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A novel imidazopyridine PI3K inhibitor with anticancer
activity in non-small cell lung cancer cells
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Abstract. Lung cancer is the leading cause of cancer-related
mortality in the world, and non-small cell lung cancer
(NSCLC) accounts for approximately 85% of all cases. Since
more than 60% of NSCLC cases express the epidermal growth
factor receptor (EGFR), EGFR tyrosine kinase inhibitors are
used to treat NSCLC. However, due to the acquired resistance
associated with EGFR-targeted therapy, other strategies for
the treatment of NSCLC are urgently needed. Therefore,
we investigated the anticancer effects of a novel phosphati-
dylinositol 3-kinase a (PI3Ka) inhibitor, HS-173, in human
NSCLC cell lines. HS-173 demonstrated anti-proliferative
effects in NSCLC cells and effectively inhibited the PI3K
signaling pathway in a dose-dependent manner. In addition, it
induced cell cycle arrest at G,/M phase as well as apoptosis.
Taken together, our results demonstrate that HS-173 exhibits
anticancer activities, including the induction of apoptosis, by
blocking the PI3K/Akt/mTOR pathway in human NSCLC cell
lines. We, therefore, suggest that this novel drug could poten-
tially be used for targeted NSCLC therapy.

Introduction

Lung cancer is the most common cause of cancer-related
mortality in men and the second most common cause in
women, resulting in 1.61 million new cases and 1.38 million
deaths annually (1). In the treatment of lung cancer, surgery,
chemotherapy, radiotherapy, or their combination are selected
depending on the histological diagnosis, the stage of the cancer,
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and the age of the patient. Despite the significant progress that
has been made in developing effective treatment strategies
and the substantial research efforts undertaken, the prognosis
for lung cancer patients remains poor, and the development of
more effective treatments is one of the most important topics
in the field of oncology. Lung cancer is classified according
to histological type: non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC). Approximately 85-90%
of lung cancers are NSCLC, which is further subdivided into
adenocarcinoma (AC), squamous cell carcinoma (SCC), and
large cell carcinoma (LCC) (2). While SCLC usually responds
better to chemotherapy and radiation, NSCLC is relatively
insensitive to both therapeutic modalities (3).

More than 60% of NSCLC cases overexpress the epidermal
growth factor receptor (EGFR), whereas no overexpression is
detected in SCLC (4). These receptors play an important role
in tumor cell survival, and activated phosphorylated EGFR
results in the phosphorylation of downstream proteins that
cause cell proliferation, invasion, metastasis and inhibition of
apoptosis. Therefore, EGFR tyrosine kinase inhibitors (TKIs),
gefitinib and erlotinib, are currently used to treat NSCLC (5).
Despite initial responses, patients eventually experience
disease progression due to unknown mechanisms of acquired
resistance. Acquired resistance of NSCLC to TKIs is thought
to be associated with a second mutation in the EGFR kinase
domain (6).

Phosphatidylinositol 3-kinase (PI3K) is a key downstream
component of the EGFR pathway and plays significant roles
in cell survival, proliferation, growth and cytoskeleton rear-
rangement (7-10). The expression of PI3K has been related to
EGFR TKI resistance in preclinical models (11-13). Engelman
et al (14) found that expression of the kinase domain mutant
H1047R of PI3Ka in mouse lung induced ACs in vivo. Mutant
PIK3CA has been implicated in the pathogenesis of several
types of cancers, including colon cancer, gliomas, gastric
cancer, breast cancer, endometrial cancer and lung cancer (15).
These mutations can maintain PI3K/Akt/mTOR signaling
under conditions of growth factor deprivation and thus trans-
form cells. Therefore, PI3K is a novel target for more effective
treatment of NSCLC.

