacturer’s suggested pro-
tocols. The transfection medium was changed at 4 h after trans-
fection, and then cells were cultured for 36 h. Virus particles
were harvested by filtration using a 0.45-mm syringe filter, then
combined with 8 mg/ml of polybrene (Millipore) and infected
into NIH3T3 cells for 24 h. The cell culture media were
replaced with fresh culture medium and cells cultured for 24 h,
and then cells were selected with puromycin (1 mg/ml) for 36 h.
Selected cells were used in subsequent experiments.

In Vitro Kinase Assay—Active EGFR, EGFR T790M/L858R,
ERK1, ERK2, Akt1, or Akt2 (100 ng) protein, and their respec-
tive substrates were incubated in the presence or absence of
ILQ for 10 min at 30 °C. The mixture was suspended in kinase
buffer supplemented with 10 �l of diluted [�-32P]ATP solution.
Incorporated radioactivity was determined using a scintillation
counter or autoradiography.

Molecular Modeling—Computer modeling of ILQ with wild
type EGFR and T790 mutant EGFR was performed using the
Schrödinger Suite 2011 program (29). First an x-ray diffraction
structure of wild type EGFR with a resolution of 2.60 Å com-
plexed with erlotinib (PDB ID 1M17) (30) and an x-ray diffrac-
tion structure of the EGFR T790M mutant with a resolution of
2.90 Å bound to WZ4002 (PDB ID 3IKA) (31) were obtained
from the RCSB Protein Data Bank (32). These structures were
prepared under the standard procedure of Protein Preparation
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Wizard described in Schrödinger Suite 2011. Hydrogen atoms
were added consistent with a pH of 7, and all water molecules
were removed. ILQ was prepared using LigPrep of Schrödinger
for docking by default parameters. Then ILQ-protein docking
was performed using the Induced-Fit docking program of
Schrödinger that allows for flexibility of ligands to fit at the
binding pocket. For Glide docking parameters, the receptor and
ligand Van der Waals scaling were both set at 0.5, and the max-
imum number of poses at 20. For prime refinement, we refined
the residues only within 5.0 Å of ligands’ poses. Glide re-dock-
ing was set to re-dock into structures within 30.0 kcal/mol of
the best structure, and the best 20 poses were retained under
extra precision (XP). Herein, we could obtain the best-docked
representative structure.

Anchorage-independent Cell Transformation Assay—Lung
cancer cells (8 � 103 per well) suspended in BME supplemented
with 10% FBS and 1% antibiotics were added to 0.3% agar with
different doses of each compound in a top layer over a base layer
of 0.6% agar with different doses of each compound. The effects
of ILQ on EGF-dependent or -independent cell transformation
were investigated in NIH3T3 cells stably transfected with wild
type or mutant EGFR (33). Cells (8 � 103 per well) were exposed
to EGF with or without ILQ in 1 ml of 0.33% BME agar contain-
ing 10% FBS or in 3.5 ml of 0.5% BME agar containing 10% FBS.
The cultures were maintained at 37 °C in a 5% CO2 incubator
for 3 weeks, after which time the cell colonies were counted
under a microscope with the aid of the Image-Pro Plus software
program (versus version 6.1, Media Cybernetics).

MTS Assay—Cells (1 � 104) were seeded in a 96-well plate
and then incubated for 24 h with different concentrations of ILQ
(0, 10, 20, or 40 �M) or gefitinib (1 �M) for 24 h. The effect of ILQ on
viability was estimated using the Cell-Titer 96 Aqueous MTS-One
Solution cell proliferation assay kit (Promega) according to the
manufacturer’s instructions. The assay solution was added to each
well, and absorbance (492 nm) was read with a 96-well plate reader
(Labsystem Multiskan MS, Labsystem, Finland).

Annexin V Staining—Cells were seeded in 100-mm dishes
and treated with vehicle, ILQ, or gefitinib for 24 h. Cells were
then fixed in 70% ethanol and stored at �20 °C for 24 h. After
staining with annexin V, apoptosis was determined using a BD
FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA).

