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Abstract
NSC-741909 (1-[(4-chlorophenyl)methyl]-1H-Indole-3-methanol) is a novel anticancer agent that
is highly active against several NCI-60 cancer cell lines. This agent induces sustained activation of
mitogen-activated protein kinases (MAPK), including JNK and p38 MAP kinases. However, the
mechanisms of its selective anti-tumor activity in some cancer cell lines remain unknown. We
tested the combined effects of NSC-741909 and several kinase inhibitors that target the Raf/MEK/
ERK1/2 or PI3K/AKT pathways in two sensitive lung cancer cells. We found that PD98059 (2'-
amino-3'-methoxyflavone), a flavone derivative and a selective MEK inhibitor, can dramatically
block the cell killing effect of NSC-741909. To determine whether this inhibitory effect is
associated with MEK inhibition or other mechanisms, we evaluated the effects of other MEK
inhibitors with different chemical structures and flavone derivatives that do not have an effect on
MEK. We found that several flavonoids can markedly block NSC-741909-induced apoptosis and
JNK activation in a time-dependent manner, regardless of whether they inhibit MEK or not. In
contrast, NSC-741909-induced JNK activation and apoptosis were not blocked by other MEK-
specific inhibitors U0126 and CI-1040. Our results also showed that NSC-741909 induced a
dramatic increase of reactive oxygen species in sensitive cells and that flavonoids effectively
blocked the NSC-741909-induced reactive oxygen species production which are associated with
flavonoids’ antagonistic effects on NSC-741909-induced JNK activation and apoptosis. Those
results demonstrated that flavonoids mediated antagonist effect is through scavenging of reactive
oxygen species. Our results may have implication on the design of clinical evaluation of antitumor
activity of NSC-741909 or its analogues.
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1.Introduction
Mutations of three oncogenic Ras genes, especially the K-Ras gene, are found in
approximately 90% of pancreatic cancers, 50% of colon cancers, and 35% of lung
adenocarcinomas and are known to be associated with resistance to chemotherapy and
radiotherapy (Bernhard et al.2000;Guerrero et al.2000;Nemunaitis et al.1997). Mouse strains
carrying K-ras alleles, which can be activated by spontaneous recombination events, were
highly predisposed to developing various tumor types, predominantly early-onset lung
cancer (Johnson et al.2001). Moreover, withdrawal of doxycycline-inducible oncogenic H-
ras or K-ras causes apoptosis in tumor cells and regression of tumors in transgenic mice
(Chin et al.1999;Fisher et al.2001). Therefore, Ras gene mutations play an important role in
tumorigenisis and the maintenance of malignant phenotypes.

As important mediators of signals from growth factor, cytokine, or mitogen receptors, Ras
proteins are the common upstream molecules of several signaling pathways, including the
Raf/MEK/ERK, PI3K/Akt, and RALGDS/Ral pathways (Downward, 2003;Schubbert et al.
2007). Biochemical studies have revealed that guanosine triphosphate (GTP)-bound Ras
binds to Raf proteins and recruits Raf to the plasma membrane, leading to activation of the
Raf/MEK/ERK cascade (Leevers et al.1994;Marais et al.1995). Similarly, Ras directly
interacts with the catalytic subunit of phosphatidylinositol-3-OH kinase (PI3K) in a GTP-
dependent manner and activates PI3K (Pacold et al.2000). PI3Ks phosphorylate the integral
membrane phosphotidylinositols at the 3’ position to generate a short-lived second
messenger product, such as phosphatidylinositol (3,4,5)-phosphate (PIP3) (Vivanco and
Sawyers 2002). Membrane-associated PIP3 regulates the activity of a variety of signaling
molecules, including the Akt/PKB serine/threonine kinases. The Raf/MEK/ERK and the
PI3K/AKT pathways play crucial roles in regulating proliferation, differentiation, and
apoptosis in tumor cells (Merighi et al.2006), and each component of these pathways has
been extensively explored as targets for anticancer therapy (Downward, 2003).