We designed and synthesized a new series of imidazo[1,2-
a]pyridine derivatives with the goal of developing a novel
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structural class of potent PI3K inhibitors. Among these
compounds, HS-173 strongly inhibited PI3K activity (16). In
the present study, we investigated the anticancer activity of
HS-173 in NSCLC cells through disruption of the PI3K/Akt/
mTOR pathway or inhibition of PI3K activity.

Materials and methods

Cell lines and reagents. The human NSCLC cell lines (A549,
H1299 and NCI-H596) were purchased from the Korean Cell
Line Bank (KCLB, Seoul, Republic of Korea). Cells were
cultured in Roswell Park Memorial Institute (RPMI)-1640
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Cell cultures were maintained at 37°C
in a CO, incubator. Ethyl 6-(5-(phenylsulfonamido)pyridin-
3-yDimidazo[1,2-a]pyridine-3-carboxylate (HS-173) was
synthesized according to our previous methods (16). HS-173
was dissolved in dimethyl sulfoxide (DMSO) at a concentra-
tion of 10 mM before use. DMSO was added to the cells at
0.1% (v/v) as a solvent control.

Cell proliferation assay. The inhibitory effect of HS-173 on
NSCLC cell lines was assessed by measuring 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
dye absorbance. Briefly, cells were plated at a density of
3-5x10° cells/well in 96-well plates for 24 h. The medium was
then removed, and cells were treated with either DMSO as a
control or various concentrations (0.1-10 M) of HS-173. After
the cells were incubated for 48 h, 100 ul of MTT solution
(2 mg/ml) was added to each well, and the plate was incubated
for another 4 h at 37°C. The formed formazan crystals were
dissolved in DMSO (100 pl/well) with constant shaking for
5 min. The absorbance of the solution was then measured with
a microplate reader at 540 nm. This assay was conducted in
triplicate.

Cell cycle analysis. A549 cells were plated in 100-mm culture
dishes. The next day, the cells were treated with various
concentrations of HS-173 for 12 h. Floating and adherent
cells were collected and fixed with ice-cold 70% ethanol at
4°C overnight. After washing with PBS, the cells were subse-
quently stained with 50 yg/ml propidium iodide (PI) and
100 pg/ml RNase A for 1 h in the dark, and then subjected to
flow cytometric analysis to determine the percentage of cells
in specific phases of the cell cycle (sub-G,, G,/G,, S and G,/M).
Flow cytometric analysis was performed using a FACSCalibur
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA)
equipped with a 488-nm argon laser. Flow cytometric data
analysis was conducted using FlowJo software (Tree Star, Inc.,
San Carlos, CA, USA). All the experiments were performed
in triplicate.

Western blotting. Total cellular proteins were extracted with
lysis buffer containing 1% Triton X-100, 1% Nonidet P-40,
and the following protease and phosphatase inhibitors: apro-
tinin (10 mg/ml), leupeptin (10 mg/ml; ICN Biomedicals,
Asse-Relegem, Belgium), phenylmethylsulfonyl fluoride
(1.72 mM), NaF (100 mM), NaVO; (500 mM), and Na,P,0,
(500 mg/ml; Sigma-Aldrich, St. Louis, MO, USA). The proteins
were separated by sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis (SDS-PAGE) and transferred onto nitro-
cellulose membranes. The blots were immunostained with
the appropriate primary antibodies followed by secondary
antibodies conjugated to horseradish peroxidase. Antibody
binding was detected with an enhanced chemiluminescence
reagent (Amersham Biosciences, Piscataway, NJ, USA). The
primary antibodies against p-Akt (Ser*”®), p-Akt (Thr*®®), Akt,
p-mTOR (Ser***¥), mTOR, p-p70S6K1 (Thr*®?), p70S6K1,
PARP, cleaved caspase-3 and (-actin were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA). Bax was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). The secondary antibodies were purchased from
Amersham Biosciences.

