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1. Introduction

Aspirin is one of non-steroidal anti-inflammatory drugs
(NSAIDs) that exert their potent analgesic, antipyretic, and
anti-inflammatory activities through their well-documented
ability to inhibit prostaglandin synthesis [1,2]. Apart from the
classical anti-inflammatory function, it exhibits a chemopre-
ventive effect on a number of human cancers including those
of colon, lung, and breast, and leukemia, highlighting to be a
promising anti-cancer agent [3-5]. Especially, use of 300 mg or
more of aspirin a day for about 5 years reduces the short-term
risk of recurrent colorectal adenomas in patients with a
history of adenomas or cancer. The chemopreventive activity
of aspirin and sodium salicylate (NaSal), the natural deace-
tylated form of aspirin, is thought to be linked to their ability to
inhibit cell proliferation [6,7], and to induce apoptosis [8,9].
The caspase family including caspase-3 and -8 has been
shown to participate both in the initiation and execution of
aspirin/NaSal-induced apoptosis in many cancer cells [8,9].
And, the pro-apoptotic activity of aspirin/NaSal is closely
correlated to an increased expression of the non-steroidal
anti-inflammatory drug-activated gene-1 (NAG-1), also known
as macrophage inhibitory cytokine-1 (MIC-1) and growth and
differentiation factor-15 (GDF-15), a member of the TGF-B
superfamily that mediates apoptosis by the agents to prevent
tumor formation and development such as several NSAIDs,
resveratrol, and genistein [10-14]. In addition, reactive oxygen
species (ROS, a key mediator of deltapsi (m) collapse that leads
to the release of cytochrome c) [15,16], an increased turnover
rate of Mcl-1 (an anti-apoptotic member of the Bcl-2 family of
proteins) [17], and proteasome inhibition [18] are reported to
be responsible for aspirin/NaSal-triggered apoptosis. Further-
more, aspirin/NaSal-induced activation of NF-kB signaling
may play a part in the apoptotic response. Although aspirin
and NaSal are generally considered to inhibit this pathway
[19], more recent studies have shown that they can activate
NF-kB signaling and stimulate apoptosis in colorectal cancer
celllines [20]. p38MAPK has been also reported to play a critical
role(s) in aspirin/NaSal-induced apoptosis [21,22].

The PI3K-PTEN-Akt/PKB and Ras-Raf-MEK1/2-ERK1/2 signal-
ing cascades play critical roles in the transmission of signals
from growth factors and oncogenes to downstream targets that
control crucial elements in tumor development and prevent
apoptosis [23-26]. The Akt/PKB pathway is constitutively
activated in many cancer cells including non-small cell lung
cancer (NSCLC) cell lines. Akt/PKB could also be activated in
response to some pro-apoptotic stimuli such as UV-irradiation
and DNA damage, and confers cancer cells with resistance to
chemotherapy [27-29]. Furthermore, constitutive ERK1/2 activ-
ity in cancer cells is known to promote cellular survival and
chemotherapeutic resistance [26]. Thus, the inhibition of the
PI3K-Akt/PKB and MEK1/2-ERK1/2 pathways by pharmacologi-
cal or genetic approaches is usually an effective means to
induce apoptosis, implicating a potential target of chemother-
apeutic and chemopreventive intervention.

In this study, we examined the pro-survival PI3K-Akt/PKB
and MEK1/2-ERK1/2 signaling pathways during NaSal-induced
apoptosis in A549 cells that are one of human NSCLC cell lines
[30]. We found that NaSal-activated Akt/PKB via PI3K and
ERK1/2. The PI3K inhibitors (LY294002 and wortmannin) and in

a less extent the MEK1/2 inhibitors (U0126 and PD98059) could
enhance 20 mM NaSal-induced apoptotic cell death. Further-
more, combined inhibition of the PI3K-Akt/PKB and MEK1/2-
ERK1/2 signal pathways could lower the dose of NaSal to
induce apoptosis to 2 mM in A549 cells. Similar results were
observed when A549 cells were treated with 2 mM NaSal and
100 pM genistein, an inhibitor of receptor tyrosine kinases
(RTKs) that are upstream of PI3K-Akt/PKB and Ras-MEK1/2-
ERK1/2 signaling. We further found that NAG-1 plays a key role
in apoptosis by NaSal-based combined treatment. These
findings provide the possibility that inhibition of the pro-
survival Akt/PKB and ERK1/2 signaling increases the chemo-
preventive effects of NaSal and combined treatment of two
natural compounds (NaSal and genistein) results in a highly
synergistic induction of apoptosis, thereby increasing the
chemopreventive effects of NaSal against cancer.

