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NSC-741909 is a recently identified novel anticancer agent
that suppresses the growth of several NCI-60 cancer cell lines
with a unique anticancer spectrum. However, its molecular
mechanisms remain unknown. To determine the molecular
mechanisms of NSC-741909-induced antitumor activity, we
analyzed the changes of 77 protein biomarkers in a sensitive
lung cancer cell line after treatment with this compound by
using reverse-phase protein microarray. The results showed
that phosphorylation of mitogen-activated protein (MAP)
kinases (P38 MAPK, ERK, and JNK) were persistently elevated
by the treatmentwithNSC-741909.However, only the JNK-spe-
cific inhibitor SP600125 effectively blocked the apoptosis
induced by NSC-741909. Moreover, NSC-741909-mediated
apoptosis was also blocked by a dominant-negative JNK con-
struct, suggesting that sustained activation of JNK is critical for
the apoptosis induction. Further studies revealed that treatment
with NSC-741909 suppressed dephosphorylation of JNK and
the expression of MAPK phosphatase-1. Thus, NSC-741909-
mediated inhibition of JNK dephosphorylation results in sus-
tained JNK activation, which leads to apoptosis in cancer cells.

Because of genetic and epigenetic changes in cancer cells, it is
possible to identify tumor-selective cytotoxic agents by syn-
thetic lethality screening for compounds that kill isogenic can-
cer cells but not their normal counterparts (1). The term syn-
thetic lethality was originally used to describe a lethal
phenotype caused by mutations of two genes (2), i.e.mutations
of the two genes are lethal if they occur together but viable if
they occur separately. A synthetically lethal phenotype often
indicates that the two genes or two related pathways affect a
common essential biologic function. Unfortunately, our cur-
rent knowledge ofmolecular networks in normal or cancer cells
is not adequate for us to predict what genes are synthetically
lethal partners to an oncogene or a mutated tumor suppressor
gene. Nevertheless, synthetic lethality screening allows us to
identify cytotoxic agents specific for certain cancer cells

because a compound targeting to such a partner can be identi-
fied by their lethality when administered to cancer cells with
elevated activities of a particular oncogene.
Using synthetic lethality screening, we recently identified an

indole compound (designated oncrasin-1) that kills immortal-
ized and tumorigenic human ovarian epithelial cells expressing
mutant K-Ras but not cells expressing wild-type Ras genes (3).
Furthermore, this compound effectively induced apoptosis at
low micromolar or nanomolar concentrations in a variety of
lung cancer cellswithK-Rasmutations but did not kill cellswith
wild-type Ras genes. Molecular characterization revealed that
oncrasin-1 can induce abnormal aggregation of protein kinase
C-� in the nucleus of oncrasin-sensitive cells but not in oncra-
sin-resistant cells and that oncrasin-1-induced apoptosis was
blocked by siRNA3 of K-Ras or protein kinase C-� (3), demon-
strating that oncrasin-1 is synthetically lethal for K-Ras and
protein kinase C-�, one of the downstream effectors of Ras sig-
naling pathways (4). Our search for oncrasin-1 analogues iden-
tified several active compounds with similar chemical struc-
tures. Testing of one of the oncrasin-1 analogues, oncrasin-60
(NSC-741909), on NCI-60 cancer cell lines showed that it is
highly active against several cell lines derived from lung, colon,
breast, ovary, and kidney cancers and that it lies outside the
category of adequately studied classes of antitumor agents, sug-
gesting that those compounds could be novel anticancer agents.
However, the mechanisms of apoptosis induction by oncrasin
compounds remain to be characterized. Here, we used reverse-
phase protein array to determinemolecular changes induced by
NSC-741909 in a sensitive cell line. Our results indicated that
sustained c-Jun N-terminal protein kinase (JNK) activation
caused by suppression of JNK dephosphorylation contributes
to NSC-741909-induced apoptosis.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—The human non-small cell lung
carcinoma H460 and H157 cell lines were routinely grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and 100 mg/ml penicillin-streptomycin (all
from Invitrogen). Cells were cultured at 37 °C in a humidified
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incubator containing 5% CO2. We also used human ovarian
surface epithelial cells immortalized with the catalytic subunit
of human telomerase reverse transcriptase and the SV40 early
genomic region (designated T29) and its tumorigenic deriva-
tives transformed withmutant K-Ras (T29Kt1) (5). The culture
conditions were the same as above.
Chemicals and Antibodies—NSC-741909 was synthesized by