Immunofluorescence and confocal analysis. A549 cells were
plated on 18-mm cover glasses in RPMI-1640 medium and
incubated for 24 h so that ~70% confluence was reached.
The cells were then incubated in the presence or absence of
HS-173 (1 uM), washed twice with PBS, and fixed in acetic
acid:ethanol solution (1:2) for 5 min at room temperature. Cells
were blocked in 1.5% horse serum in PBS for 1 h at room
temperature, and then incubated overnight at 4°C with primary
antibodies including p-Akt, p-mTOR, p-p70S6K, p-cdc2
(Cell Signaling Technology, Inc.), cyclin B1, and p-cdc25C
(Santa Cruz Biotechnology, Inc.) in a humidified chamber.
After washing twice with PBS, the cells were incubated with
fluorescein-labeled secondary antibody (1:100; Dianova,
Hamburg, Germany) for 1 h at room temperature. The cells
were also stained with 4,6-diamidino-2-phenylindole (DAPI)
to visualize the nuclei. The slides were then washed twice with
PBS and covered with DABCO (Sigma-Aldrich) before being
viewed with a confocal laser scanning microscope (Olympus,
Tokyo, Japan).

DNA fragmentation assay. Terminal deoxynucleotidyl trans-
ferase (Tdt) dUTP-mediated nick-end labeling (TUNEL)
was performed using the ApopTag Plus Peroxidase In Situ
Apoptosis Detection kit (Chemicon, Temecula, CA, USA)
according to the manufacturer's instructions. Briefly, A549
cells were plated onto an 18-mm cover glass in RPMI-1640
medium at ~70% confluence for 24 h at 37°C. The cells were
then treated with HS-173 (1 uM) for 24 h. They were fixed in
acetic acid:ethanol solution (1:2) for 5 min at room temperature
and then washed with PBS. Cells were incubated with 20 zg/ml
proteinase K (Takara Shuzo Co. Ltd.) for 10-15 min at room
temperature and reacted with Tdt enzyme for 60 min at 37°C.
Cells were then incubated with anti-digoxigenin conjugate at
room temperature for 30 min, incubated with diaminobenzi-
dine solution and counterstained with methyl green. Apoptotic
cells were observed in cross-section in randomly selected
microscopic fields at a final magnification of x400.

In vitro measurement of mitochondrial membrane poten-
tial (MMP). MMP was assessed with a JC-1 Mitochondrial
Membrane Potential Assay kit (Cayman Chemical Co., Ann
Arbor, M1, USA) using 5,5',6,6'-tetrachloro-1,1',3,3'-tetraeth-
ylbenzimidazol-carbocyanine iodide (JC-1), which exhibits
potential-dependent accumulation in mitochondria. This dye
forms J-aggregates under high MMP, causing a shift in fluo-
rescence from green to red. A549 cells were plated on 18-mm
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cover glasses in RPMI-1640 medium and incubated for 24 h.
When cells reached ~70% confluency, cells were then treated
with HS-173 (1 uM) for 6 h; 100 ul of JC-1 solution at a final
concentration of 12.5 yg/ml was then added to each well and
the plate was incubated for another 15 min at 37°C. After
washing twice with PBS, the cells were also stained with
DAPI to visualize the cell nuclei. The slides were then washed
twice with PBS and covered with DABCO before viewing
with a confocal laser scanning microscope (Olympus, Tokyo,
Japan). Data were represented by the level of the red:green
ratio.

Analysis of cytochrome c localization. A549 cells were plated
on 18-mm cover glasses in RPMI-1640 medium. When cells
reached ~70% confluency, they were treated with HS-173
(1 uM) for 6 h. To label the mitochondria, cells were incubated
with 100 nM mitochondrion-specific dye (MitoTracker® Red
FM; Molecular Probes Inc., Eugene, OR, USA) for 45 min at
37°C prior to fixation. After washing twice with PBS, cells
were fixed in acetic acid:ethanol solution (1:2) for 5 min at
room temperature. Cells were incubated overnight at 4°C
with cytochrome ¢ antibody (1:20; Santa Cruz Biotechnology,
Inc.). After washing twice with PBS, the cells were incubated
with mouse fluorescein-labeled secondary antibody (1:50;
Dianova). The cells were also stained with DAPI to visualize
the nuclei. The slides were then washed twice with PBS and
covered with DABCO before viewing with a confocal laser
scanning microscope.