2. Materials and methods
2.1. Cell culture and drug treatment

Human lung adenocarcinoma cells A549 were obtained from
American Type Culture Collection and grown in RPMI 1640
media (Gibco) supplemented with 10% (v/v) heat-inactivated
FBS and 1% (v/v) penicillin-streptomyecin in a 37 °C humidified
incubator with 5% CO,. For the studies concerning the effects
of inhibitors, A549 cells were pretreated with inhibitors
including LY294002 (Sigma, 20 uM), wortmannin (Sigma,
0.2 pM), U0126 (Sigma, 20 uM), PD98059 (Calbiochem, 30 M),
SB203580 (Calbiochem, 10 pM), z-VAD-fmk (Calbiochem,
20 pM), z-DEVD-fmk (Calbiochem, 20 pM), N-acetyl-L-cysteine
(Sigma, 10 mM), genistein (Calbiochem, 100 pM), AG1478
(Calbiochem, 10 pM), and AG1024 (Calbiochem, 10 pM) for
1h, and then treated with NaSal (Sigma, S-3007) in the
presence of the inhibitors.

2.2.  SDS-PAGE and Western blot analysis

SDS-PAGE and Western blot analysis were performed as
described previously [31]. Briefly, cells were prepared by
washing with cold-phosphate-buffered saline (PBS) and lysed.
The protein concentration was determined using the Bio-Rad
protein assay kit. Equal amount of proteins was loaded, and
separated by SDS-PAGE and then transferred to nitrocellulose
membrane. After blocking with skim milk, the membrane was
incubated for overnight at4 °C with primary antibodies to PARP,
procaspase-3, ERK1/2, phospho-ERK1/2 (Cell Signaling Tech-
nology) p38MAPK, phospho-p38MAPK, Akt/PKB. phospho-Akt/
PKB (Cell Signaling Technology), phospho-GSK-38 (Calbiochem)
and NAG-1 (Santa Cruz). After washing in 1x PBS with 0.1%
Tween 20, primary antibody was detected using 1:1000 diluted
HRP-conjugated secondary antibodies and visualized with the
enhanced chemiluminescence detection system (Amersham-
Pharmacia Biotech, Buckinghamshire, England).

2.3.  Cell viability assay

For cell viability assay, A549 cells (1 x 10%) were seeded in a 96-
well tissue culture plate and incubated for 24h. After
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treatment of NaSal, 5 pl of MTT solution (5 mg/ml) was added
to each well. After incubation for 3h at 37 °C, formazan
crystals in viable cells were solubilized with 150 ul of DMSO.
The absorbance of each well was then read at 570 nm using
microplate reader (Molecular devices, Palo Alto, CA).

2.4.  Flow cytometric analysis of apoptosis

Exponentially growing cells were treated with NaSal, and then
collected and fixed with chilled 70% EtOH. Ten thousand cells
stained with propidium iodide (PI) were analyzed on a
fluorescence-activated cell sorter (FACStarPLUS, Becton-Dick-
inson, San Jose, CA, USA), and the resulting DNA histogram
were converted to proportions of each cell cycle phase by the
ModiFit LT software (Becton-Dickinson).

2.5.  Morphological detection of apoptosis by HO-33342
assay

A549 cells were grown on coverslips in multiwell culture plates
and treated with NaSal. The cells were harvested and fixed by
adding 3.7% formaldehyde in PBS for 30 min on ice and then
attached to slide glass by using CytoSpin. After washing with
cold-PBS three times, the cells were stained with Hoechst
33342 (Molecular Probe, 10 pg/ml in D.W.) for 10-30 min and
then observed by fluorescence microscopy. Percentage of
apoptosis was calculated by counting the condensed and
fragmented nuclei in cells.

2.6.  In vitro caspase-3 activity assay

A549 cells were treated with NaSal, and the enzymatic
activity of caspase-3 was determined using ApoAlert cpp32/
caspase-3 assay kit (Clontech, Palo Alto, CA) as recom-
mended by the manufacturer. Briefly, 2 x 10° cells were
suspended in 50 pl of lysis buffer, the supernatants were
collected, and then reaction buffer containing dithiothreitol
(DTT) and a chromogenic caspase-3 substrate DEVD-p-
nitroanilide (DEVD-pNA) was added. Reactions were incu-
bated at 37 °C for 1 h and samples were measured at 405 nm
using the VERSAmax tunable microplate reader (Molecular
devices, Palo Alto, CA).

