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Abstract
NSC-743380 is a novel STAT3 inhibitor that suppresses the growth of several NCI-60 cancer cell
lines derived from different tissues and induces regression of xenograft tumors in vivo at various
doses. To evaluate the antitumor activity of NSC-743380 in lung cancer cells, we analyzed the
susceptibility of 50 NSCLC cell lines to this compound using cell viability assay. About 32% (16
of 50) of these cell lines were highly susceptible to this compound, with a 50% inhibitory
concentration (IC50) of <1 µM. In mechanistic studies, the increased numbers of apoptotic cells as
well as increased PARP cleavage showed that cytotoxic effects correlate with apoptosis induction.
Treatment with NSC-743380 inhibited transcription factor STAT3 activation and induced ROS
production in sensitive human lung cancer cell lines but not in resistant cells. Blocking ROS
generation with the antioxidant NDGA dramatically abolished NSC-743380-induced growth
suppression and apoptosis, but had minimal effect on NSC-743380-induced STAT3 inhibition,
suggesting that STAT3 inhibition is not caused by ROS production. Interestingly, knockdown of
STAT3 with use of shSTAT3 induced ROS generation and suppressed tumor cell growth.
Moreover, scavenging ROS induced by STAT3 inhibition also diminished antitumor activity of
STAT3 inhibition. In vivo administration of NSC-743380 suppressed tumor growth and p-STAT3
in lung tumors. Our results indicate that NSC-743380 is a potent anticancer agent for lung cancer
and that its apoptotic effects in lung cancer cells are mediated by induction of ROS through
STAT3 inhibition.
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1. Introduction
Signal transducer and activator of transcription 3 (STAT3) is a member of a family of latent
cytosolic transcription factors whose activation is contingent on the phosphorylation of the
conserved tyrosine residue (Y705) by upstream kinases [1]. Constitutive activation of
STAT3 has been detected at high frequency in diverse human cancer cell lines and tumors,
such as lung, prostate, ovarian, pancreatic, skin, and breast cancers [2]. STAT3 activation
leads to increased expression of downstream targets and increased cell survival,
proliferation, and tumor growth in vivo [3]. Inhibition of STAT3 results in increased
apoptosis, decreased proliferation, and decreased tumor size [3–5]. Thus, targeting the
STAT3 signaling pathway could provide an important approach in anticancer therapy.

Reactive oxygen species (ROS) and cellular oxidative stress have been associated with
cancer for a long time. However, the nature of this association is both complex and
paradoxical. For example, oxidants are required for tumor cell growth, and yet oxidative
stress can possibly be exploited therapeutically [6]. This can be further explained as follows:
under normal physiologic conditions, healthy cells maintain redox homeostasis. An increase
of ROS may promote cell proliferation and survival, as in the case of many cancer cells,
which are documented that ROS is responsible for initiation, progression, invasion and
metastasis of cancers [7,8]. However, when ROS increases to a high level, it may
overwhelm the antioxidant capacity of the cell and trigger the cell death process [9].
Therefore, inducing the generation of ROS or inhibiting the cellular antioxidant system to
trigger cancer cell death is a strategy shared by all nonsurgical therapeutic approaches for
cancers, including chemotherapy, radiotherapy, and photodynamic therapy [10,11].

Recently, we identified a small molecule, oncrasin-1, that effectively kills various human
lung cancer cells with the KRAS mutation by disrupting the RNA processing machinery
[12,13]. We also developed and evaluated a series of novel derivatives based on the
structure of oncrasin-1 [14]. In our initial testing, two of our compounds, in particular,
NSC-741909 and NSC-743380, were especially potent in their anticancer activity. Our
previous study showed that NSC-741909 can induce ROS generation and subsequent JNK
activation, which was one of the mechanisms of NSC-741909-mediated antitumor activity
[15,16]. Although NSC-741909 and NSC-743380 have similar anticancer efficacy in vitro
[14], NSC-743380 has much better anticancer efficacy in vivo and a better safety profile
than NSC-741909 has, which makes NSC-743380 more suitable for further evaluation as an
anticancer agent. Our recent study showed that NSC-743380 suppressed STAT3 activation
in breast and renal cancer cells, which is associated with the susceptibility of renal and
breast cancer cells to this compound.

In the current study, we further investigated the anticancer activity and mechanisms of
NSC-743380 in lung cancer cells. Our results showed that NSC-743380 is highly active
against a number of cancer cell lines derived from NSCLC lung cancer. Mechanistic studies
demonstrated that NSC-743380 induced a dramatic increase in ROS and down-regulated p-
STAT3 in its sensitive cell lines. We also found that suppression of STAT3 is sufficient to
induce ROS generation and cytotoxicity in lung cancer cells. Our results suggested that
STAT3 inhibition is one of the major mechanisms of action by NSC-743380.