Statistical analysis. All data were analyzed using GraphPad
Prism (GraphPad software). Data are expressed as the
means + SD, and P-values <0.05 were considered to indicate a
statistically significant result.

Results

HS-173 inhibits cell proliferation. In our previous study,
HS-173 demonstrated a high binding affinity for the
ATP-binding site of PI3Ka (Fig. 1A) and antitumor activity
against breast cancer through inhibition of the PI3K/Akt/
mTOR pathway (17). This pathway is closely associated with
the development and progression of NSCLC as well as breast
cancer (18). To assess the effect of HS-173 on NSCLC prolif-
eration, 3 NSCLC cell lines, A549, H1299 and NCI-H596,
were exposed to various concentrations of HS-173 for 48 h and
then analyzed by MTT assay. As shown in Fig. 1B, treatment
with HS-173 resulted in a dose-dependent reduction in viable
cancer cells. The ICs, of HS-173 was 1, 10 and 0.95 M in
A549, H1299 and NCI-H596 cells, respectively.

HS-173 inhibits the PI3K-Akt-mTOR pathway. To assess the
effect of HS-173 on intracellular signaling in NSCLC, A549
cells were exposed to various concentrations of HS-173 in vitro
for 2 h, lysed and analyzed by western blotting. As shown
in Fig. 2A, the phosphorylation of Akt, mMTOR and p70S6K1
was effectively suppressed, indicating complete suppression
of the PI3K pathway. Similar to the results of the western
analysis, confocal microscopy data showed that HS-173 also
strongly suppressed phosphorylation of Akt, mTOR and
p70S6K1 (Fig. 2B).
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Figure 1. Chemical structure of HS-173 and the effect of HS-173 on the pro-
liferation of human non-small cell lung cancer (NSCLC) cells. (A) Chemical
structure of ethyl 6-(5-(phenylsulfonamido)pyridin-3-yl)imidazo[1,2-a]
pyridine-3-carboxylate (HS-173). (B) The cytotoxic effects of HS-173 on
human NSCLC cell lines (A549, H1299 and NCI-H596). Inhibitory effect
of HS-173 on NSCLC cell proliferation was assessed with an MTT assay.
Results are expressed as the percent cell proliferation relative to the control.
Data are expressed as the means + SD from triplicate wells.

HS-173 causes cell cycle arrest. To assess the effect of
HS-173 on the cell cycle, A549 cells were exposed to various
concentrations of HS-173 for 12 h, then fixed with ice-ethanol
and analyzed using flow cytometry. As shown in Fig. 3A,
HS-173 induced cell cycle arrest at the G,/M phase in a
dose-dependent manner. To further clarify the mechanism
of HS-173-induced cell cycle arrest at the G,/M phase, we
investigated the expression of proteins related to the G,/M
checkpoint using fluorescence confocal microscopy. HS-173
triggered a decrease in expression of cyclin Bl, as well as an
increase in phosphorylation of cdc2 and cdc25C (Fig. 3B).