2.7.  Oligonucleotide microarray analysis

The total RNA from A549 lung cancer cells was used to prepare
fluorescence labeled cDNA probes for microarray analysis.
Briefly, 50 pg of total RNA was converted to double-stranded
c¢DNAs using an oligo (dT).g-primed polymerization using
SuperScript II reverse transcriptase (Invitrogen, NY). The
reverse transcription mixture included 400U SuperScript
RNase H-reverse transcriptase (Invitrogen), 0.5 mM dATP,
dTTP and dGTP, 0.2 mM dCTP and 0.1 mM Cy3 or Cy5 labeled
dCTP (NEN Life Science Product Inc.). Fluorescence labeled
cDNA probes were fragmented and applied to the GeneChip
Human Apoptosis 0.4 K (Genocheck, Korea), which contain
probe sets for more than 3000 human genes. Two chips were
used for each group. The signal intensities from hybridized
cDNA were quantified, and the GeneChip analysis software
was used to identify differentially expressed genes.

2.8. RNA extraction and reverse transcription-polymerase
chain reaction (RT-PCR)

Total cellular RNAs were extracted from cell using TRIzol
reagent (Invitrogen). Two micrograms total RNA were con-
verted into cDNA with M-MLV reverse transcriptase and oligo
(dT)ss (Bioneer Co., Korea) according to the manufacture’s
instruction. Equal amounts of cDNA were subsequently
amplified by PCR in a reaction mixture containing 10 mM
Tris-HCl (pH 8.3), 200 pM dNTPs, 50 mM KCl, 1.5 mM MgCl,,
2.5U of Taq polymerase (Promega Co., USA). The primers
were: NAG-1, sense-TCT CAG ATG CTC CTG GTG TT,
antisense-AAT CTG GGT CTT CGG AGT G; GAPDH, sense-
TTC ACC ACC ATG GAG AAG GCT, antisense-A GCC TTG GCA
GCA CCA GT. The thermal cycles were: NAG-1, GAPDH, 95 °C
for30s, 56 °Cfor 30 s, and 72 °C for 25 s for 27 cycles, and a final
extension for 5min at 72°C. The final PCR-products were
electrophoresed on a 1.2% agarose geland visualized by
ethidium bromide staining.

2.9.  NAG-1 RNA interference

The NAG-1 small interference RNA (siRNA) vector (pSuper-
neo-gfp-Si NAG-1) was constructed using a pSuper-neo-gfp
and a synthetic oligonucleotide targeting 5'-ACATGCACGCG
CAGATCAA-3' corresponding to positions 780-798 on NAG-1
mRNA. A549 cells at 50% confluence were transfected with
pSuper-neo-gfp NAG-1 siRNA(1 pg/well) for 3h using Gene-
Juice (Novagen) according to manufacturer’s protocol. After
incubation for 48 h at 37 °C (5% CO2), the transfected cells were
selected by using 1 mg/ml G418, and were maintained in the
presence of 0.2 mg/ml G418 (Invitrogen). G418-resistant A549
cells were pooled and used for RT-PCR analysis and for
apoptosis analysis.

3. Results

3.1.  Inhibition of PI3K-Akt/PKB and ERK1/2 pathways
promotes NaSal-induced apoptosis in A549 lung cancer cells

NaSal has been shown to induce cell cycle arrest and apoptosis
depending on its concentrations in a variety of cancer cells [6-
9]. In A549 cells, low concentration of NaSal (2-10 mM) induces
cell cycle arrest, whereas it induces apoptosis at higher
concentration of 20 mM (Fig. 1A). NaSal at concentrations
higher than 20 mM activated caspase-3 and induced degrada-
tion of its substrates, PARP, B-catenin and Rb [22], data not
shown]. Similar results were obtained in colon cancer cells
such as HCT116 and HT29 cells (data not shown). In most
cases, the chemopreventive and therapeutic agents that
induce apoptosis are known to activate an antagonistic
anti-apoptotic program such as the PI3K-Akt/PKB and ERK1/
2 pathways that interferes with their intended action [23-29].
Therefore, we examined the impacts of NaSal on the PI3K-Akt/
PKB and Raf-ERK1/2 signal pathways that are known to be the
pro-survival signal pathways in most NSCLC cell lines
including A549 cells. NaSal-activated Akt/PKB through phos-
phorylation of Ser-473, ERK1/2 through phosphorylation of Thr
202/Tyr 204 (Fig. 1B), and p38MAPK through phosphorylation of
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Fig. 1 - (A) NaSal induces cell cycle arrest and apoptosis depending on its concentration in A549 human lung cancer cell line.
A549 cells were treated with 2-20 mM NaSal for 48 h and stained with PI and analyzed by FACS as described in Section 2.
Con, cells treated with vehicle 48 h. (B) NaSal activates Akt/PKB-GSK-3p and ERK1/2 signaling pathway. A549 cells were
treated with 20 mM NasSal for the indicated times and the cellular proteins were analyzed by SDS-PAGE and Western
blotting with antibodies to PARP, phospho-Akt/PKB (Ser-473), Akt/PKB, phospho-GSK-38 (Ser-9), GSK-38, phospho-ERK
(Thr-202/Tyr-204), and ERK1/2. Con, cells treated with vehicle for 48 h. (C) A549 cells were pretreated with LY294002 (LY,
20 pM) or wortmannin (WT, 0.2 pM) for 1 h and treated with 20 mM NaSal for the indicated times. The cellular proteins were
analyzed by SDS-PAGE and Western blotting with antibodies to phospho-Akt/PKB and phospho-GSK-3. Con, cells treated
with vehicle for 12 h. (D) A549 cells were pretreated with LY294002 (L, 20 xM), wortmannin (W, 0.2 pM), U0126 (U, 20 pM),
PD98059 (P, 30 pM), or SB203580 (S, 10 M) for 1 h and then treated with 20 mM NaSal for 24 and 48 h. Con, cells treated with
vehicle for 24 and 48 h. For morphological apoptosis analysis, the cells were stained with Hoechst 33342 and the apoptotic
cells with condensed/fragmented nuclei were scored under a fluorescence microscope. Results (500-800 cells in each group)
are expressed as the mean * S.E.M. from three independent experiments. *p < 0.01, compared with corresponding value for