We recently identified a small compound (oncrasin-1) that can selectively kill cells
harboring K-Ras mutations (Guo et al.2008). Upon testing various oncrasin-1 analogues, we
identified a small compound, NSC-741909, that is highly active against and has a unique
anticancer spectrum in several NCI-60 cancer cell lines, suggesting that it could be a novel
anticancer agent. We also found that this agent can induce sustained JNK activation and
suppress the expression of MAPK phosphatase 1 (MKP1). However, the mechanisms by
which NSC-741909 induces apoptosis selectively in some cancer cell lines remain to be
determined.

To investigate the molecular mechanisms underlying NSC-741909-mediated antitumor
activity, we tested the effect of combining NSC-741909 with several kinase inhibitors
targeting the Raf/MEK/ERK1/2 or PI3K/AKT pathways. We found that PD98059 (2'-
amino-3'-methoxyflavone), a flavone derivative and a selective MEK inhibitor (Dudley et al.
1995), blocked the cell killing effect of NSC-741909. However, NSC-741909-induced
apoptosis was not blocked by U0126 and CI-1040, two other MEK inhibitors, but was
blocked by the other flavone derivatives, such as genistein and apigenin, which do not
inhibit MEK, suggesting that PD98059's blocking effect is independent of MEK/ERK
pathway. Our study also revealed that NSC-741909 induced a dramatic increase of reactive
oxygen species (ROS) in sensitive cells and that flavonoids mediated antagonist effect is
through scavenging of the NSC-741909-induced reactive oxygen species production.
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2. Material and Methods
2.1 Cultured cells

The human non–small cell lung carcinoma H460 ,H157, H322 and normal human fibroblast
(NHFB) cell lines were routinely propagated in a monolayer culture in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum, 100 units/ml penicillin, and 100
mg/ml streptomycin. All cells were maintained in the presence of 5% CO2 at 37°C.

2.2 Cytotoxicity studies
We determined cell viability using the sulforhodamine B (SRB) assay. Cells (4 × 103 in 100
μl of culture medium/well) were seeded in 96-well, flat-bottomed plates and treated the next
day with the drugs at the indicated concentrations. After 48 h, cells were washed once with
phosphate-buffered saline (PBS), and cell viability was determined on SRB assay, as
described previously (Guo et al.2009;Pauwels et al.2003). Briefly, after fixation of the
adherent cells with trichloroacetic acid in a 96-well microplate, the cells were stained with
SRB, and the optical density was determined at 570 nm to reflect the number of stained
cells. We determined the relative cell viability by normalizing the cells to the DMSO-treated
control cells, which was set at 1. Each experiment was performed in quadruplicate and
repeated at least three times.

2.3 Flow cytometry assays
For apoptosis analysis, cells were treated with NSC-741909 (1 μM) with or without kinase
inhibitors for the indicated times as described in the results. Briefly, after treatment, cells
were harvested with trypsin, washed once with fresh medium-containing serum, and then
washed twice with PBS. Cells were fixed with 75% ethanol overnight. Next, the cell pellets
were harvested and re-suspended with propidium iodide (BD San Jose, CA) for 15 min in a
dark place at room temperature. For reactive oxygen species analysis, the cell-permeable
nonfluorescent compound H2DCF-DA was used for measuring intracellular reactive oxygen
species. H2DCF-DA was dissolved in dimethylsulfoxide and diluted with phosphate-
buffered saline (PBS) to a final concentration of 5 μmol/L. Cells were seeded at a density of
2.5 × 105 cells/well in six-well plates and allowed to grow overnight. The cells were treated
either with 1 μM NSC-741909 alone for 6 h or with 10 μM PD98059, genistein ,apigenin
and U0126 pretreatment for half an hour before NSC-741909 was added. Subsequently, 5
μmol/L H2DCF-DA was added, and cells were incubated for 40 min at 37°C. Cells were
then returned to a prewarmed growth medium and incubated for 10 min at 37°C. Cells were
harvested with trypsin and washed once with PBS, and the fluorescence intensity was
determined using flow cytometry, with excitation and emission settings of 488 and 530 nm,
respectively. The mean fluorescence peak was analyzed from the gated cell population of
10,000 cells. All experiments were performed three times. The flow cytometry assays were
performed at the Flow Cytometry and Cellular Imaging Facility at The University of Texas
M. D. Anderson Cancer Center.