Zhejiang Yuancheng MST Inc. (Hangzhou, China). The purity
of this compound as determined by high performance liquid
chromatography-mass spectrum analysis is 98.5%. The chemi-
cal structure was confirmed by nuclear magnetic resonance
spectrum analysis. U0126, SB203580, and JNK inhibitor II
(SP600125) were purchased from Calbiochem. Antibodies to
the following proteins were used for Western blot analysis:
JNK, phospho-JNK, phospho-c-Jun, P38, phospho-P38, phos-
pho-ERK, phospho-MKK7 (Cell Signaling), MKP1 (c-19)
(SantaCruz Biotechnology), poly(ADP-ribose) polymerase (BD
Pharmingen), caspase-8 (ALEXIS Biochemicals), �-actin, and
hemagglutinin (HA) (Sigma).
Reverse-phase Protein Array—The cells werewashed twice in

ice-cold phosphate-buffered saline (PBS) and then lysed in
reverse-phase protein microarrays (RPPA) lysis buffer (1% Tri-
ton X-100, 50 mmol/liter HEPES (pH 7.4), 150 mmol/liter
NaCl, 1.5 mmol/liter MgCl2, 1 mmol/liter EGTA, 100 mmol/
liter NaF, 10 mmol/liter NaPPi, 10% glycerol, 1 mmol/liter
Na3VO4, 1 mmol/liter phenylmethylsulfonyl fluoride, and
aprotinin 10 �g/ml; alternatively, whole proteinase inhibitor
tablets could be used (Roche Applied Science)) for 30 min with
frequent vortexing on ice. The resultant solution was centri-
fuged for 15 min at 14,000 rpm, the supernatant was collected,
and the protein concentration was determined by bicincho-
ninic acid protein assay kit (Thermo Scientific) assays and then
adjusted to 1–1.5mg/ml by lysis buffer. Cell lysates weremixed
with one-quarter volume of 4� SDS sample buffer containing
40% glycerol, 8% SDS, 0.25 M Tris-HCl, pH 6.8, and 10% (v/v)
2-mercaptoethanol (freshly added).
RPPA assay was performed at the Functional Proteomics

Reverse-Phase Protein Array Core facility at our institution.
Serial diluted cell lysates were printed on nitrocellulose-coated
slides (Whatman, Inc) by using a G3 arrayer (Genomic Solu-
tions). A total of 960 array spots could be arranged on each
slide, including 96 spots corresponding to positive and negative
controls prepared from dilution buffer. A total of 80–90 slides
were made for each sample. Each slide was probed with a vali-
dated primary antibody plus a biotin-conjugated secondary
antibody. The signal was amplified using a DakoCytomation-
catalyzed system (Dako) and visualized by a 3,3�-diaminoben-
zidine tetrahydrochloride colorimetric reaction. The slides
were scanned, analyzed, and quantified using customized soft-
ware, Microvigene (VigeneTech, Inc.), to generate spot inten-
sity. Signals from each dilution were fitted with the logistic
model developed by the Department of Bioinformatics and
Computational Biology at the M. D. Anderson Cancer Center.
The protein concentrations of each set of slides were then nor-
malized and corrected across samples by the linear expression
values, using themedian expression levels of all antibody exper-
iments to calculate a loading correction factor for each sample.

Cell Viability Assay—Cells were seeded at a density of 1 �
104 cells/well in 96-well plates. After overnight incubation, the
cells were treated with NSC-741909 (0.03–10 �M) alone or in
combinationwith different compounds for 24 h. The inhibitory
effects of NSC-741909 alone or in combination with other
agents on cell growth were determined using the sulforhoda-
mine B assay, as described previously (6). Each experiment was
performed in quadruplicate and repeated for a total of at least
three times.
Flow Cytometric Assay—The flow cytometric assay was per-

formed as described previously (7). In brief, 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 with NSC-741909 (1
�M) alone or in combination with different inhibitors for 24 h.
The inhibitors were added 30 min before NSC-741909. After
treatment, cells were harvested, washed with PBS, and fixed by
70% ethanol overnight at 4 °C. Before analysis, cells were
stained with propidium iodide for 30 min. Then the flow cyto-
metric assay was used to measure the sub-G0/G1 cellular DNA
content using Cell Quest software (BD Biosciences). The flow
cytometric assayswere performed in theCore Laboratory of the
M. D. Anderson Cancer Center.
Western Blot—Cells were harvested and subjected to lysis in