cells treated with 20 mM NaSal.

Thr 180/Tyr 182 (data not shown). Phosphorylation of GSK-38 at
Ser-9, a well-documented Akt/PKB phosphorylation site that is
inactivating modification of GSK-3B, was also increased in
response to NaSal treatment. The PI3K inhibitors, LY294002 and
wortmannin, completely suppressed phosphorylation of Akt/
PKB and GSK-3B in response to NaSal, indicating PI3K-
dependent activation of Akt/PKB and inactivation of GSK-38
(Fig. 1C).

We hypothesized that inhibition of PI3K-Akt/PKB and Raf-
ERK1/2 signal pathways makes cancer cells susceptible to the
effects of NaSal-induced apoptosis. We treated A549 cells with
NaSalin combination with either the PI3K inhibitors or MEK1/2
inhibitors. The PI3K inhibitors, LY294002 and wortmannin,
could inhibit PI3K-releated kinases as well as PI3K, LY294002
(at concentration of 200 uM) is used to inhibit DNA-activated
protein kinase (DNA-PK) and wortmannin (at high concentra-
tion of > 3 uM) is used to inhibit ataxia telangiectasia mutated

(ATM) and DNA-PK [32]. Therefore, to minimize the other
effects of the inhibitors, we used these PI3K inhibitors at low
concentration of 20 uM LY294002 and 0.2 uM wortmannin.
Treatment of A549 cells with either the PI3K inhibitors
(LY294002 and wortmannin) or MEK1/2 inhibitors (U0126
and PD98059) enhanced 20 mM NaSal-induced apoptosis,
although the inhibitors alone did not induce apoptosis for
up to 48h (Fig. 1D). Similar stimulatory effects of the
PI3K inhibitors and MEK1/2 inhibitors were obtained for
PARP degradation (Fig. 1D). The PI3K inhibitors (LY294002 >
wortmannin) were more effective than the MEK1/2 inhibitors
(U0126 > PD98059) to enhance NaSal-triggered apoptosis. In
contrast, the p38MAPK inhibitor SB203580 reduced the NaSal-
induced apoptosis morphologically and biochemically (data
not shown). A significant role of p38MAPK in NaSal-induced
apoptosis has been reported in a number of other cells
including normal human fibroblasts cells and cancer cells,
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possibly regulating both caspase-dependent and caspase-
independent nuclear condensation/fragmentation [21,22].
These results implicate that NaSal may not only exert
cytotoxicity by activating p38MAPK but also intrinsic che-
moresistance by activating the PI3K-Akt/PKB and MEK1/2-
ERK1/2 cytoprotective pathways and that the Akt/PKB and
MEK1/2-ERK1/2 signaling pathways may play a role in
resistance to NaSal treatment.

3.2.  Simultaneous inhibition of PI3K-Akt/PKB and
MEK1/2-ERK1/2 confer apoptotic ability to low dose of
sodium salicylate

We also found that Akt/PKB and ERK1/2 were activated in
response to low dose (2 mM) of NaSal and Akt/PKB and ERK1/2
activation were markedly prevented by LY294002 and U0126,
respectively (Fig. 2A). Interestingly, combined treatment of
NaSal and U0126 significantly activated the pro-survival
kinase Akt/PKB (Fig. 2A). To determine whether the PI3K
inhibitors and the MEK1/2 inhibitors could affect the potential
apoptotic activity of low dose of NaSal, A549 cells were treated
with NaSal and the inhibitors in different combinations. In
contrast to 20 mM NaSal, we could not detect a significant
apoptotic response when cells were treated with 2 mM NaSal