2.4 Western blot analysis
To prepare whole-cell extracts, cells were washed twice in cold PBS, collected, and then
lysed in lysis buffer (62.5 mM Tris [pH 6.8], 2% sodium dodecyl sulfate, and 10% glycerol)
containing 1× proteinase-inhibitor cocktail (Roche, Indianapolis, IN). The lysates were spun
at 14,000 × g in a microcentrifuge at 4°C for 10 min. The supernatants were then used as the
whole-cell extracts. Equal amounts (50–100 μg) of proteins were used for immunoblotting.
Proteins were subjected to electrophoresis under reducing conditions on 8–12.5% (w/v)
polyacrylamide gels and then electrophoretically transferred to nitrocellulose transfer
membranes (Amersham, Piscataway, NJ). The membranes were incubated with the primary
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antibody followed by the peroxidase-linked secondary antibody. An chemiluminescence
Western blotting system (GE Healthcare, Chalfont St. Giles, United Kingdom) was used to
detect the secondary probes.

2.5 Antibodies and reagents
We purchased antibodies against JNK, phospho-JNK (pThr183/pTyr185), ERK1/2 and
phospho-ERK1/2 ( pThr202/tyr204), phospho-pAkt (pSer473), phosphor-p38, cleaved
PARP and phospho-c-Jun (pSer63) from Cell Signaling Technology (Danvers, MA);
caspase 8 from BD Biosceinces ( San Jose,CA) and β-actin from Sigma-Aldrich (St. Louis,
MO). NSC-741909 was synthesized by Zhejiang Yuancheng (MST Inc., Hangzhou, China).
2’,7’-Dichlorofluorescein diacetate (H2DCF-DA) was purchased from Invitrogen Molecular
Probes (Carlsbad, CA, USA).

2.6 Statistical analysis
Statistical differences between treatment groups were assessed by analysis of variance
(ANOVA) using StatSoft software (Tulsa, OK, USA). P values of < 0.05 were regarded as
significant.

3. Results
3.1 PD98059 blocks the cell killing effect of NSC-741909

NSC-741909 is effective against several human cancer cell lines derived from lung, colon,
ovary, kidney and breast cancers, including those with or without K-Ras mutations. To
delineate NSC-741909's molecular mechanisms of action, we investigated the roles of
several key molecules in signaling pathways that are critical in maintenance of malignant
phenotypes and might be associated with NSC-741909-induced apoptosis. For this purpose,
we examined the effect of NSC-741909 in the presence or absence of kinase inhibitors
specific for MEK, PI3K, Akt, and p38, most of which are critically involved in downstream
Ras signaling.

The sensitive lung cancer cell lines H157 and H460 were treated with 0.03-10 μM
NSC-741909 alone or in combination with 10 μM Akt inhibitor X, an Akt-specific inhibitor
(Thimmaiah et al.2005); LY294002, a PI3K inhibitor (Shoba et al.2001); SB203580, a p38
MAPK inhibitor (Badger et al.1998); Bay-43-9006, a RAF kinase inhibitor (Panka et al.
2006); or PD98059, a MEK-specific inhibitor. We determined cell viability 48 h after
treatment. We found that, at the concentrations used, those inhibitors alone had minimal
impact on cell viabilities and that the presence of Akt inhibitor X, LY294002, Bay-43-9006
and SB203580 did not affect the cell killing effect of NSC-741909 (Fig. 1). However, the
presence of PD98059 dramatically reversed the cell killing effect of NSC-741909 in both
cell lines. When the H460 and H157 cells were treated with NSC-741909 alone, the IC50
values of NSC-741909 were 0.19 μM and 0.1 μM, respectively; however, the IC50 values
increased to 3.16 μM and 5 μM, respectively, when the cells were treated with NSC-741909
and PD98059, demonstrating that PD98059 has antagonist effect on NSC-741909-induced
apoptosis.

3.2 Flavonoids but not MEK inhibitors block the cell killing effect of NSC-741909
PD98059 is commonly used as a tool for dissecting the contributions of distal members of
the MAPK cascade to the biological processes (Cook et al.1997). In addition to inhibiting
the MEK pathway, PD98059 can also induce other biological functions. To test whether the
PD98059-mediated blocking effect is MEK dependent or independent, we evaluated the
effects of two other MEK inhibitors, U0126 (Favata et al.1998) and CI-1040 (Solit et al.
2006), which have different chemical structures than PD98059. Treatment of the H157 and
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H460 cells lines with U0126 and CI-1040 at doses that were sufficient to block ERK
phosphorylaton did not induce the blocking effects seen with PD98059 (Fig. 2A), suggesting
PD98059 mediated blocking effect is independent of MEK/ERK pathway.