Ex Vivo/in Vitro Pull-down Assay—ILQ-Sepharose 4B beads
were prepared according to the manufacturer’s instructions
(Amersham Biosciences). Cellular supernatant fractions (500
�g) and active EGFR or mutant EGFR proteins (200 ng) were
incubated with ILQ-Sepharose 4B (or Sepharose 4B alone as a
control) beads in reaction buffer. After incubation with gentle
rocking overnight at 4 °C, the beads were washed three times
with buffer, and proteins bound to the beads were analyzed by
Western blotting with an EGFR antibody.

Western Blot Assay—Cell lysates were prepared with RIPA
buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 1 mM DTT, 0.1 mM PMSF, and protease inhibitor
mixture), and the supernatant fractions were boiled for 5 min.
The protein concentration was determined using a protein
assay kit (Bio-Rad), as described in the manufacturer’s manual.
Lysates were subjected to 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred to

a polyvinylidene difluoride (PVDF) membrane (Amersham
Biosciences). After transfer, the membrane was incubated with
specific primary antibodies at 4 °C overnight. Protein bands
were visualized by chemiluminescence after hybridization with
a horseradish peroxidase-conjugated secondary antibody.

Xenograft Assay—Athymic nude mice (6 weeks old) were
obtained from Charles River (Seoul, South Korea) and main-
tained under specific pathogen-free conditions based on the
guidelines established by the Seoul National University Animal
Care and Use Committee. Mice were divided into 4 groups: 1)
vehicle group (n � 10); 2) 1 mg/kg of ILQ (n � 10); 3) 5 mg/kg
of ILQ (n � 10); and 4) 5 mg/kg of gefitinib (n � 10)]. NCI-
H1975 cells (1 � 106 cells/100 �l) were suspended in RPMI
1640 medium and inoculated with 100 �l matrigel subcutane-
ously into the right flank of each mouse. Vehicle, ILQ, or
gefitinib was injected intraperitoneal three times per week for
12 days. Tumor volume was calculated from measurements of two
diameters of the individual tumor base using the following for-
mula: tumor volume (mm3) � (length � width � height � 0.52).
Mice were monitored until tumors reached 1 cm3 total volume, at
which time mice were euthanized and tumors extracted.

Immunohistochemical Analysis—Tumor tissues were embedded
in paraffin and subjected to immunohistochemistry. Tissues
were de-paraffinized and hydrated, then permeabilized with
0.5% Triton X-100/1 � PBS for 10 min. Tissues were hybridized
with Ki-67 (1:150), p-Akt (1:100), or p-ERK1/2 (1:100) as the
primary antibody and biotinylated goat anti-rabbit IgG as the
secondary antibody. An ABC kit (Vector Laboratories, Inc.,
Burlingame, CA) was used to detect target proteins according
to the manufacturer’s instructions. After developing with 3,3�-
diaminobenzidine, the sections were counterstained with
hematoxylin and observed by microscope (200�) and Image-
Pro Plus software (v. 6.1; Media Cybernetics).

Statistical Analysis—Data are expressed as means � S.D.,
and the Student’s t test was used to perform statistical analysis
for single comparisons. A probability value of p � 0.05 was used
as the criterion for statistical significance.

RESULTS

ILQ Inhibits Growth and Induces Apoptosis in Human Lung
Cancer Cells—To investigate the anticancer potential of ILQ,
we first examined the effect of the compound on the anchorage-
independent growth of TKI-sensitive (HCC827 and NCI-
H1650) and -resistant (NCI-H1975, HCC827GR and A549)
human lung cancer cells. Incubation with ILQ attenuated soft-
agar colony formation in human lung cancer (HCC827, NCI-
H1650, NCI-H1975, HCC827GR, and A549) cells in a concen-
tration-dependent manner (Fig. 1A). ILQ (40 �M) inhibited
colony formation by 90, 70, 95, 40, and 50% in HCC827, NCI-
H1650, NCI-H1975, HCC827GR, and A549 cells, respectively.
We next examined the effect of ILQ on the induction of apo-
ptosis in these cells. AnnexinV-PI staining revealed that treat-
ment with ILQ caused significant induction of apoptosis in
both TKI-sensitive and -resistant cells (Fig. 1B). The induction
of apoptosis by ILQ (40 �M) in these cells was in the order of
NCI-H1975 � NCI-H1650 � HCC827 � A549 � HCC827GR.
A similar pattern of decreased cell viability was observed upon
incubation of these lung cancer cells with ILQ (Fig. 1C). Among
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the gefitinib-sensitive (HCC827 and NCI-H1650) and gefitinib-
resistant (NCI-H1975, HCC827GR, and A549) cells, H1975
cells exhibited the highest sensitivity to ILQ-induced growth
inhibition and apoptosis. However ILQ up to 80 �M had no
effect on growth of normal human lung MRC-5 cells (supple-
mental Fig. S1). In addition, treatment of HCC827, NCI-H1650,
and NCI-H1975 cells with ILQ induced cleavage of caspase-3
and PARP in all 3 cell lines in a concentration-dependent man-