(A) 2mMSal U0126 Sal+U  Sal+U+LY

combined with either the PI3K inhibitors or the MEK1/2
inhibitors except for group of combined treatment of NaSal
and U0126 (apoptosis about 20%). However, we observed an
impressive synergistic effect when NaSal was combined with
both the PI3K inhibitors (LY294002 or wortmannin) and MEK1/
2 inhibitors (U0126 or PD98059) at 48 h (Fig. 2B). Although no
prominent apoptosis was detected in cells treated with
LY294002 + U0126 (3% at 24h and 5% at 48h), LY294002 +
PD98059 (3% at 24 and 48 h), wortmannin + U0126 (1% at 24 and
48 h), or wortmannin + PD98059 (1% at 24 h and 2% at 48 h),
apoptosis was prominently increased by combined treatment
of NaSal and the PI3K/MEK inhibitors: NaSal+ -
LY294002 + U0126 (10% at 24h and 83% at 48h), NaSal + -
LY294002 + PD98059 (6% at 24h and 43% at 48h), NaSal +
wortmannin + U0126 (6% at 24h and 24% at 48h), and
NasSal + wortmannin + PD98059 (4% at 24 h and 22% at 48 h)
(Fig. 2B). These results clearly indicate a synergistic effect of
combined treatment of NaSal with both the PI3K inhibitors
(LY294002 or wortmannin) and MEK1/2 inhibitors (U0126 or
PD98059) on apoptosis. The synergistic effect between NaSal
and the PI3K inhibitors/MEK1/2 inhibitors was more promi-
nent when NaSal + LY294002 + U012 were used. Similar results
were obtained in HCT-116 and HT-29 colorectal cancer cells
(data not shown), implicating that NaSal-based combinatorial
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Fig. 2 - (A) Low dose (2 mM) of NaSal activates PI3K-Akt/PKB-GSK-3p and MEK1/2-ERK1/2 signaling pathways through PI3K.
A549 cells were pretreated with LY294002 (L, 20 pM), or U0126 (U, 20 1M) for 1 h and then treated with 2 mM NasSal (Sal) for
the indicated times and the cellular proteins were analyzed by SDS-PAGE and Western blotting with antibodies to phospho-
Akt/PKB (Ser-473), Akt/PKB, phospho-ERK (Thr-202/Tyr-204), and ERK1/2. (B) A549 cells were pretreated with LY294002
(20 pM), wortmannin (0.2 pM), PD98059 (30 M), and U0126 (20 pM) in different combinations for 1 h and then treated with
2 mM NaSal for 24 and 48 h. For morphological apoptosis analysis, the cells were stained with Hoechst 33342 and the
apoptotic cells with condensed/fragmented nuclei were scored under a fluorescence microscope. Results (500-800 cells in
each group) are expressed as the mean *+ S.E.M. from three independent experiments. *p < 0.01, compared with

corresponding value for 2 mM NaSal-treated cells.
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treatment is applicable to various cell types. Pre-treatment of
SB203580 suppressed combined treatment-induced apoptosis
of A549 cells with abolishing p38MAPK activation (data not
shown). Thus, inhibition of both PI3K-Akt/PKB and MEK1/2-
ERK1/2 signaling highly increased the sensitivity of A549 cells
to the potential cytotoxic effects of NaSal and switched the cell
fate in response to low dose (2 mM) of NaSal from cell cycle

arrest to apoptosis.

(A)

(8

Con LY U LY+U

2 mivl NaSal

3.3. NAG-1 plays a critical role(s) in apoptosis by the
combined treatment of NaSal, LY294002, and U0126

To elucidate the mechanism of the combined treatment-
induced apoptosis, we performed cDNA microarray analysis
and identified that several genes were differentially
up-regulated during apoptosis by combined treatment.
One of them was NAG-1 that has been shown to be a
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Fig. 3 - (A) A549 cells were pretreated with LY294002 (LY, 20 pM) and/or U0126 (U, 20 pM) for 1 h and then treated with 2 mM
NaSal for 36 h and analyzed by RT-PCR using specific probes for NAG-mRNA. GAPDH served as a loading control. (B) A549
cells were pretreated with LY294002 (LY, 20 pM) and/or U0126 (U, 20 nM) for 1 h and then treated with 2 mM NaSal for 48 h
and the cellular proteins were analyzed by SDS-PAGE and Western blotting with antibodies to NAG-1 and «-tubulin. 20 mM
NaSal that could induce NAG-1 and apoptosis was used for a positive control for the NAG-1. (C) Transcript knockdown by
NAG-1 siRNA in A549 cells. A549 cells were pretreated with LY294002 (20 p.M) and/or U0126 (20 pM) for 1 h and then treated
with 2 mM NaSal for 36 h and analyzed by RT-PCR using specific probes for NAG-mRNA. GAPDH served as a loading control.
(D). A549 cells were pretreated with LY294002 (20 M) and/or U0126 (20 pM) for 1 h and then treated with 2 mM NaSal for 24
and 48 h. For morphological apoptosis analysis, the cells were stained with Hoechst 33342 and the apoptotic cells with
condensed/fragmented nuclei were scored by fluorescence microscopy. Results (500-800 cells in each group) are expressed
as the mean * S.E.M. from three independent experiments. *p < 0.01, compared with corresponding value for cells treated