2. Materials and methods
2.1. Cell lines and cell culture conditions

The 50 human NSCLC cell lines, including H460, H157, H1299, and H322, were
propagated in a monolayer culture in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% fetal bovine serum, 100 units/mL penicillin, and 100 µg/mL streptomycin. Normal
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human bronchial epithelial (HBEC3KT) [17] cells were grown in keratinocyte serum-free
medium (Invitrogen, Grand Island, NY) with supplements for keratinocyte-SFM and
antibiotics. The medium and antibiotics were from Invitrogen. All cells were maintained in a
37 °C incubator with 95% humidity and 5% CO2.

2.2. Chemicals and antibodies
NSC-743380 was synthesized in our laboratory as described previously [14]. This
compound was 98.5% pure, as determined by high-performance liquid chromatography-
mass spectrometry analysis. The chemical structure was confirmed by nuclear magnetic
resonance assay. The NDGA was purchased from Calbiochem (Rockland, MA) and the 2′,
7′-dichlorofluorescein diacetate (H2DCF-DA) from Invitrogen Molecular Probes.
Antibodies for Western blot analysis were obtained from Cell Signaling Technology
(Beverly, MA), except for β-actin, which was acquired from Sigma (St Louis, MO).
Secondary antibodies were purchased from Li-Cor Corp (Lincoln, NE).

2.3. ROS analysis
The cell-permeable nonfluorescent compound H2DCF-DA was used for measuring
intracellular ROS generation, as previously described [15]. Briefly, the day before the assay
was performed, cells were seeded at a density of 3 × 105 per well of six-well plates. The
cells were treated either with various concentrations of NSC-743380 for 6 h or with 1 µM
NSC-743380 for different time points, i.e., 0.5, 2, and 6 h, respectively. In the NSC-743380-
antioxidant combination experiments, the antioxidant was added 1 h before NSC-743380
was added. H2DCF-DA was dissolved in DMSO and diluted with pre-warmed phosphate-
buffered saline (PBS) to a final concentration of 5 µM. After treatment with NSC-743380,
the growth media was replaced with PBS containing the probe. After incubation for 40 min
at 37 °C, cells were returned to a pre-warmed growth medium and incubated at 37 °C for 10
min. Cells were trypsinized and washed with pre-warmed PBS once. The samples were then
subjected to a flow cytometry assay using a FACS Caliber (BD Biosciences, San Jose, CA).
The flow cytometry assays were performed at the Flow Cytometry and Cellular Imaging
Facility at The University of Texas MD Anderson Cancer Center. All experiments were
performed at least twice.

2.4. Apoptosis analysis
Apoptotic cells were analyzed by flow cytometry with use of propidium iodide staining (BD
Biosciences). In brief, cells were seeded at a density of 3 × 105 per 6-cm dishes, allowed to
grow overnight, and then treated with 0.3 µM or 1 µM NSC-743380 alone or in combination
with antioxidants for 24 h. The antioxidants were added to the cells 1 h before NSC-743380
was added. After the treatment, cells were harvested with trypsin, washed once with PBS,
and then fixed with 70% ethanol overnight at 4 °C. Cell pellets were harvested and
resuspended with 500 µL of 50 µg/mL propidium iodide containing RNase. Cells were
stained at room temperature for 30 min in the dark. Sub-G0/G1 cellular DNA content was
then measured with use of flow cytometry and Cell Quest software (BD Biosciences). All
experiments were performed at least twice.

2.5. Cell viability assay
Cells were seeded at a density of 4000 cells/well in 96-well plates. After overnight
incubation, the cells were treated for 72 h with NSC-743380 (0–31 µM), either alone or in
combination with antioxidants that were added to the cells 30 min before NSC-743380 was
added. The inhibitory effects of NSC-743380 alone or with antioxidants were determined by
using the sulforhodamine B assay (SRB assay), as described previously [18].
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2.6. shRNA and transient transfections
shRNA constructs in pLKO.1 vector specifically targeting human STAT3 sequences were
purchased from Open Biosystems (Lafayette, CO). Control cells were transfected with
pLKO.1 vector. Cells were transfected with shRNA by using Lipofectamine 2000
(Invitrogen) per the manufacturer’s instruction. At 48 h after transfection, cells were
harvested either for ROS generation analysis or for Western blot analysis.