HS-173 induces apoptosis. To determine whether the effects of
HS-173, including inhibition of the PI3K/Akt/mTOR pathway
and cell cycle arrest, are due to the induction of apoptosis, we
analyzed the ability of HS-173 to induce apoptosis of A549
lung cancer cells. First, apoptosis by HS-173 was confirmed
by DNA fragmentation assay (Fig. 4A). As a result, treat-
ment with 1 uM HS-173 for 24 h increased TUNEL-positive
cells. In addition, to study the effect of HS-173 on MMP, the
drug-treated cells were exposed to the fluorescent cationic dye
JC-1. As shown in Fig. 4B, treatment with HS-173 induced the
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Figure 2. Effect of HS-173 on PI3K/Akt/mTOR signaling in A549 cells. (A) Cells were treated with various concentrations (0.1-1 M) of HS-173 for 2 h. The
protein expression of Akt, mTOR and p70S6K1 as well as the phosphorylated forms of these molecules was determined by western blotting. (B) Cells were
treated with 1 xM HS-173 for 2 h. p-Akt, p-mTOR and p-p70S6K1 were detected by immunofluorescence. DAPI was used to visualize the cell nuclei. Images
were captured at x400 magnification. A representative image from 3 independent experiments is shown.

loss of MMP 5-fold when compared to that of the controls.
This change in MMP can trigger the release of mitochondrial
cytochrome c into the cytosol, a hallmark of intrinsic pathway-
mediated apoptosis. Therefore, we investigated the release of
cytochrome ¢ by HS-173 in A549 lung cancer cells. As shown
in Fig. 4C, we observed that treatment of HS-173 synergisti-
cally increased cytochrome c release along with a concomitant
decrease in the-co-localization of cytochrome c to the mito-
chondria. We also examined the expression of proteins related
to apoptosis by western blotting. As expected, HS-173 caused
increased expression of cleaved caspase-3, PARP and Bax in a
dose-dependent manner (Fig. 4D). Overall, these data suggest
that HS-173 causes apoptosis by directly affecting mitochon-
dria and activating caspases.

Discussion

Since more than 60% of NSCLC cases express EGFR, the
treatment modalities for NSCLC have involved the develop-
ment of EGFR TKIs. Two EGFR TKIs, gefitinib and erlotinib,
have been approved by the FDA for the treatment of locally
advanced or metastatic NSCLC that has failed at least one
prior chemotherapy regimen. However, they are only effective
in cancer patients with mutated and overactive EGFR. It has
been reported that patients with lung cancer usually develop
drug-resistance by unknown mechanisms (19). Therefore,
current treatments of lung cancer are not satisfactory, with a
mean survival of <1 year for advanced lung cancer patients,
regardless of treatment regimen (20).
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Figure 3. Effect of HS-173 on the cell cycle in A549 cells. (A) A549 cells were treated with HS-173 (0,0.1,0.5 and 1 xM) for 12 h, stained with propidium iodide
(PI) and assessed by flow cytometry. M,, sub-G;; M,, Go/G,; M3, S; M,, G,/M. Quantitation of the cell distribution in the G,/M phase of the cell cycle. Data
from 3 independent experiments are presented as means + SD. (B) The expression of cyclin Bl, p-cdc25C and p-cdc2 was detected by immunofluorescence
in cells treated with 1 M HS-173 for 12 h. Images were captured at x400 magnification. Representative images from 3 independent experiments are shown.

“P<0.05, compared to control.

EGFR plays a pivotal role in lung cancer by activating
several oncogenic signaling pathways. Among these, the
PI3K/Akt/mTOR pathway has been intensely investigated for
its pivotal role in regulating cell proliferation, survival and
metabolism. Therefore, inhibition of EGFR tyrosine kinase by
gefitinib leads to the suppression of the PI3K pathway. Recently,
several inhibitors targeting the PI3K pathway have been devel-
oped and are being evaluated in preclinical studies and early
clinical trials. These include pan-PI3K and isoform-specific
PI3K inhibitors, dual PI3K-mTOR inhibitors, mTOR catalytic
site inhibitors and AKT inhibitors (21-24). In the development
of potent PI3K inhibitors, we screened numerous compounds
and finally developed a novel compound, HS-173 (17). HS-173
demonstrated antitumor activity by inhibiting the PI3K
pathway in liver and breast cancer (16). In the present study, we

investigated the anticancer effect of HS-173 and its mechanism
of action in NSCLC cell lines.