Laemmli lysis buffer. Equal amounts of lysates (40 �g) were
separated by 10% SDS-PAGE and then transferred to Hybond-
enhanced chemiluminescence membranes (Amersham Bio-
sciences). Membranes were then blocked with PBS buffer con-
taining 5% low fat milk and 0.05% Tween (PBST) for 1 h and then
incubated with primary antibodies overnight at 4 °C. After being
washed three times with PBST, membranes were incubated with
peroxidase-conjugated secondary antibodies for 1 h at room tem-
perature. The membranes were washed with PBST again and
developed with a chemiluminescence detection kit (ECL kit;
Amersham Biosciences). �-Actin was used as a loading control.
Plasmid and siRNA Transfection—H157 cells were trans-

fected with the plasmid pLNCX-3X/HA-p46JNK1� (dnJNK1
(dominant-negative JNK1 mutant construct)) (kindly provided
by Dr. L. E. Heasley, University of Colorado Health Sciences
Center, Denver, CO) (8), which encoded an HA-tagged domi-
nant-negative JNK1 mutant whose phosphorylation site, Thr-
Pro-Tyr (TPY), is altered to Ala-Pro-Phe (APF). The retroviral
vector encoding dnJNK1 was then prepared from 293/Phoenix
cells and used to infect target cells. Stable transfectants were
selected for growth in the presence of 500 �g/ml Geneticin
(G418). Plasmid or siRNA transfection was performed with
FuGENE6 reagent (Roche Diagnostics) or ON-TARGETplus
siRNA reagents (Dharmacon).
Total JNK Phosphatase Activity—Total JNK phosphatase

activity was determined as reported earlier (9). Briefly, cells
were homogenized in 50 mM Tris-HCl (pH 7.4), 250 mM NaCl,
3 mM EDTA, 3 mM EGTA, 1% Triton X-100, 2 mM dithiothre-
itol, 1mM phenylmethylsulfonyl fluoride, and proteinase inhib-
itor complex. After 20 min of centrifugation at 16,000 � g at
4 °C, JNK1/2 were removed from the supernatants by immuno-
precipitation, and the immunodepleted lysates were mixed
with phosphorylated JNK1/2 isolated from H460 cells 4 h after
treatment with 1 �M NSC-741909 at 37 °C. The reactions were
terminated by the addition of 2% SDS and separated by SDS-
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PAGE. Dephosphorylation of activated JNK was then detected
with an anti-phospho-JNK antibody.
Real-time PCR—Total RNA was extracted from cells using

TRIzol reagent (Invitrogen). A 500-ng aliquot of each RNA
sample was reverse-transcribed in a 20-�l reaction volume
using the Taqman reverse transcription reagents (Applied
Biosystems). The 10-fold dilutions of the cDNA product
were used in real-time PCR. Real-time PCR was carried out
in 20 �l of a reaction mixture containing 2 �l of diluted
cDNA, 10 �l of 2� Absolute Blue QPCR SYBR Green mix
buffer (Thermo Fisher Scientific), 5.2 �l of double-distilled
water, and 1.4 �l each of sense and antisense primers (70 nM

final concentration). Real-time PCR assays were performed
in triplicate using a CRF96TM real-time system (Bio-Rad)
with the following conditions: 95 °C for 15 min, 40 cycles at
95 °C for 10 s, 58 °C for 15 s, and 72 °C for 30 s. The following
primer sequences for the genes were used: MKP1, sense 5�-
CCAGTACAAGAGCATCCCTGT-3�, and antisense 5�-
AGTGGACAAACACCCTTCCTC-3�; GAPDH, sense 5�-
GGCTCTCCAGAACATCATCC-3�, and antisense 5�-TAG-
CCCAGGATGCCCTT-3�. The sets of gene primer for the
target geneMKP1were confirmed to have amplification effi-
ciency equal to that of the reference gene GAPDH. The rel-
ative RNA expression was calculated automatically by the
installed software of the instrument with the ��Ct method,
using GAPDH as a reference gene.
Data Analysis—Differences between treatment groups were

assessed using the unpaired Student’s t test at a significance
level of p � 0.05.