Because PD98059 is a flavonoid, we then evaluated whether other flavonoids might have
effects similar to those of PD98059. For this purpose, we determined the dose response of
NSC-741909 in the H157 and H460 cells in the presence or absence of 10 μM genistein or
apigenin (see chemical structures on Supplemental S1). These two flavonoids reversed the
cell killing effect of NSC-741909, which was similar to that observed with PD98059 (Fig.
2B), suggesting that the PD98059-induced blocking effect could be mediated by some
biological function that is common for flavonoids.

3.3 Flavonoids inhibits NSC-741909-mediated MAPK activation
We performed Western blot analyses to investigate the mechanisms by which PD98059,
genistein, and apigenin blocked NSC-741909-induced antitumor activity and to test the
effect of those compounds on MAPKs, including ERK, p38, and JNK. H460 and H157 cell
lines were treated with 1 μM NSC-741909 in the presence or absence of 10 μM PD98059,
U0126, genistein, or apigenin. Cells were harvested 12 h after treatment, and the cell lysates
were used for Western blot assay. Cells treated with dimethyl sulfoxide (DMSO) or
PD98059, U0126, genistein, and apigenin alone were used as controls.

We found that in both cell lines, the levels of phosphorylated ERK, JNK, and p38 were
dramatically increased after treatment with NSC-741909, whereas no obvious changes or
only minor changes were observed for phosphorylated Akt. Both PD98059 and U0126
suppressed endogenous and NSC-741909-induced phosphorylation of ERK. PD98059,
genistein, and apigenin suppressed NSC-741909-induced phosphorylation of JNK and
suppressed NSC-741909-induced phosphorylation of p38, although PD98059 was less
effective than genistein and apigenin in suppressing p38 phosphorylation (Fig. 3A and 3B).
Although U0126 suppressed endogenous and NSC-741909-induced phosphorylation of
ERK, U0126 had no effect on NSC-741909-induced phosphorylation of JNK and p38. In
contrast, in NSC-741909 resistant H322 cell line there was little change in the
phosphorylation levels of Akt, p38, p44/p42, and JNK after treatment with NSC-741909
(Fig. 3C). In H322 cells, genistein reduced endogenous phosphorylation of p38, whereas
U0126 reduced endogenous phosphorylation of ERK. Because U0126 effectively
suppressed endogenous and NSC-741909-induced phophsorylation of ERK but had no
impact on NSC-741909-induced cell killing, we concluded that the antagonism of PD98059
on NSC-741909 was MEK independent. This conclusion is supported by the fact that the
PD98059 analogues apigenin and genistein had a similar antagonistic effect but had no
impact on endogenous and NSC-741909-induced phosphorylation of ERK.

3.4 Flavonoid-induced antagonism is time dependent
Next, we tested whether flavonoid-induced antagonism to NSC-741909 was time dependent.
Therefore, we treated H460 cells with 10 μM PD98059 half an hour before (-0.5 h), at the
same time as (0 h), or 0.5, 1, 2, 4, or 6 h after NSC-741909 was added to the cells. The dose
response to NSC-741909 was then determined 48 h after NSC-741909 treatment. We found
that adding PD98059 between -0.5 and 2 h after NSC-741909 treatment induced an
antagonistic effect. No obvious antagonistic effects or only mild antagonistic effects were
observed if PD98059 was added 4 h or later after NSC-741909 treatment (Fig. 4A). This
result demonstrated that flavonoid-induced antagonism to NSC-741909 is time dependent.

Flow cytometry assay confirmed this observation of NSC-741909-induced apoptosis 24h
after NSC-741909 treatment. Adding PD98059 to cells -0.5 h before or at the same time as
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NSC-741909 treatment almost completely blocked NSC-741909-induced apoptosis, whereas
adding PD98059 0.5 h, 2 h after NSC-741909 treatment blocked about 50% of
NSC-741909-induced apoptosis. In contrast, there was no effect on NSC-741909-induced
apoptosis if PD98059 was added 6 h after NSC-741909 treatment (Fig. 4B and C),
confirming that the antagonistic effect of flavonoid compounds on NSC-741909 is time
dependent.