ner (Fig. 1D). ILQ also increased the expression of the proapo-
ptotic protein Bim and reduced the expression of the anti-apo-
ptotic protein Bcl2 in HCC827, NCI-H1650, and NCI-H1975
cells (Fig. 1D).

The Antiproliferative Effect of ILQ Is Mediated through Inhi-
bition of the Kinase Activity of Both Wild Type and Mutant
EGFR—Because ILQ exhibited the most potent anticancer
effect in H1975 cells, which have EGFR double mutations, we

FIGURE 1. ILQ inhibits growth and induces apoptosis of lung cancer cell lines. A, TKI-sensitive (HCC827 and H1650) and TKI-resistant (H1975, HCC827GR,
and A549) human lung cancer cells were treated with the indicated concentrations of ILQ or gefitinib and anchorage-independent cell growth was assessed
as described under “Experimental Procedures.” The number of colonies was counted under a microscope with the aid of the Image-Pro Plus software (versus
version 6.1) program. B, cells were incubated with ILQ (40 �M) for 24 h, and the percent of apoptosis was measured by Annexin-V/PI staining. C, cells were
incubated with ILQ (40 �M) or gefitinib (1 �M) for 24 h, and cell viability was analyzed using the MTS assay. Results are shown as means � S.D. (n � 3). The
asterisks (*), (**), or (***) indicate a significant difference (p � 0.05), (p � 0.01), or (p � 0.001), respectively, between ILQ-treated and untreated cells. D, cells
expressing wild type EGFR (HCC827 and H1650) or L858R/T790M mutant EGFR (HCC827GR) were treated with ILQ for 24 h, and the expression of apoptotic
markers was detected by immunoblotting.
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hypothesized that ILQ might target EGFR. In vitro radioactive
kinase assay results showed that ILQ attenuated the kinase
activity of both wild type (Fig. 2A) and mutant (L858R/T790M)
EGFR (Fig. 2B). The inhibitory effect of ILQ on the catalytic
activity of wild type and mutant EGFR was comparable to that
elicited by EGFR antagonists, erlotinib or gefitinib (Fig. 2, A and
B) or treatment with CL387785, a pharmacological inhibitor of
the T790M mutant EGFR (Fig. 2B). Fig. 2C illustrates the stable
overexpression of wild type and T790M mutant EGFR in
NIH3T3 cells. Cells transfected with wild type EGFR showed
significantly increased colony number upon treatment with

EGF, whereas cells harboring T790M mutant EGFR elicited
marked increases in soft agar colony formation independent of
EGF stimulation (Fig. 2D). Treatment with ILQ significantly
inhibited the anchorage-independent growth of both wild type
and mutant EGFR-transfected-NIH3T3 cells in a concentra-
tion-dependent manner (Fig. 2E).

ILQ Attenuates the Phosphorylation and/or Catalytic Activ-
ity of Akt and ERK1/2—Because Akt and ERK1/2 function as
EGFR downstream signaling kinases, we examined the effect of
ILQ on the phosphorylation and/or catalytic activities of these
kinases. Incubation of TKI-sensitive (HCC827 and H1650) and