RESULTS

Antitumor Activity of NSC-741909 in NCI-60 Cancer Cell
Lines—After we identified oncrasin-1 through synthetic lethal-
ity screening (3), we tested a number of analogues with similar
chemical structure and found that several were very active in
T29Kt1 and H460 cells that harbor mutant K-Ras but were
inactive in T29 cells with wild-type Ras genes. We submitted a
few highly active compounds, including NSC-741909 (oncra-
sin-60, Fig. 1a), to the NCI Developmental Therapeutics Pro-
gram (National Institutes of Health) for testing their effect on a
panel of 60 cancer cell lines derived from various tissues and
organs. The test performed at the NCI (National Institutes of
Health) showed that NSC-741909 was active against a number
of cancer cell lines derived from non-small-cell lung cancer,
colon cancer, melanoma, ovarian cancer, renal cancer, and
breast cancer. Among 54 of the cancer cell lines tested, the
median 50% growth inhibitory concentration (GI50) for NSC-
741909 was 1.12 �M. For five of themost sensitive cell lines, the
GI50 was �10�8 M or 10 nM, the lowest concentration tested by
the NCI (National Institutes of Health) (Fig. 1b). The analysis
performed by the Developmental Therapeutics Program at the
NCI (National Institutes of Health) also showed that
NSC-741909 lies outside the category of adequately studied
classes of antitumor agents, suggesting that it has novel anti-
cancer mechanisms. This compound is currently under pre-
clinical evaluation for its in vivo efficacy and toxicity by the
Rapid Access to Intervention Development (RAID) Program at
the NCI (National Institutes of Health).

FIGURE 1. Antitumor activity of NSC-741909. a, the structure of NSC-741909. b, antitumor activity of NSC-741909 in NCI-60 cancer cell lines. NSC-741909 was
submitted to the NCI Developmental Therapeutics Program (National Institutes of Health) for testing its effect on a panel of 60 cancer cell lines derived from various
tissues and organs. The 50% growth inhibitory concentrations (GI50) at logarithmic scale were calculated and are shown in the bar graph. The middle line represents the
median 50% growth inhibitory concentration for NSC-741909 (i.e. �5.95 for the logarithmic concentration). CNS Cancer, central nervous system cancer.
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Sustained Activation of MAPK Signaling Pathways by
NSC-741909—To characterize molecular changes induced by
NSC-741909, we treated H460 cells with 1 �M NSC-741909 (a
concentration around IC80) and harvested the cells at various
time points after the treatment; cells treated with solvent alone
(DMSO) were used as controls. The samples were then immo-
bilized in RPPA, and each array was tested with a validated
antibody specific to a particular protein or a particular post-
translational modification of a protein. Seventy-seven antibod-
ies specific for proteins or their post-translational modifica-
tions that are involved in various signaling pathways were used
in theRPPAanalysis (Fig. 2a). The result showed that treatment
with NSC-741909 dramatically increased the signal intensity of
phosphorylated P38 (p38.pT180.Y182), phosphorylated JNK
(JNK.pT180.Y182), and phosphorylated ERK (MAPK.pT202.
Y204) when compared with results for control cells. The
increase of those phosphorylation signals occurred as early as
1 h after treatment and were as high as �100-fold for JNK (Fig.
2b). In comparison, the signal changes for other proteins or
post-translational modifications were insignificant.
To verify the results of the RPPA assay, we treated two oncra-

sin-sensitive cell lines, H460 (1 �M) and T29Kt1 (10 �M, also
around IC80 for this cell line), and one oncrasin-resistant cell
line, T29 (10�M),withNSC-741909 andharvested the cells at 0,
8, and 12 h after the treatment. Western blot analysis showed
that treatment with NSC-741909 induced dramatic up-regula-
tion of phospho-JNK, phospho-P38, and phospho-ERK at 8 and
12 h after treatment in the two sensitive cell lines but not in the
resistant cell line (Fig. 3a).We then evaluated the time-depend-
ent changes of these signal molecule alterations after
NSC-741909 treatment in H460 cells. The results showed that
the phosphorylations of JNK, P38 MAPK, and p44/p42 ERK
were induced as early as 30 min after NSC-741909 treatment,