We also determined the effect of flavonoids on NSC-741909-induced JNK activation. We
added 10 μM PD98059 and genistein to H460 cells at various times (0.5 h before, at the
same time as, or 0.5, 2, 4, or 6 h after treatment with NSC-741909). Cells treated with
DMSO or NSC-741909 alone was used as the controls. Cell lysates were harvested 12 h
after NSC-741909 treatment and analyzed on Western blot. We found that adding PD98059
and genistein either half an hour earlier or at the same time as NSC-741909 completely
blocked NSC-741909-induced phosphorylation of JNK and its substrate c-JUN. When added
2 h after NSC-741909, the blocking effect was partial for PD98059 and almost complete for
genistein. However, 6 h after NSC-741909 was added, no blocking was observed for JNK
and c-JUN phosphorylation (Fig. 4D).

3.5 Apigenin and Genistein can reverse NSC-741909 induced JNK activation and apoptosis
We have investigated whether flavonoids can reverse NSC-741909 induced JNK action. For
this purpose, we treated H460 cells with 1 μM NSC-741909 for 1 h. Western blot analysis
showed that this treatment was sufficient to activate JNK as evidenced by a dramatic
increase of phosphor-JNK. 10 μM of genistein and 10 μM of apigenin were then added to
cells, respectively. Cells were harvested overtime and levels of phosphor-JNK, were
determined by Western blot analysis. The results showed that apigenin and genistein can
diminish phosphor-JNK levels even if after NSC-741909 induced JNK activation had
occurred (Fig. 5A). This result demonstrated that, at least at 1 h after NSC-741909
treatment, flavonoids were able to reverse NSC-741909 induced JNK activation.

We also determined whether presence of apigenin and genistein suppressed NSC-741909
induced apoptosis. To this end, H460 cells were pretreated with 10μM of genistein, apigenin
or SP600125 (a JNK inhibitor) half hour before addition of 1μM of NSC-741909. The cells
were harvested 24 hours after NSC-741909 treatment. Levels of caspase 8 cleavages and
cleaved poly (ADP-ribose) polymerase (PARP) were determined by Western blot analysis
(Fig. 5 B). The result showed that genistein and apigenin, like the JNK inhibitor SP600125,
could block the NSC-741909 induced apoptosis.

3.6 Scavenging NSC-741909-induced reactive oxygen species by flavonoids
Our recent study showed that NSC-741909 induced sustained JNK activation by suppression
of JNK dephosphorylation and the expression of MAPK phosphatase-1. It is well known
that reactive oxygen species can inactivate protein phosphatases by oxidizing cysteines at
the catalytic domain, which leads to increased phosphorylation and activation of many
protein kinases, including MAP kinases (Kamata et al.2005;Knebel et al.1996). To test
whether reactive oxygen species was involved in NSC-741909-mediated antitumor activity,
we compared reactive oxygen species levels in normal human fibroblasts (NHFB),
NSC-741909-sensitive (H460) and –resistant (H322) cancer cells, with or without
NSC-741909 treatment. The result showed that treatment with NSC-741909 resulted in a
dramatic increase of reactive oxygen species in H460 cells, but not in NHFB and H322 cells
(Fig. 6A).

We then determined whether presence of flavonoids block NSC-741909-induced reactive
oxygen species in H460 cells. For this purpose, H460 cells were treated with 1 μM of
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NSC-741909 alone for 6 h or pre-treated with 10 μM PD98059, U0126, genistein and
apigenin, respectively, for half an hour before NSC-741909 was added. The generation of
reactive oxygen species was then determined. The results showed that that all three
flavoniods, but not U0126, significantly blocked the NSC-741909-induced reactive oxygen
species generation (Fig. 6A and 6B). These results suggested that flavonoids can scavenge
or block NSC-741909 mediated reactive oxygen species generation, thereby blocking its
antitumor activity and reactive oxygen species mediated MAP kinase activation.