with NaSal + LY294002 + U0126.
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member of the TGF-B superfamily that mediates apoptosis
by the agents to prevent tumor formation and development
such as several NSAIDs, resveratrol, and genistein [10-14].
Induction of NAG-1 mRNA and protein by combined
treatment of 2mM NaSal, 20 pM LY294002, and 20 pM
U0126 was confirmed by RT-PCR and Western blot analysis,
respectively (Fig. 3A and B). Interestingly, a significant
increase of NAG-1 mRNA and protein levels was also
observed by combined treatment of NaSal and U0126 as
well as by treatment of NaSal combined with U0126 and
LY294002, although combined treatment of NaSal- and
U0126-induced apoptosis less than treatment of NaSal
combined with LY294002 and U0126.

To determine whether apoptosis by NaSal-based combined
treatment is linked to expression NAG-1, we examine the
effects of NAG-1 siRNA on apoptosis by treatment of NaSal
combined with LY294002 and U0126 (Fig. 3C). As shown in
Fig. 3 D, NAG-1 siRNA reduced NAG-1 expression and
apoptosis in response to combined treatment. These data
suggest that NAG-1 may play a critical role(s) in apoptosis by
combined treatment of NaSal and the PI3K/MEK1/2 inhibitors
and selective inhibitors of the PI3K-Akt/PKB and MEK1/2-
ERK1/2 pathways enhance NaSal-induced apoptosis through
increasing NAG-1 expression.

3.4.  Genistein promotes NaSal-potentiated apoptosis in
A549 cells

In most cases, PI3K-Akt/PKB and ERK1/2 signal pathways are
activated via protein tyrosine kinases (PTKs) in response to
growth factor. Thus, we hypothesized that RTK inhibitors
could substitute the combined effects of the PI3K and MEK1/2
inhibitors (LY294002 + U0126 or LY294002 + PD98059) in NaSal-
based combined treatment. Here, we found that combined
treatment of NaSal and genistein (a general RTK inhibitor)
leads to a dramatic increase in apoptotic cell death (Fig. 4A).
When A549 cells were treated with 2 mM NaSal combined with
100 pM genistein for 48 h, the apoptotic rate was increased to
66%, although no significant apoptosis was detected in cells
treated with 2 mM NaSal or 100 pM genistein alone (NaSal, 2%
at 48 h and genistein, 5% at 48 h). In addition, no significant
apoptosis was detected in A549 cells that were incubated
under treatment of NaSal combined with either AG1478 (a
specific epidermal growth factor receptor, EGFR, inhibitor) or
AG1024 (a specific insulin-like growth factor-1 receptor, IGF-
1R, inhibitor). Combined treatment of genistein and NaSal
resulted in an increase of NAG-1 mRNA and protein with a
massive induction of apoptosis (Fig. 4B and C). In addition,
NAG-1 siRNA suppressed NAG-1 expression increased under
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Fig. 4 - (A) A549 cells were treated with NaSal (2 mM) in combination with genistein (100 pM), AG1478 (10 pM), or A1024
(10 nM) 36 h. For morphological apoptosis analysis, the cells were stained with Hoechst 33342 and the apoptotic cells with
condensed/fragmented nuclei were scored by fluorescence microscopy. Results (500-800 cells in each group) are expressed
as the mean + S.E.M. from three independent experiments. *p < 0.01, compared with corresponding value for 2 mM NaSal-
treated cells. (B) A549 cells were treated with genistein (Gen, 100 pM) in combination with NaSal (Sal, 2 mM) for 36 h and
analyzed by RT-PCR using specific probes for NAG-1 mRNA. GAPDH served as a loading control. (C) The cellular proteins
were analyzed by SDS-PAGE and Western blotting with antibodies to NAG-1 and a-tubulin. (D) A549 cells were treated with
NaSal (2 mM) in combination with genistein (Gen, 100 pM) for 36 h. For morphological apoptosis analysis, the cells were
stained with Hoechst 33342 and the apoptotic cells with condensed/fragmented nuclei were scored under a fluorescence
microscope. Results (500-800 cells in each group) are expressed as the mean + S.E.M. from three independent experiments.
*p < 0.01, compared with corresponding value for cells treated with NaSal + genistein.
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combined treatment of genistein and NaSal and prevented the
apoptotic cell death (Fig. 4D).