Notably, although the PI3K pathway is activated in NSCLC
cell lines, Akt activity is selectively reduced in response to
gefitinib in NSCLC cell lines whose growth is inhibited by
gefitinib, while its activity is not reduced in cells resistant to
gefitinib (12). Our study showed that HS-173 inhibited the
growth of NSCLC cell lines which are resistant to gefitinib as
well as the PI3K pathway. This supports the concept that the
inhibition of the PI3K pathway can overcome the resistance of
gefitinib in NSCLC.

In the present study, the inhibition of the PI3K/Akt/mTOR
pathway by HS-173 led to cell cycle arrest during the G,/M
phase. In most mammalian cells, mitosis is triggered by
activation of the cyclin-dependent kinase cdc2. Activation of
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Figure 4. Effect of HS-173 on the apoptosis of A549 cells. (A) DNA fragmentation was assessed by TUNEL assay. (B) MMP was determined by JC-1 staining.
Loss of MMP (green) was detected in HS-173-treated cells. (C) Release of cytochrome ¢ by HS-173. Localization of cytochrome c in the cytosol by HS-173
was observed. (D) Expression of apoptosis-related protein was determined by western blotting in A549 cells treated with HS-173. “P<0.01, compared to control.

this kinase is a multistep process that starts with the binding
of cyclin Bl (25). Phosphorylated and inhibited cdc2 is
dephosphorylated by cdc25C phosphatase, which is also phos-
phorylated and inhibited by Chk2 (26). It has been reported
that suppression of AKT enhances the activation of Chk2,
resulting in increased inactive phosphorylation of c¢dc25C and
cdc2 (27). In order to investigate whether the blockade of G,/M

phase transition induced by HS-173 was due to the modulation
of these regulatory proteins, we evaluated the expression levels
of cyclin B1, p-cdc25C and p-cdc2. Phosphorylation of cdc2 at
the Tyrl5 residue is involved in the arrest of dividing cells at
the G,/M phase transition (28). In the present study, treatment
with HS-173 decreased the level of cyclin Bl and increased
p-cdc25C and p-cdc2. The G,/M checkpoint is an important
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cell cycle checkpoint in eukaryotic organisms ranging from
yeast to mammals (29). DNA damage and inhibition of the PI3K
pathway by anticancer drugs, cytotoxic methylating agents and
radiation can promote cell cycle arrest at the G, phase (30). In
addition, inhibition of protein synthesis during the G, phase
prevents the cell from undergoing mitosis. PI3K signaling has
been reported to contribute to protein synthesis through the
PI3K/Akt/mTOR pathway (31). Therefore, DNA damage and
inhibition of protein synthesis via the inhibition of the PI3K/
Akt/mTOR pathway by HS-173 may lead to G,/M arrest.

The PI3K/Akt/mTOR pathway is involved in cell survival.
Disruption of MMP induces the release of cytochrome ¢ from
mitochondria and is associated with the activation of caspase-3.
In addition, MMP can be regulated by Bcl-2, which is known
to play a role in maintaining MMP by binding to mitochon-
dria. In contrast, Bax, a pro-apoptotic Bcl-2 family member,
translocates to the mitochondria and perturbs MMP (32). In
the present study, HS-173 disrupted the MMP of A549 cells,
and increased the release of cytochrome c, the level of cleaved
capase-3 and Bax. These data suggest that apoptosis induced
by HS-173 may be mediated through activation of the intrinsic
apoptotic pathway.

Our present study demonstrated that disruption of the
PI3K/Akt/mROR pathway or inhibition of PI3K activity by
the specific inhibitor, HS-173, significantly sensitized NSCLC
cells to apoptosis induced by chemotherapeutics in vitro. Our
findings suggest that HS-173 may be used to treat NSCLC
cases resistant or sensitive to EGFR TKIs.
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