2.7. Western blot analysis
Western blot analysis was performed to analyze protein expression and phosphorylation
after cells were treated with NSC-743380 alone or combined with antioxidants, or after
specific knockdown of STAT3. Briefly, cells were washed in PBS, collected, and then lysed
in RIPA buffer (radioimmunoprecipitation assay buffer, Tris–Cl 50 mM; NaCl 150 mM;
SDS 0.1%; Na-deoxycholate 0.5%; NP40 1%) containing proteinase inhibitor cocktail and
phosphatase inhibitor cocktail (Roche Applied Science, Indianapolis, IN). The lysate was
centrifuged at 10,000 × g at 4 °C for 10 min. The supernatant (50–100 µg of protein) was
fractioned by SDS-PAGE using 10% gels and was electrophoretically transferred to
Hybond-enhanced chemiluminescence membranes (GE Healthcare Life Sciences,
Piscataway, NJ). The membrane was blocked with blocking buffer (Li-Cor) at room
temperature for 1 h and then incubated with the primary antibody at 4 °C overnight. After
washing with phosphate-buffered saline with 0.1% Tween 20 (PBST), the membrane was
incubated with IRDye infrared secondary antibody (Li-Cor) for 1 h at room temperature.
The membrane was washed with PBST again and detected with the Li-Cor Odyssey Infrared
Imaging System.

2.8. Animal experiments
Animal experiments were carried out in accordance with Guidelines for the Care and Use of
Laboratory Animals (NIH publication number 85-23) and the institutional guidelines of
M.D. Anderson Cancer Center. Subcutaneous tumors were established in 6- to 8-week-old
female nude mice (Charles River Laboratories Inc., Wilmington, MD) by inoculation of 1.5
× 106 H157 cells into the dorsal flank of each mouse. After the tumors grew to 3–5 mm in
diameter, the mice were treated with intraperitoneal administration of NSC-743380 at a dose
of 100 mg/kg/day (dissolved in 0.5 mL solvent containing 2.5% DMSO, 5% Tween 80, 5%
ethanol and 10% polyethylene glycol 400) or solvent alone. Tumor volumes were calculated
by using the formula a × b2 × 0.5, where a and b represented the larger and smaller
diameters, respectively. Mice were killed when the tumors grew to 15 mm in diameter. For
testing whether STAT3 phosphorylation is suppressed, mice were treated with NSC-743380
for three days and tumors were harvested 24 h after the last treatment.

2.9. Immunohistochemical staining
Frozen sections of animal tumor specimens were used for immunostaining with antibodies
against p-STAT3 (Invitrogen) according to the manufacturer’s instruction. After incubation
with primary antibody and wash with PBS, slides were incubated in 1:500 Alexa Fluor 488
goat anti-rabbit IgG antibody for 60 min at room temperature in a humid atmosphere in the
dark. Slides were washed three times in PBS, then coverslip mounted with ProLong® Gold
antifade reagent with DAPI (Invitrogen), and the coverslip edges sealed with non-
fluorescent nail polish.

2.10. Statistical analysis
Each experiment or assay was performed at least two times, and representative examples are
shown. Data were reported as means ± SEM. Statistical significance between treated
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samples was calculated by using the Student’s t test. Differences were considered
statistically significant at P < 0.05.

3. Results
3.1. In vitro antitumor activity of NSC-743380 in lung cancer cell lines

The promising in vivo antitumor activity of NSC-743380 in renal tumor models led us to
further investigate the antitumor activity of this compound in 50 NSCLC cell lines as well as
its possible cytotoxicity in HBEC3KT (Fig. 1A). Cells were treated with 0.01–30 µM
NSC-743380 for 72 h. Cell viability was determined by using the SRB assay. The results
showed that NSC-743380 possessed selective cytotoxicity against a number of NSCLC cell
lines (Fig. 1A). Among the 50 NSCLC cell lines tested, the median 50% inhibitory
concentration (IC50) for NSC-743380 was 2.63 µM, and the growth of several of these cell
lines was remarkably inhibited by this agent. About 32% (16 of 50) of the cell lines had a
IC50 of <1 µM. For the most sensitive cell lines, the IC50 was ≤10 nM, the lowest
concentration tested in the study (Fig. 1A). The dose effects of NSC-743380 on cell viability
in two sensitive lung cancer cell lines with KRAS mutation (H460 and H157), two resistant
lung cancer cell lines (H322 and H1299), and a normal bronchial epithelial cell line
(HBEC3KT) are shown in Fig. 1B. NSC-743380 markedly suppressed cell growth in a dose-
dependent manner in H460 and H157 cells, with an IC50 of 0.32 µM and 0.2 µM,
respectively, whereas in H322, H1299, and HBEC3KT cells, the IC50 was ≥10 µM.