3.7 Association of Flavonoids-induced antagonism and their effects on reactive oxygen
species scavenger and JNK activation

We further tested whether flavonoid-induced antagonism to NSC-741909 was associated
with their effects on reactive oxygen species scavenging and suppression of JNK activation.
To this end, H460 cells were treated with different doses of PD98059 half an hour before
NSC-741909 was added to the cells. The cell viability to NSC-741909 was then determined
48 h after NSC-741909 treatment. We found that addition of PD98059 before NSC-741909
treatment induced an antagonistic effect in a dose dependent manner (Fig. 7A). We also
determined dose response of PD98059-mediated antagonistic effects on NSC-741909-
induced apoptosis, reactive oxygen species production and JNK activation. H460 cells were
treated with different doses of PD98059 for half an hour and then with 1μM NSC-741909.
Levels of apoptosis, reactive oxygen species and p-JNK were then determined. The results
showed that PD98059-mediated antagonistic effects on NSC-741909-induced apoptosis,
reactive oxygen species generation, and JNK activation were also dose dependent (Fig. 7B,
C, and D). Similar dose-dependent antagonistic effects were observed when genistein was
used to block NSC-741909-induced apoptosis, reactive oxygen species generation and JNK
activation in H460 cells (data not shown). Together, those results demonstrated that
flavonoids-mediated antagonistic effect on NSC-741909-induced apoptosis was associated
with their effect on reactive oxygen species scavenging and JNK activation.

4. Discussion
NSC-741909 is an analogue of oncrasin-1 which we identified as an anticancer agent
through cell-based synthetic lethality screening (Guo et al. 2008). Testing of NCI-60 cell
lines showed that NSC-741909 has a unique anticancer spectrum and is effective against a
number of cancer cell lines derived from lung, colon, ovarian, kidney and breast cancers,
suggesting its novel mechanisms (Wei et al.2009). Molecular characterization of
NSC-741909 revealed that NSC-741909-induced activation of MAPK (including p38, JNK,
and ERK) in sensitive cells and that suppression of MAPK dephosphorylation could be the
primary cause of MAPK activation. The role of JNK activation in NSC-741909 induced
apoptosis was further supported by fact that JNK inhibitors or dominant-negative JNK can
effectively diminish NSC-741909-induced apoptosis. Because the prototype compound of
NSC-741909, oncrasin-1, has been identified through library screening for selective
cytotoxicity against oncogenic Ras-transformed cells, we tested whether Ras signaling
pathways were involved in NSC-741909's induced cell context–dependent apoptosis.
Effective antagonist effect of PD98059 (Dudley et al.1995), a well known MEK/ERK
inhibitor, on NSC-741909 induced apoptosis led us to perform the studies presented here.
Here, we demonstrated that PD98059 and other flavonoid analogues can effectively block
NSC-741909-induced apoptosis. This blocking effect is associated with suppression of
NSC-741909 induced JNK activation, but not with MEK/ERK inhibition.

PD98059 has been reported to exhibit antitumor cell proliferation and antitumor invasion
and metastasis activity against various tumor cell species in vivo and in vitro (Sato et al.
2002). However, attenuation of different apoptosis stimuli by PD98059 has also been
previously reported, and some of PD98059's antiapoptotic effects may not be attributable to
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MEK/ERK inhibition. It was reported that PD98059 could attenuate hydrogen peroxide-
induced cell death through inhibition of Jun N-terminal kinase in HT29 cells (Salh et al.
2000). Kim reported that PD98059 could regulate GSH homeostasis independent of MEK/
ERK inhibition (Kim et al.2006). Similar to PD98059, the flavonoids genistein and apigenin
have been studied extensively for their antitumorigenic activities in various cancers,
including prostate and breast cancers(Deorukhkar et al.2007). The reported mechanisms
associated with these flavonoids’ antitumor action include induction of cell cycle arrest and
apoptosis, inhibition of the action of transcription factors such as NF-κB, attenuation of the
phosphorylation of epidermal growth factor receptor and MAPK (Wei et al.1996), inhibition
of tyrosine kinases and activation of the intrinsic apoptosis pathway. In our study, we found
that flavonoids, including PD98059, could block NSC-741909-induced JNK activation and
apoptosis in cancer cells.