FIGURE 2. ILQ inhibits wild type and mutant EGFR (L858R/T790M) kinase activity. A, active wild type EGFR was incubated in vitro with [�-32P]ATP in the
presence or absence of the indicated concentrations of ILQ, erlotinib or gefitinib for 30 min and incorporated radioactivity was determined using a scintillation
counter. Data are presented as means � S.D. of three independent experiments each conducted in triplicate. B, active mutant EGFR (L858R/T790M) was
incubated in vitro with its substrate PLC�1 and [�-32P]ATP in the presence or absence of the indicated concentrations of ILQ, CL-387785, or Gefitinib for 30 min,
and the phosphorylation of PLC�1 was detected in an autoradiogram. Data are representative of three independent experiments showing similar results. C,
NIH3T3 cells were stably transfected with plasmids expressing wild type (EGFR W) or double-mutant (EGFR DM) EGFR or Mock. The expression of wild type and
mutant (L858R/T790M) EGFR was detected by Western blotting. D, NIH3T3 cells stably transfected with mock, EGFR W or EGFR DM were treated or not treated
with EGF and subjected to an anchorage-independent growth assay. The experiment was performed in triplicate, and the number of colonies was counted
under a microscope with the aid of the Image-Pro Plus software (versus version 6.1) program. E, NIH3T3 cells transfected with either wild type (EGFR W) or
mutant (EGFR DM) EGFR were treated or not treated with the indicated concentrations of ILQ or gefitinib in the presence or absence of EGF in a soft agar colony
formation assay. ILQ inhibits EGF-induced colony formation in EGFR W-transfected cells in a concentration-dependent manner (left panel). Treatment with ILQ
reduced the colony numbers in EGFR DM-transfected cells without EGF challenge (middle panel) or with EGF treatment (right panel) in a concentration-depen-
dent manner. The colony number is shown as a percentage of each vehicle-treated group (100%). Results are shown as means � S.D. (n � 3). The asterisks (*)
and (**) indicate a significant difference (p � 0.05) and (p � 0.01), respectively, between the ILQ-treated and untreated groups.
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-resistant (H1975) cells with ILQ inhibited the phosphorylation
of Akt and ERK1/2, without affecting that of EGFR (Fig. 3A). In
vitro kinase assay results revealed that ILQ attenuated the
kinase activity of Akt1 (Fig. 3B) and ERK2 (Fig. 3C). Notably,
ILQ-mediated inhibition of Akt1, but not Akt2, activity was less
intense than that of Akt 1X, which is a pharmacological inhib-
itor of Akt (Fig. 3B). Likewise, the inhibitory effect of ILQ on
ERK2, but not ERK1, activity was relatively less compared with
that elicited by a specific inhibitor (Cay10561) of ERK1/2 (Fig.
3C).

ILQ Interacts with Both Wild Type and Mutant EGFR—We
next determined whether ILQ could interact with EGFR and/or

its downstream signaling kinases. Incubation of an NCI-H1975
cell lysate with ILQ-Sepharose 4B beads followed by pull-down
and Western blotting revealed that ILQ interacted with EGFR,
Akt, and ERK1/2, but did not bind with p110, mTOR, Raf, MEK,
p70S6K, MNK, or p90RSK (Fig. 4A). Moreover, the interaction of
ILQ with wild type (Fig. 4B) or mutant EGFR (Fig. 4C) was
abrogated upon co-incubation with ATP, suggesting that ILQ
binds with wild type or mutant EGFR in an ATP-competitive
manner. To better understand the mechanisms of the ILQ
interaction with the wild type or T790M mutant EGFR, we
performed a computational docking model study using
Induced-Fit docking module of Schrödinger Suite 2011 (29). In
the docked models, ILQ showed good binding affinity with both
the wild type and T790M mutant EGFR. From these results, we
found that ILQ docked nicely within the ATP-binding sites of
wild type as well as T790M mutant EGFR. According to the
docking model, ILQ formed hydrogen bonds with amino acid
residues located at the ATP-binding pocket of wild type and
mutant EGFR. ILQ formed hydrogen bonds with Glu-762 and
Met-793 of wild type EGFR (Fig. 4, D and E) and with Lys-745,
Met-793, and Asp-855 of T790M mutant EGFR (Fig. 4, F and
G). These results suggested that ILQ might be a potential inhib-
itor of both wild type and T790M mutant EGFR. (Images were
generated with UCSF Chimera program (34)).