4, Discussion

A number of investigators have consistently shown that
aspirin displayed anti-neoplastic ability in many types of
cancer cellsincluding colon, lung, and breast cancer cells [3-5].
Aspirin still appears to be an ideal candidate for chemotherapy
because of its selective cytotoxicity and weak mutagenicity.
The chemopreventive activity of aspirin and its natural
deacetylated form NaSal is thought to be linked to their
ability to inhibit cell proliferation [6,7], and to induce apoptosis
[8,9]. In general, the susceptibility of tumor cells to anti-tumor
drugs induced apoptosis depends on the balance between pro-
apoptotic and survival (anti-apoptotic) programs. Many
chemotherapeutic agents activate not only a pro-apoptotic
programy(s) but also an antagonistic anti-apoptotic program(s)
such as transcription factor NF-kB and PI3K-Akt/PKB pathway.
Strikingly, inhibition of the anti-apoptotic program that
interferes with their intended action sensitizes cells to
drug-mediated death. Thus, a better understanding of anti-
apoptotic molecules that are activated by chemotherapeutic
agents results in new, more effective therapeutic approaches.
In this study, we showed that NaSal-activated PI3K-Akt/PKB,
and MEK1/2-ERK1/2. NaSal-induced Akt/PKB activation
resulted in phosphorylation of GSK-38 that plays a critical
role(s) in apoptosis (Fig. 1B and A). Akt/PKB and ERK1/2 are
known to promote cellular survival and chemotherapeutic
resistance in most NSCLC cells and thus manipulating Akt/
PKB and ERK1/2 activity can alter sensitivity to chemotherapy
and irradiation [24,26]. We examined the effects of the PI3K
inhibitors or MEK1/2 inhibitors, either alone or in combination
with NaSal on NaSal-potentiated apoptosis. Inhibition of PI3K-
Akt/PKB signaling by the PI3K inhibitors (LY294002 and
wortmannin), and ERK1/2 by the MEK1/2 inhibitors (U0126
and PD98059) enhanced the apoptotic response of A549 cells to
high dose (20 mM) of NaSal (Fig. 1). Importantly, A549 that had
been incubated with the PI3K inhibitors and the MEK1/2
inhibitors exerted apoptotic response to the low dose of NaSal
(2mM) (Fig. 2). LY294002/U0126 in combination with NaSal
was more effective to induce apoptosis in A549 cancer cells
than other combinations. Treatment of LY294002 alone or
combined treatment of the PI3K inhibitors and MEK1/2 did not
induce apoptosis. These results demonstrate that the survival
programs, PI3K-Akt/PKB and MEK1/2-ERK1/2 interfere with
the intended action of NaSal and their inhibition synergisti-
cally sensitizes cells to NaSal-induced apoptosis.

To determine the mechanisms underlying these effects, we
examined NaSal-induced changes in gene expression using
cDNA-based microarray screening of a human lung carcinoma
cell line A549. We identified by microarray and confirmed by
RT-PCR and Western blot analysis that NAG-1 is induced by
combined treatment of NaSal and the kinase inhibitors.
Considerable evidences have demonstrated that NAG-1
expression is closely linked to apoptosis [10-14]. NAG-1
transfected HCT-116 cells showed reduced tumorigenicity in
athymic nude mice and NAG-1 overexpression in transgenic
mice suppresses intestinal adenoma growth. Furthermore,

NAG-1 siRNA suppressed apoptosis by chemotherapeutic
chemicals such as 5F203-, radiation- or 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) in the cancer cells [33,34]. We
showed that NAG-1 siRNA suppressed apoptosis in response
to combined treatment. These data suggest that NAG-1 may
play a critical role(s) in apoptosis by combined treatment of
NaSal and the PI3K/MEK1/2 inhibitors and the inhibitors of the
PI3K-Akt/PKB and MEK1/2-ERK1/2 pathways enhance NaSal-
induced apoptosis through increasing NAG-1 expression.