Flavonoids are polyphenolic compounds that are ubiquitous in nature and are categorized,
according to chemical structure, into flavonols, flavones, flavanones, isoflavones, catechins,
anthocyanidins and chalcones (Beecher, 2003). Over 4,000 flavonoids have been identified,
many of which occur in fruits, vegetables and beverages (tea, coffee, beer, wine and fruit
drinks) (Ficarra et al.2002). Genistein is one of isoflavones. Apigenin is a nonmutagenic
bioflavonoid. Both of them are able to induce antagonist effect on NSC-741909 induced
apoptosis without obvious effect on ERK phosphorylation, suggesting that flavonoids
mediated antagonist effect is independent of MEK/ERK pathway. This antagonist effect is
also not caused by chemical interactions between flavonoids and NSC-741909 because
incubation flavonoids with NSC-741909 did not alter chemical profile of NSC-741909 (data
not shown). Interestingly, all flavonoids that are able to block NSC-741909 induced
apoptosis are able to JNK activation, supporting our recent finding that JNK activation is
associated with NSC-741909 mediated antitumor activity (Wei et al.2009)

Several studies have shown that JNK functions as a proapoptotic kinase (Davis, 2000;Liu
and Lin2005). The most direct evidence is that jnk1-/-/jnk2-/- mice were resistant to
apoptosis induced by ultraviolet (UV) irradiation, anisomycin, and methylmethanesulfonate
(MMS) (Tournier et al.2000;Weston and Davis2002). Since UV irradiation was unable to
induce cytochrome C release or depolarization of the mitochondrial membrane potential in
jnk1-/-/jnk2-/- mice, it was proposed that JNK is an intrinsic component of the
mitochondrial-dependent death pathway during stress-induced apoptosis (Davis, 2000). In
support of this conclusion, it was reported that in CHO cells, the constitutively active
JNKK2- JNK1 fusion protein was sufficient to induce apoptosis by activating the intrinsic
death pathway (Zheng et al.1999). Moreover, JNK activation was reported to promote
flavopiridol/proteasome inhibitor-mediated lethality in leukemic cells that was also
significantly diminished by agents and siRNA blocking JNK activation (Dai et al.2003).
Further more, a JNK-dependent pathway is required for TNFalpha-induced apoptosis (Deng
et al.2003). Activation of JNK induces caspase 8-independent cleavage of Bid at a distinct
site, and translocation of cleaved Bid to mitochondria leads to preferential release of Smac/
DIABLO, but not cytochrome c. TNF-alpha-induced apoptosis is suppressed by inhibition of
the JNK pathway but promoted by its activation (Tang et al.2002). On the other hand,
reactive oxygen species was found to be the critical components in TNF-alpha induced
sustained JNK activation and apoptosis. Our recent study also revealed that NSC-741909
induced sustained JNK activation was largely caused by suppression of JNK
dephosphorylation. Here we found that flavonoids can effectively scavenge NSC-741909
induced reactive oxygen species generation and JNK activation, suggesting that reactive
oxygen species generation could be one of the mechanisms of NSC-741909 induced
antitumor activity and that flavonoids’ antagonist effect was likely through scavenging of
reactive oxygen species production.
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Because flavonoids exist widely in various fruits, vegetables and beverages, the finding of
the antagonist effects of flavonoids on NSC-741909 induced antitumor activity may have
impact on preclinical and clinical assessment of antitumor activities of NSC-741909 and its
analogues. Our data showed that, although flavonoids were able to reverse NSC-741909
induced JNK activation at 1 h after administration of NSC-741909, their antagonist effect
was reduced to minimal at 4 – 6 h after treatment of NSC-741909. This information might
have implication for design of in vivo experiments to evaluate antitumor activity of
NSC-741909 or its analogues.
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Fig. 1.
Antagonistic effect of PD98059 on NSC-741909-induced cell killing in H460 and H157
cells. H157 (A) and H460 (B) cells were treated with NSC-741909 alone or with 10 μM of
AKT inhibitor X, LY294002, SB203580, or PD98059, or 1μM of Bay-439006 0.5 h before
NSC-741909 treatment. Then, the dose response to NSC-741909 was determined after 48 h.
An SRB assay was performed to determine the cell viability, and the viability of cells treated
with DMSO was set at 1. The effects of the inhibitors alone were presented at the data points