ILQ Inhibits the Growth of Tumor Xenografts from NCI-
H1975 Cells in Nude Mice—To evaluate the effect of ILQ on
lung tumor growth in vivo, we generated tumor xenografts
from NCI-H1975 cells in nude mice by subcutaneous adminis-
tration and treated the tumor-bearing mice with vehicle or ILQ.
Treatment with ILQ retarded the growth of NCI-H1975 tumor
xenografts as evidenced by significantly decreased tumor vol-
ume and mass (Fig. 5, A and B). ILQ, given intraperitoneal at
doses of 1 or 5 mg/kg body weight, exhibited tumor volumes of
676.1 � 80.4 mm3 and 579.9 � 70.9 mm3, respectively, whereas
the tumor volume in vehicle-treated group was 1,210 � 190.7
mm3. The effect of ILQ on tumor growth was compared with
that of gefitinib, which failed to inhibit the growth of NCI-
H1975 cells as xenograft tumors. Immunohistochemical analy-
sis of xenograft tumor tissues from vehicle- or ILQ (5 mg/kg
body weight)-treated animals showed that treatment with ILQ
inhibited the expression of the Ki-67 cell proliferation marker
and the phosphorylation of Akt and ERK1/2 (Fig. 5C). However,
gefitinib failed to affect the expression of Ki-67, p-Akt, or
p-ERK1/2 (Fig. 5C).

DISCUSSION

Over the last several years, extensive efforts have been made
to find a cure for lung cancer, especially NSCLC, which is a
leading cause of cancer death today (2– 4). Although in current
clinical settings, EGFR-TKIs are considered as first-line therapy
(4), these drugs are less effective in NSCLC patients overex-
pressing wild type EGFR (7). The use of EGFR-TKIs also leads
to the development of resistance, thereby limiting their long-
term clinical success (8, 9). Moreover, the genetic alterations in
NSCLC are not only limited to EGFR but also mutation and/or
amplification of several other genes, including Met, KRAS, and
ErbB3, is associated with disease progression (3, 4, 6). Met- or
ErbB3-amplified or KRAS-mutated NSCLC cells have been

FIGURE 3. Effects of ILQ on phosphorylation and/or kinase activity of
EGFR downstream signaling kinases, Akt and ERK1/2, in lung cancer
cells. A, human lung cancer (HCC827, H1650, and H1975) cells, which were
starved, were incubated with the indicated concentrations of ILQ and EGF (10
ng/ml) for 30 min and the expression of pEGFR, EGFR, p-Akt, Akt, p-ERK1/2,
ERK1/2, and �-actin was detected by immunoblotting. Data are representa-
tive of three independent experiments showing similar results. B, active Akt1
(left panel) or Akt2 (right panel) was incubated in vitro with [�-32P]ATP in the
presence or absence of the indicated concentrations of ILQ or Akt inhibitor,
Akt1X, for 30 min and radioactive incorporation was determined using a scin-
tillation counter. Data are presented as means � S.D. of three independent
experiments each conducted in triplicate. (*, p � 0.05 and **, p � 0.01 com-
pared with untreated control). C, active ERK1 (left panel) or ERK2 (right panel)
was incubated in vitro with [�-32P]ATP in the presence or absence of the indi-
cated concentrations of ILQ or ERK inhibitor, Cay10561, for 30 min and radio-
active incorporation was determined using a scintillation counter. Data are
presented as means � S.D. of three independent experiments each con-
ducted in triplicate. The asterisks (*) and (**) indicate a significant difference
(p � 0.05) and (p � 0.01), respectively, between the ILQ-treated and
untreated groups.
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reported to be resistant to EGFR-TKIs (28, 35–37). Thus, the
search for a multi-targeted therapy is a timely need for reducing
the incidence and mortality from NSCLC. In the present study,
we examined the anticancer effects of ILQ, a dietary chemopre-
ventive agent (15), in a series of NSCLC cells exhibiting a dif-
ferent status of EGFR, Met, ErbB3, or KRAS, and elucidated the
underlying molecular mechanisms. Our study revealed that
treatment with ILQ reduced viability, induced apoptosis and
inhibited anchorage-independent growth of TKI-sensitive
(HCC827, H1650) and TKI-resistant (H1975, HCC827GR and
A549) lung cancer cells. H1975 cells, which harbor EGFR dou-

ble mutations (L858R and T790M), were the most sensitive to
ILQ treatment. Compared with its effects on H1975 cells, ILQ
showed significant anticancer effects in A549 (KRAS-mutated),
HCC827GR (Met- and ErbB3-amplified), and TKI-sensitive
(HCC827 and H1650) cells, suggesting that ILQ might act as a
multi-targeted therapy against NSCLC.