To further characterize the inhibitory effects of NSC-743380 on cell proliferation, we
performed cell cycle analyses with use of flow cytometry. In H460 and H157 cells,
treatment with NSC-743380 for 24 h resulted in a dramatic increase of apoptotic cells in a
dose-dependent manner (Fig. 1C). The percentage of apoptotic cell of H460 was about 30%
at 0.3 µM NSC-743380 and about 50% at 1 µM NSC-743380, compared with 1% in the
control cells treated with DMSO. The percentage of apoptotic cell of H157 was similar to
that of H460 cells. NSC-743380 did not induce apoptosis in either resistant or normal cell
lines. These results suggested that NSC-743380 can selectively suppress cell growth and
induce apoptosis in some cancer cell lines, for example, in H460 and H157 cell lines.

3.2. NSC-743380 down-regulates constitutive STAT3 phosphorylation in the sensitive cell
lines

Our recent study showed that NSC-743380 inhibited STAT3 phosphorylation in sensitive
renal and breast cancer cells [19]. To investigate whether NSC-743380 also suppressed
STAT3 phosphorylation in sensitive lung cancer cells, we treated the sensitive and resistant
lung cancer cells with 1 µM NSC-743380 for 12 h; then the whole cell extracts were
prepared, and phosphorylation of STAT3 at Y705 was examined by Western blot analysis.
The results showed that NSC-743380 could completely suppress p-STAT3-Y705 expression
in the sensitive cells, H460 and H157, whereas the effect on the basal STAT3 in these two
cell lines was minimal (Fig. 2A).

In contrast, NSC-743380 had no detectable effect on expression of p-STAT3 in resistant cell
lines H322 and H1299. Besides investigating the effects of NSC-743380 on the expression
of p-STAT3-Y705, we tested its effects on the expression of JAK2 and Src, which are
upstream regulators of STAT3 (Fig. 2A). NSC-743380 had minimal effect on levels of p-
JAK2-(Y1007/Y1008), JAK2, p-Src-Y527, and Src in both the sensitive and resistant cell
lines but had a moderate effect on the expression levels of p-Src-Y416 in the sensitive cell
lines.

It is well known that poly(ADP-ribose) polymerase (PARP) plays a crucial role in cell death
[20], and cleavage of PARP is an early event in apoptosis in intact cells [21]. Therefore, the
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effect of NSC-743380 on the cleavage of PARP was also studied. An 89-kDa apoptotic
fragment of PARP appeared after treatment in sensitive cell lines, whereas no such band was
observed in the control groups. In resistant cell lines, NSC-743380 showed no effect on
PARP cleavage (Fig. 2A, bottom).

Next, we evaluated the time- and dose-dependent changes of these proteins after
NSC-743380 treatment in H460 and H157 cells (Fig. 2B and C). H460 and H157 cells were
treated with 1 µM NSC-743380 for various time durations. Western blot analysis showed
that the phosphorylation of STAT3 was down-regulated as early as 30 min after treatment
and that constitutively active STAT3 (p-STAT3-Y705) was almost completely and durably
inhibited after 2 h; STAT3 levels, however, showed almost no change with treatment. On
the other hand, the expression of p-Src-Y416 was transiently inhibited at 30 min in both cell
lines, followed by restoration to the control level at 2 h. There was moderate inhibition of p-
Src-Y416 at 12 h in H460 cells. For both cell lines, there was mild expression of the cleaved
PARP at 6 h. Cleaved PARP was strongly induced at 12 h.

Analysis of dose response showed that inhibition of p-STAT3-Y705 was dose-dependent
and began at a dose of 0.1 µM while the inhibition of p-Src-Y416 was dose-dependent and
began at a dose of 0.3 µM. Moreover, the induction of cleaved PARP also showed dose-
dependent (Fig. 2C). Together, these results suggested that treatment with NSC-743380
induces inhibition of p-STAT3-Y705 before apoptosis is induced.

3.3. NSC-743380 induces ROS production in the sensitive cell lines
Our recent study showed that NSC-741909, an analogue of NSC-743380, induced ROS
production in sensitive cancer cell lines and that ROS induction is associated with
NSC-741909’s antitumor activity [15,16]. It would therefore be of interest to investigate
whether ROS would also be produced in sensitive cell lines by NSC-743380 treatment.
Thus, H460 and H157 cells were treated either with various concentrations of NSC-743380
for 6 h (Fig. 3A) or with 1 µM NSC-743380 for different time durations, i.e., 0.5, 2, and 6 h
(Fig. 3B). ROS production was determined by a specific fluorescent dye, H2DCF-DA. The
results showed that NSC-743380 induced a large amount of ROS in both a dose- and time-
dependent manner in both sensitive cell lines. In contrast, there was no ROS generation in
the resistant H1299 cells or in normal HBEC3KT cells. Small amount of ROS began to
generate as early as 2 h after treatment. ROS generation was about 3 times of the baseline
level after 6 h. In addition, increasing the concentration of NSC-743380 increased ROS
production substantially. Thus, as seen with NSC-741909, NSC-743380 triggers the
generation of ROS in both a dose- and time-dependent manner in the sensitive cell lines.