We observed that combined treatment of NaSal and U0126
significantly increased NAG-1 mRNA and protein levels, but it
induced apoptosis less than treatment of NaSal combined
with LY294002 and U0126; NaSal + LY294002 + U0126 (10% at
24 h and 83% at 48 h) and NaSal + U0126 (3% at 24 h and 21% at
48h) (Fig. 3). These results suggest that the MEK1/2-ERK1/2
signal pathway may exert negative effects on NaSal-poten-
tiated NAG-1 expression and apoptosis. In contrast, the PI3K-
Akt signal pathway may regulate the pro-apoptotic activities
of NAG-1. NAG-1 is a member of the TGF-B superfamily that
regulate cell growth, differentiation and apoptosis through
activating intracellular Smad signaling that control the
expression of TGF-f target genes [10-14]. The PI3K-Akt signal
pathway positively or negatively regulates the functions of
TGF-B depending on the cell types and the applied stimuli. For
instance, LY294002 treatment resulted in Smad2 accumula-
tion in the nuclei and an increased Smad-binding element
(SBE)-luciferase activity in SK-N-SH human neuroblastoma
cells, demonstrating that the PI3K pathway negatively
regulates TGF-B/Smad signaling [35]. On the other hand,
inhibition of PI3K and Akt kinase blocked TGF-B- and Smad 3-
mediated expression of plasminogen activator inhibitor type 1
(PAI-1), which regulates degradation of extracellular matrix
proteins in fibrotic diseases, indicating that TGF-B-induced
PI3K/Akt signaling as a critical regulator of Smad 3-CBP
interaction and Smad 3 acetylation, which cause increased
PAI-1 expression [36]. In our system, the PI3K-Akt/PKB may
interfere with the cell killing effects of NAG-1 induced by
combine treatment of NaSal and U0126. A549 cells have the
lowest levels of Akt/PKB activity that promote cellular survival
and chemotherapeutic resistance, compared to other NSCLC
such as H157, H1703, and H1155. We observed that combined
treatment of NaSal- and U0126-activated Akt/PKB (Fig. 2A). Our
results suggest that the MEK1/2-ERK1/2 signal pathway may
exert negative effects on NaSal-potentiated NAG-1 expression
and apoptosis, whereas the PI3K-Akt signal pathway
that could be activated by combined treatment of NaSal and
U0126 may interfere the pro-apoptotic activities of NAG-1.
Therefore, inhibition of both PI3K-Akt and MEK1/2-ERK1/2
signal pathways could synergistically increase NaSal-poten-
tiated apoptosis.

We also found that combined treatment of NaSal and
genistein (a general RTK inhibitor) but not with AG1478 and
AG1024 (specific inhibitors of EGF-R and IGF-1R, respectively)
induced a synergistic enhancement in apoptosis. Genistein is
an isoflavenoid found in soy that has potential chemopre-
ventive properties and anti-tumorigenic activities with a wide
variety of pharmacological effects in animal cells, and is
pharmacologically safe [37,38]. Recent research has suggested
that this plant polyphenol might be used to sensitize tumor
cells to chemotherapeutic agents and radiation therapy by
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inhibiting pathways that lead to treatment resistance and has
also been found to be protective from therapy-associated
toxicities [39]. Genistein is commonly used to examine
intracellular signaling in concentrations of 25-100 wM. Genis-
tein at 100 uM concentration effectively could induce apoptosis
of MCF-7 cells in 24 h [39]. However, we could not detect a
significant apoptotic induction in genistein-treated A549 cells.
In general, NSCLC is known to be not a chemosensitive tumor,
although the mechanism of resistance to the relevant antic-
ancer drugs has notbeen fully elucidated. Genistein is known to
induce NAG-1in a time- and concentration-dependent manner
in HCT-116 cells [12]. We could also detect a significant
induction of NAG-1 in A549 cells. Synergistic effects of NaSal
and genistein on NAG-1 expression were observed. NAG-1
siRNA prevented the apoptotic cell death. Our results demon-
strate that combinatorial treatment of genistein and NaSal at
non-toxic concentrations effectively induces apoptosis in A549
cells may provides novel approaches for future effective
molecular cancer therapeutics using NaSal. In this study, we
used 1-2 mM NaSal and aspirin. 0.5-2 mM aspirin concentra-
tions approximates to systemic pharmacological concentra-
tions. Although 0.5mM aspirin is equivalent to a low
therapeutic plasma concentration, 2 mM aspirin corresponds
to a high therapeutic plasma concentration. Although such
concentration is high to treat systemically, it can be locally
achieved upon administration of aspirin during anti-inflam-
matory therapy, since NaSal concentrations have been sug-
gested toincrease in the mildly acidic environments that prevail
at inflammatory sites [40] and tumor microenvironment that is
usually acidic [41]. Consequently, these findings demonstrate
that inhibition of PI3K and ERK1/2 signaling may contribute to
improve apoptosis-inducing efficacy of NaSal and also provide
the synergistic therapeutic interaction between NaSal and
genistein, suggesting that such combinations may be effectively
exploited in future human cancer clinical trials. Although
combined treatment of NaSal + LY294002 + U0126 could syner-
gistically induce apoptosis, combination of two natural com-
pounds, NaSal and geneistein, would be more safely applicable
to test clinical therapeutic effects.
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