ILQ reportedly inhibits the growth of A549 lung cancer cells
by inducing G1 or G2/M phase cell cycle arrest (26, 27). Besides
cell cycle arrest, we found that ILQ induced cleavage of PARP
and caspase-3, expression of the pro-apoptotic protein Bim and
inhibited expression of anti-apoptotic Bcl2 in HCC827, H1650,

FIGURE 4. ILQ directly interacts with wild type or mutant EGFR. A, lysate from H1975 cells was incubated with Sepharose 4B-conjugated ILQ or Sepharose 4B-only
beads and a pull-down assay was performed as described under “Experimental Procedures.” Immunoprecipitates were subjected to Western blotting to examine the
interaction between ILQ and the indicated proteins. Data are representative of three separate experiments eliciting similar results. B, active wild type EGFR (1 �g) or C,
active mutant (L858R/T790M) EGFR (1 �g) was incubated in vitro with unlabeled ATP (10 or 100 �M) and 50 �l of ILQ-Sepharose 4B or 50 �l of Sepharose 4B (as a
negative control) in reaction buffer at a final volume of 500 �l. The mixtures were incubated at 4 °C overnight with shaking. After washing, the pulled-down proteins
were detected by Western blotting. Data are representative of three independent experiments. D–G, computational docking model predicts the interaction between
ILQ and wild type or mutant EGFR. D and E, ILQ directly binds to wild type EGFR. From the Induced Fit Docking results, the ILQ binding mode with EGFR is similar to that
of erlotinib with EGFR. ILQ binds to EGFR at the ATP binding site. Hydrogen bonds are formed between ILQ and EGFR at Glu-762 and Met-793. F and G, ILQ directly binds
to T790M mutant EGFR. Hydrogen bonds are formed between ILQ and the T790M mutant EGFR at Lys-745, Met-793, and Asp-855.
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and H1975 cells. These results suggest that the compound is
effective in inducing apoptosis in NSCLC cells expressing
either wild type or mutant EGFR. Whereas ILQ (10, 20, 40 �M)
induced cytotoxicity in NSCLC cells, our study revealed that
the compound at a concentration of as high as 80 �M failed to
induce cell death in human normal lung MRC-5 cells. Zhang et
al. (18) also reported that ILQ induced apoptosis selectively in
human prostate cancer (C4 –2) cells without affecting that of
normal prostate epithelial cells.

Because ILQ exhibited the most prominent anti-proliferative
and apoptotic effects in H1975 cells having EGFR double muta-
tions (L858R and T790M), we hypothesized that ILQ might
interfere with the EGFR signaling pathway. In vitro kinase assay
data revealed that ILQ attenuated the catalytic activity of both

wild type and double mutant (L858R and T790M) EGFR. To
further confirm this finding, we stably transfected NIH3T3 cells
with wild type and double mutant (L858R and T790M) EGFR
and examined the responsiveness of these cells to EGF.
Whereas wild type EGFR-transfected NIH3T3 cells showed
increased colony formation upon treatment with EGF, NIH-
3T3 cells harboring double mutant EGFR formed anchorage-
independent colonies even in absence of exogenous EGF treat-
ment. In response to EGF, the EGFR double mutant NIH3T3
cells showed significantly increased colony numbers compared
with cells without EGF challenge. The finding that ILQ inhibits
EGF-induced colony formation in NIH3T3 cells expressing
wild type EGFR as well as in cells harboring EGFR double muta-
tions with or without EGF treatment suggests that the com-

FIGURE 5. ILQ inhibits xenograft tumor growth of NCI-H1975 cells. NCI-H1975 cells were subcutaneously injected into athymic nude mice for the devel-
opment of xenograft tumors. Mice were untreated (Cont) or treated with ILQ (1 or 5 mg/kg body weight) or gefitinib (5 mg/kg body weight) intraperitoneally
as detailed under “Experimental Procedures.” Effect of ILQ on H1975 cells xenograft (A) tumor volume and (B) tumor weight. The asterisks (*), (**), and (***)
indicate a significant difference (p � 0.05), (p � 0.01), and (p � 0.001), respectively, between the ILQ-treated and untreated groups. C, immunohistochemical
analysis of Ki-67, p-Akt, and p-ERK1/2 expression in xenograft tumors formed by NCI-H1975 cells in mice treated with vehicle, ILQ or gefitinib. Stained cells were
counted from four separate areas on the slide and an average of three samples was calculated per group. Data are expressed as mean percent of control. The
asterisk indicates a significant difference (*, p � 0.05 or **, p � 0.01) compared with control.
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pound targets both wild type and mutant EGFR as the underly-
ing mechanisms of its anticancer effects in NSCLC.