3.4. Antioxidant blocks NSC-743380-induced ROS production and suppresses cell death
To investigate the possible roles of ROS production in NSC-743380-induced antitumor
activity, we conducted tests to determine whether antioxidants could block ROS production
and/or suppress the corresponding cell apoptosis. For this purpose, cells were pretreated
with 10 µM NDGA [22], an antioxidant, for 1 h before treatment with 1 µM NSC-743380.
The amount of ROS generated was measured 6 h after treatment with NSC-743380. As
shown in Fig. 4A, NSC-743380-induced ROS production in H460 and H157 cells was
substantially reduced by pretreatment with NDGA. Also, cell viability analyses of H460
(Fig. 4B) and H157 (Fig. 4C) revealed that NDGA blocked NSC-743380-induced growth
suppression.

We also examined whether NDGA blocks NSC-743380-mediated apoptosis. To this end,
H460 cells were treated with 1 µM NSC-743380 for 24 h, with or without prior addition of
NDGA, and the percentage of apoptotic cells was analyzed by flow cytometry. Results
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showed that pre-treatment of cells with NDGA markedly decreased the percentage of
apoptotic cells compared with the cells treated with NSC-743380 alone (1% vs. 45%); in
contrast, the use of NDGA alone showed no effect on apoptosis compared with not treating
with NSC-743380 (1% vs. 1%) (Fig. 4D). Biochemical analysis using Western blot analysis
confirmed the above observation since the addition of NDGA dramatically blocked the
NSC-743380-induced cleavage of PARP (Fig. 4E). Nevertheless, NSC-743380-induced
ROS and subsequent apoptosis were not blocked by pretreatment with antioxidants N-
acetylcysteine or vitamin C (data not shown). Taken together, these results suggested that
NSC-743380 may induce oxidative stress through a specific pathway that is affected by
NDGA and that the increased ROS production is critical in NSC-743380-induced antitumor
activity.

3.5. Down-regulation of STAT3 suppresses cell viability through ROS production
Because NSC-743380 can induce both ROS production and STAT3 inhibition, an intriguing
question arises as to whether ROS generation is associated with STAT3 inhibition. To
address this question, we first examined whether blocking ROS generation with antioxidants
would affect STAT3 inhibition. To this end, H460 and H157 cells were treated with 10 µM
NDGA for 1 h before treatment with 1 µM NSC-743380 for 12 h, and the p-STAT3-Y705
expression level was examined by Western blot analysis. We found that NDGA had no
effect on the down-regulation of STAT3 phosphorylation induced by NSC-743380 in either
cell line (Fig. 5), although at this combination, NDGA effectively blocked ROS generation
(Fig. 4A). This result indicates that NSC-743380-induced STAT3 inhibition is independent
of ROS generation.

We then examined the effect of knockdown of STAT3 on the production of ROS. As shown
in Fig. 6A, STAT3-specific shRNA suppressed both p-STAT3-Y705 and STAT3 expression
in H460 cells, whereas no such suppression of STAT3 was observed in cells transfected with
control shRNA, thus indicating that shSTAT3 can knock down STAT3 effectively.
Moreover, two fold increase in ROS production was induced by shSTAT3 compared with
the control shRNA (Fig. 6B); in addition, the presence of shSTAT3 suppressed the cell
viability, i.e., ca. 70% reduction, in comparison with the control shRNA (Fig. 6C). Thus,
knockdown of STAT3 is sufficient to induce ROS production and cytotoxicity in H460
cells.

Next, the effect of an antioxidant, NDGA, on ROS production and cell viability associated
with STAT3 knocked down (shSTAT3) was studied. H460 cells were treated with NDGA
followed by treatment with shSTAT3 for 48 h. ROS production was monitored by flow
cytometry, and cell viability was determined by SRB assay. The results showed that NDGA
can effectively block ROS production and cell growth suppression induced by shSTAT3
(Fig. 6B and C). The fact that the antioxidant’s effect on cell viability coincides with the
effect on ROS production suggests that in H460 cells, shSTAT3 can induce cell death
through ROS production, which can be blocked by NDGA. This result suggested that
STAT3 inhibition could be the upstream of ROS production and one of major antitumor
mechanisms induced by NSC-743380.