when NSC-741909 was 0.
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Fig. 2.
Antagonistic effects of flavonoids genistein and apigenin. (A) H157 and H460 cells were
treated with NSC-741909 alone or with 10 μM of U0126 or 1μM of CI1040 0.5 h before
NSC-741909 treatment. Then, the dose response to NSC-741909 was determined after 48 h.
(B) H157 and H460 cells were treated with NSC-741909 alone or with 10 μM genistein or
apigenin 0.5 h before NSC-741909 treatment. Again, the dose response to NSC-741909 was
determined after 48 h. The effects of the MEK inhibitors or flavonoids alone were presented
at the data points when NSC-741909 was 0.
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Fig. 3.
Effects on MAP kinase activation. The H157 (A), H460 (B), and H322 (C) cells were
treated with DMSO, NSC-741909 alone, or 10 μM of PD98059, U0126, genistein, or
apigenin 0.5 h after NSC-741909 treatment. We performed Western blot analysis to detect
the changes of K-RAS downstream signals. Lane 1: DMSO; Lane 2: corresponding
inhibitors; Lane 3: NCS-741909; Lane 4: combination of NSC-741909 and inhibitors.
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Fig. 4.
Time-dependent antagonistic effects of PD98059. H460 cells were treated with NSC-741909
alone or NSC-741909 combined with 10 μM PD98059 given before (-0.5 h), at the same
time as (0 h), or after (0.5, 1, 2, 4, or 6 h) NSC-741909 treatment. Cells were harvested after
a total NSC-741909 treatment time of 48 h. Cells treated with DMSO were set up as the
control. (A) Cell viability assay. (B) Sub-G1 percentage. Cells were harvested after a total
NSC-741909 treatment time of 24 h. *P< 0.05, compared with cells treated with
NSC-741909 alone. (C) FAC diagram. (D) PD98059 and genistein block NSC-741909-
induced JNK activation. H460 cells were treated with NSC-741909 alone or NSC-741909
combined with 10 μM of PD98059 or 10 μM of genistein at different time points. Cells were
harvested at the time when the total NSC-741909 treatment reached 12 h. Cells treated with
DMSO were set up as the control. We performed Western blot analysis to detect the changes
of JNK phosphorylation.
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Fig. 5.
Antagonistic effect of genistein and apigenin on NSC-741909-induced JNK activation and
apoptosis. (A) Effect on JNK activation. After pretreatment with NSC-741909 for 1 hour,
H460 cells were treated with 10 μM genistein or 10 μM apigenin for the times indicated in
the text. Cells were harvested at the time when the total NSC-741909 treatment reached 12
h. Cells treated with DMSO were set as the control. We performed Western blot analysis to
detect the changes of JNK phosphorylation. (B) Effect on apoptosis. H460 cells were
pretreated with 10μM of genistein, apigenin or SP600125 (a JNK inhibitor) for half hour
before addition of 1μM of NSC-741909. The cells were harvested 24 hours after
NSC-741909 treatment. Levels of caspase 8 cleavage and cleaved PARP were determined.
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Fig. 6.
Flavonoids blocked NSC-741909-induced reactive oxygen species generation. The levels of
reactive oxygen species were determined by flow cytometric analysis. Cells treated with
DMSO were set as the control (Con). (A) A typical FAC diagram. Upper panel: H460, H322
and NHFB cells were treated with DMSO or 1μM NSC-7419091 for 6h. Lower panel: H460
cells were treated with 10 μM genistein, 10 μM PD98059, 10 μM apigenin or 10 μM U0126
for 0.5 h before adding 1 μM NSC-741909 for another 6 h. (B) Mean + S.D. of reactive
oxygen species values determined in 3 independent times. *P< 0.05, compared with cells
treated with NSC-741909 alone.
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Fig. 7.
Association of Flavonoids-induced antagonism and their effects on reactive oxygen species
scavenger and JNK activation. (A) Cell viability assay. H460 cells were treated with 0.1-10
μM PD98059 for 3 min before different doses of NSC-741909 were added to the cells. The
cell viability was then determined 48 h after NSC-741909 treatment. Cells treated with
DMSO were set up as the control. (B-D) H460 cells were treated with 0.1-10 μM PD98059
for half an hour and then with 1μM of NSC-741909. Cells treated with DMSO were set up
as the control (con). Levels of apoptosis (B), reactive oxygen species (C) and p-JNK (D)
were then determined. *P < 0.05, compared with cells treated with NSC-741909 alone.
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