The EGFR tyrosine kinase transmits activating signals to var-
ious downstream signaling molecules, including Akt and
ERK1/2. We therefore examined the effect of ILQ on the acti-
vation of these kinases in NSCLC cells expressing either wild
type or mutant EGFR. Although treatment with ILQ dimin-
ished the constitutive phosphorylation of Akt and ERK1/2 in
TKI-sensitive (HCC827 and H1650) and -resistant (H1975)
cells, the compound failed to affect the phosphorylation of
EGFR. Our findings are in good agreement with several previ-
ous studies reporting the inhibitory effects of ILQ on Akt and
ERK1/2 activation. ILQ-mediated inhibition of Akt phosphor-
ylation was associated with the induction of apoptosis (21) and
suppression of migration and invasion (24) of human breast
cancer cells. ILQ induced apoptosis in interleukin-6-stimulated
human multiple myeloma cells (20) and inhibited proliferation
of human prostate cancer (C4 –2) cells (18) partly through the
inhibition of ERK1/2 activation. To examine the effect of ILQ
on the catalytic activities of these kinases, we performed an in
vitro kinase assay. We found that ILQ significantly inhibited the
catalytic activity of ERK2 and Akt1, but failed to affect that of
ERK1 and Akt2. The reasons and consequences of the differen-
tial effects of ILQ on ERK1 and ERK2 activities, and similarly
between Akt1 and Ak2 activities, are still unclear. The exact
roles of ERK and Akt isoforms in NSCLC cellular proliferation
merit further investigation.

Because ILQ attenuated the catalytic activity of EGFR with-
out affecting EGFR phosphorylation, we determined whether
the compound can interact with EGFR or its downstream sig-
naling molecules, and modulate the phosphorylation and/or
catalytic activities of components of the EGFR signaling path-
way. Because H1975 cells showed the highest sensitivity to ILQ,
we incubated lysates of these cells with Sepharose-4B-conju-
gated ILQ to examine the possible interaction of ILQ with
EGFR or its downstream signaling molecules, such as p110, Raf,
MEK, ERK1/2, Akt, mTOR, p70S6K, and MNK. The pull-down
assay results revealed that ILQ directly binds with EGFR. In
addition, ILQ showed a weak interaction with Akt and ERK1/2.
However, the actual mode of interaction of ILQ with Akt or that
of ERK1/2, and the consequences of such interactions merit
further investigation. The abrogation of ILQ binding with wild
type or mutant EGFR in vitro in the presence of ATP suggests
that the ILQ interaction with EGFR (wild type or mutant) is
ATP-dependent. Because ILQ showed strong binding with
EGFR in the pull-down assay, we used a docking model study to
further clarify the pattern of interaction between ILQ and
EGFR. The docking model indicated that ILQ formed hydrogen
bonds with wild type EGFR and T790M mutant EGFR, suggest-
ing that ILQ targets both wild type and mutant EGFR. Because
ILQ formed two hydrogen bonds (Glu-762 and Met-793) with
wild type EGFR and 3 hydrogen bonds (Lys-745, Met-793, and
Asp-855) of mutant EGFR, ILQ retained its functional activity
against the mutant EGFR compared with gefitinib.

The findings that ILQ, but not gefitinib, significantly inhibits
the volume and weight of TKI-resistant H1975 xenograft tumor
growth in nude mice and down-regulates the expression of cell
proliferation markers Ki-67, p-Akt, and p-ERK1/2 in xenograft

tumor tissues, suggesting that ILQ exerts anticancer effects in
NSCLC cells by modulating the EGFR signaling pathway. Li et
al. have also demonstrated that the inhibition of human breast
cancer (MDA-MB-231) xenograft tumor growth by ILQ is asso-
ciated with the down-regulation of Akt phosphorylation (21).
In conclusion, our study provides novel findings showing that
ILQ induces apoptosis and inhibits proliferation of NSCLC
cells by directly binding with both wild type and double-mutant
(L858R and T790M) EGFR and suppressing the EGFR signaling
mediated through downstream Akt and ERK1/2. Based on our
study, ILQ may be considered as a potential therapeutic choice
for NSCLC treatment.
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