3.6. In vivo antitumor activity of NSC-743380 in a lung cancer tumor model
To investigate the in vivo antitumor activity of NSC-743380 for lung cancer, we established
subcutaneous tumors 6- to 8-week-old female nude mice by the inoculation of 1.5 × 106

H157 cells into the dorsal flank of each mouse. After the tumors grew to 3–5 mm in
diameter, the mice were treated with intraperitoneal injections of solvent alone or 100 mg/
kg/day of NSC-743380 for 10 days. The tumor volumes were calculated using the formula a
× b2 × 0.5, where a and b represent the larger and smaller diameters, respectively. The
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results showed that NSC-743380 significantly suppressed tumor growth. In comparison with
solvent, NSC-74330 suppressed growth of tumor volume by 80% (Fig. 7A). We also
analyzed whether treatment with NSC-743380 suppressed STAT3 activity in vivo. For this
purpose, 3 animals/group were sacrificed after treatment for three days and tumor tissues
harvested for immunohistochemical staining of phosphor-STAT3. The result showed that
treatment with NSC-743380 dramatically suppressed STAT3 phosphorylation in tumor
tissues (Fig. 7B). Thus, NSC-743380 could effectively suppress STAT3 activity and tumor
growth in vivo in lung cancers.

4. Discussion
Our results showed that NSC-743380 is highly active against 16 of the 50 lung cancer cell
lines tested. The mechanisms underlying NSC-743380’s selectivity is not yet clear.
Although NCS-743380 was developed through analogue search of oncrasin-1 [12,13], a
compound identified by synthetic lethality screening on KRAS mutant tumors, the antitumor
activity of NSC-743380 in NCI-60 cell panel and in 50 NSCLC cell lines did not show a
significant correlation with KRAS mutations. A subtype of cancer cells (about 25–30%),
either with or without KRAS mutations, were highly sensitive to NSC-743380, in both
NCI-60 panel and in the lung cancer cell lines tested here. It is noteworthy, however, that
RAS activation signature was observed in a substantial number of primary lung
adenocarcinomas with wild-type KRAS [23], suggesting functional activation of RAS
signaling can be caused without RAS mutations. Whether NSC-743380’s antitumor activity
is associated with RAS activation signature remains to be determined. Mechanistic study on
H460 and H157 cells demonstrated that NSC-743380 inhibited cell proliferation and
induced apoptosis in sensitive lung cancer cells, accompanied by remarkable inhibition of
the constitutively active STAT3 with time- and dose-dependent patterns. These data,
together with previously published results [4,24–27], strongly confirm a model in which
targeting constitutive STAT3 signaling effectively inhibits both cancer cell survival and the
cancer-associated process [4,24–27]. Nevertheless, it is not clear if cellular levels of
constitutively active STAT3 is associated with the susceptibility to NSC-743380, although
our study on the four lung cancer lines tested here and four breast and renal cancer cell lines
tested in a recent study [19] all showed that sensitive cells have relatively high levels of p-
STAT3-Y-705. A survey on levels of constitutively active STAT3 in NCI-60 cell lines and
in the 50 lung cancer cell lines tested may provide an answer. Alternatively, correlation
analysis on gene expression levels and susceptibility to NSC-743380 may provide clues for
the selectivity. However, NSC-743380 has either minor or transient effects on the upstream
regulators of the STAT3 signaling pathway, the tyrosine kinases JAK2 and Src, suggesting
that the persistent inhibition of p-STAT3-Y705 by NSC-743380 might be JAK2- and Src-
independent. Unlike dasatinib, a Src family kinase inhibitor that induced sustained inhibition
of p-Src-Y416 but transient inhibition of p-STAT3-Y705 [28], NSC-743380 induced
sustained inhibition of STAT3 but transient inhibition of p-Src-Y416, suggesting that Src
family kinases are not the primary targets of NSC-743380. Whether reactivation of Src is
caused by a feedback of STAT3 inhibition is not yet clear. It is also not clear whether
NSC-743380 acts through interfering functions of SH2 domain of STAT3, as was reported
for some other STAT3 inhibitors [29,30]. Thus, the exact mechanism of NSC-743380
inhibition of STAT3 remains to be determined. Since multiple types of cancers, including
multiple myeloma [31], head and neck cancers [3], lymphomas, and leukemia [32], also
have constitutively active STAT3, the suppression of constitutively active STAT3 in lung
cancer cells raises the possibility that NSC-743380 may also inhibit constitutively activated
STAT3 in other types of cancer cells.

ROS are produced as byproducts of normal oxygen metabolism. Normal cells produce low
concentrations of ROS, which can be effectively neutralized by the potent antioxidant
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system of the cells. In contrast, cancer cells produce elevated levels of ROS because of their
increased metabolic activity, resulting in a state of chronic oxidative stress [33]. This
abnormal increase in ROS renders cancer cells very sensitive to oxidative stress inducers
[34]. Excessive levels of ROS beyond the antioxidant capacity of cancer cells can readily
induce cell cycle arrest and apoptosis [6,9]. ROS induced DNA damage and subsequent
overactivation of PARP may lead to excessive consumption of ATP and NAD+ and
translocation of apoptosis-inducing factor from mitochondria to nucleus, and finally
apoptosis [35]. In fact, PARP inhibitors were reported to completely protect lymphocytes
from radical-induced apoptosis [4], suggesting that PARP is one of downstream mediators
of ROS-induced apoptosis. Acute generation of ROS is frequently observed in apoptosis
induced by various anticancer agents [36–40]. These agents further elevate ROS levels
beyond a threshold, ultimately triggering apoptosis in the cancer cells. However, normal
cells are less sensitive to agents that induce oxidative stress due to their low basal ROS
output and high antioxidant capacity. This biochemical difference between normal and
cancer cells may constitute a basis for modulating cellular ROS as an anticancer therapeutic
strategy to selectively kill cancer cells.

The present study demonstrated that NSC-743380 can induce ROS overproduction in the
H460 and H157 sensitive lung cancer cell lines in a dose- and time-dependent manner but
cannot induce ROS in the normal cell line, HBEC3KT, or in the resistant cell line, H1299.
Furthermore, NSC-743380-induced ROS production can be blocked by NDGA, a ROS
scavenger, in both sensitive cell lines. Parallel to this, apoptosis induced by NSC-743380 in
the sensitive cell lines is ROS-dependent since NDGA can also block the NSC-743380-
mediated apoptotic effect in H460 cells. These results are consistent to our previous finding
on antagonist effect of NDGA to an analogue NSC-741909 [15,16], indicating that ROS
generation is critical in NSC-743380-induced antitumor activity in lung cancer cells.

Because NSC-743380 induced both STAT3 inhibition and ROS generation, it would be
interesting to investigate whether these two effects are associated. The effect of ROS on
STAT3 phosphorylation and activation is controversial. ROS has been reported to activate
the JAK/Stat pathway through inactivation of tyrosine phosphatases [41–43]. However,
oxidation of cysteine residues in JAK and STAT3 proteins themselves was reported to
inhibit phosphorylation and activation of these proteins [44–46]. Our results showed that
scavenging ROS with some antioxidants block NSC-743380-induced cell killing but had no
notable effect on NSC-743380-induced STAT3 inhibition, suggesting that STAT3 inhibition
is independent of NSC-743380-mediated ROS generation. We also investigated whether
STAT3 inhibition was sufficient to induce ROS generation. Our results showed that
knockdown of STAT3 by STAT3-specific shRNA was sufficient to induce ROS production
and suppress cell growth, which was also blocked by NDGA. This result suggested that
STAT3 inhibition might be upstream of ROS induction.

Indeed, STAT3 was reported to scavenge ROS by upregulating manganese superoxide
dismutase and its enzyme activity [47] and to suppress Fas-induced oxidative stress [48].
Furthermore, mitochondrial STAT3, which supports RAS-mediated transformation, may
involve in regulating glucose and redox metabolisms [49]. Suppression of STAT3 has been
found to induce oxidative stress in astrocytes and in myeloid-derived suppressor cells
[50,51]. These results, along with our own, suggested that ROS could be a downstream
mediator of STAT3 signaling and that suppression of STAT3 might be an effective approach
to modulate cellular oxidative stress for therapeutic benefit.
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Abbreviations

H2DCFDA 2′,7′-dichlorofluorescein diacetate

JNK c-Jun N-terminal kinase

HBEC3KT normal human bronchial epithelial

NDGA nordihydroguaiaretic acid

PI propidium iodide

PARP poly(ADP-ribose) polymerase

ROS reactive oxygen species

STAT3 signal transducer and activator of transcription 3

SRB sulforhodamine B
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Fig. 1.
Cytotoxicity of NSC-743380. (A) Cytotoxicity of NSC-743380 for 50 lung cancer cell lines.
Bar graph shows the calculated IC50 for 50 lung cancer lines. (B) Cell growth suppression
induced by NSC-743380 in various cell lines. Two sensitive cell lines (H460 and H157),
two resistant cell lines (H1299 and H322), and a normal cell line (HBEC3KT) were treated
with various concentrations of NSC-743380 (0.01–30 µM). Cell viability was determined 72
h after treatment. Cells treated with dimethylsulfoxide alone were used as controls, and their
viability was set to 100%. (C) Apoptosis induced by either 0.3 µM or 1 µM NSC-743380 in
both sensitive cell lines (H460 and H157) and resistant cell lines (H1299 and H322). Cells
were treated with various concentrations of NSC-743380 for 24 h and then harvested and
incubated with propidium iodide for 30 min. Samples were then subjected to flow cytometry
analysis. Percentage of apoptosis was shown as bar graph. Each data point represents the
mean ± SD of three independent experiments. The representative histograms were shown in
(D).
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Fig. 2.
Down-regulation of p-STAT3-Y705 by NSC-743380. (A) Both sensitive and resistant cells
were treated with 1 µM NSC-743380 for 12 h, and cell lysates were prepared. Expression
levels of p-STAT3-Y705, STAT3, p-Src-Y416, p-Src-Y527, Src, p-JAK2-(Y1007/1008),
JAK2, and cleaved PARP were determined by Western blot analysis. β-Actin was used as a
loading control. (B) Time-dependent changes of proteins mentioned above. H460 and H157
were treated with 1 µM NSC-743380 at different time duration, 0.5, 2, 6, and 12 h,
respectively. (C) Dose-dependent changes of proteins mentioned above. H460 and H157
cells were treated with various concentrations of NSC-743380, i.e., 0.1, 0.3, 1, and 3 µM,
respectively, for 12 h.
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Fig. 3.
ROS generation in H460, H157, H1299, and HBEC3KT cells after treatment with
NSC-743380. (A and B) Dose- and time-dependent ROS production induced by
NSC-743380. Cells were treated with different concentrations of NSC-743380 for 6 h (A) or
with 1 µM NSC-743380 at various periods (B). Cells were then stained by H2DCF-DA and
subjected to flow cytometry analysis. Cells treated with dimethylsulfoxide (DMSO) were
used as controls, and their mean fluorescent intensity was set at 1. Each data point represents
the mean ± SD of two independent experiments. (C) Representative histograms of ROS
induction by NSC-743380 were shown, grey dot lines represent DMSO control and black
lines represent ROS production after treatment with 3 µM NSC-743380 for 6 h.
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Fig. 4.
Antagonistic effects of NDGA on NSC-743380-induced ROS generation and apoptosis.
Cells were pretreated with or without 10 µM NDGA for 1 h and then treated with 1 µM
NSC-743380 for 6 h. Cells treated with DMSO were used as controls. (A) ROS generation
was monitored by flow cytometry after treatment with NSC-743380. (B and C) Cell viability
was determined by sulforhodamine B assay. (D) Cell killing effect was examined by flow
cytometry, the percentage of apoptosis cell was shown as bar graph. (E) PARP cleavage was
determined by Western blot analysis. The experimental settings and calculation methods
were the same as those mentioned above.
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Fig. 5.
Effect of NDGA on NSC-743380-induced down-regulation of p-STAT3-Y705. H460 and
H157 cells were pretreated with 10 µM NDGA for 1 h and then treated with 1 µM
NSC-743380 for 12 h. Whole cell lysate from both cells were prepared for Western blot
analysis of p-STAT3-Y705 and STAT3. β-Actin was used as a loading control.
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Fig. 6.
Down-regulation of STAT3 suppresses cell viability through ROS production. H460 cells
were treated with shSTAT3 for 48 h. Cells treated with shRNA-control (shRNA-c) were
used as a control. (A) Whole cell lysate was prepared and Western blot analysis was
performed to determine protein levels using indicated antibodies. β-Actin was used as a
loading control. The ratios of STAT3 to β-actin and p-STAT3 to β-actin are shown in bar
graph. (B and C) H460 cells were pretreated with or without 10 µM NDGA for 1 h before
treatment with shRNA for 48 h. (B) Cells were harvested and stained with H2DCF-DA;
ROS production was then determined by flow cytometry. Mean fluorescence intensity in
cells transfected with shRNA-control was set as 1. (C) The percentage of viable cells was
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determined by the SRB assay. Cells treated with shRNA-control were used as a control, with
viability set at 100%. The values shown represent the mean ± SD of two determinations.
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Fig. 7.
In vivo antitumor activity of NSC-743380. (A) Suppression of tumor growth. Mice bearing
subcutaneous tumors derived from H157 cells were treated with NSC-743380 or solvent.
Tumor volumes were monitored over time after the treatments. The values are the means ±
SD of data from 8 mice per group. (B) Expression of p-STAT3 in tumors treated with
NSC-743380 or solvent. The nucleus of tumor cell was revealed by DAPI staining.
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