whereas the expression of basal JNK or basal P38 MAPK was
not affected (Fig. 3b). The elevation of phosphorylated JNK,
P38, and ERK lasted for at least 15 h after treatment (Fig. 3b).
We also evaluated the dose response of JNK phosphorylation
after treatment with NSC-741909 for 6 h. The result showed
that induction of JNK phosphorylation by NSC-741909 was
dose-dependent and occurred at the dose of 50 nM (Fig. 3c).
Moreover, there is no apparent cell viability change(s) or apo-
ptosis induction at 6 h after treatment with all the concentra-
tions tested (up to 1 �M, data not shown). Together, these
results suggest that treatment with NSC-741909 induced acti-
vation of JNK, which occurred before cell growth suppression
and apoptosis induction.
JNK Inhibitor but Not P38 or ERK Inhibitor DiminishedNSC-

741909-inducedCell Killing—To investigate whether anyMAP
kinases activated by NSC-741909 were involved in NSC-
741909-mediated cell killing, we evaluated combination effects
of NSC-741909 with kinase inhibitors for JNK (SP600125, also
called JNK inhibitor II), P38 MAPK (SB203580), and MEK
(U0126). We treated the sensitive human lung cancer cell lines
H460 (Fig. 3d) andH157 (Fig. 3e) with 0.03–10�MNSC-741909
alone or in combination with different inhibitors for 24 h. Cell
viability was then determined by using the sulforhodamine B
assay. The results showed that the presence of the JNK inhibitor
SP600125 (10 �M) significantly blocked the cell death induced
by NSC-741909 (1 �M) in both H460 and H157 cell lines. The
IC50 for NSC-741909 in the presence of SP600125 was about
10-fold greater than that for NSC-741909 alone. The MEK-
specific inhibitor U0126 (20 �M) and the P38 inhibitor
SB203580 (20�M) had either no effects or onlyminor effects on
NSC-741909-induced suppression of cell growth. These data
suggest that JNK activation was critical in NSC-741909-medi-
ated cell killing.

FIGURE 2. Changes of protein detected by RPPA. a, heat map of protein levels detected by RPPA. The biomarkers, a protein or a phosphorylated isotype
detected with specific antibodies, are arrayed on the horizontal axis, and the control and NSC-741909-treated samples are arrayed on the vertical axis. The
levels of each biomarker are presented with colors, with red for highest and green for lowest. b, the time-dependent changes of phosphorylated P38 (p-P38),
JNK (p-JNK), and ERK (p-ERK). The values represent signal intensity detected at each time point as indicated. C, control sample; T, NSC-741909-treated sample.
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To further evaluate the role of MAPK activation in NSC-
741909-mediated cell killing, we tested the effects of threeMAP
kinase inhibitors on apoptosis induction byNSC-741909. H460
cells were treated with 1 �M NSC-741909 for 24 h, and the
percentage of apoptotic cells was determined by flow cytomet-
ric analysis. The result showed that treatment with
NSC-741909 led to a significantly greater proportion of cells in
sub-G1 phase when compared with cells treated with solvent
(Fig. 4a). Treatment of H460 cells with SP600125 (10 �M),
U0126 (20 �M), or SB203580 (20 �M) alone did not affect the
cell growth cycle or induce apoptosis. The presence of
SP600125 (10 �M) markedly diminished NSC-741909-induced
apoptosis. The proportion of apoptotic cells was 35.7% in the
cells treated with NSC-741909 alone but only 7.7% in the cells
treated with NSC-741909 plus SP600125. In contrast, the pres-
ence of either U0126 or SB203580 had only a minor effect on
NSC-741909-induced apoptosis (Fig. 4b).
The effect of SP600125 on NSC-741909-induced apoptosis

was further verified by Western blot analysis. The presence of
SP600125 (10 �M) markedly blocked the phosphorylation of
JNK and c-Jun induced byNSC-741909 (1�M) but had no obvi-
ous effects on the basal JNK level (Fig. 4c), suggesting that
SP600125 (10 �M) was sufficient to block activation of JNK by

NSC-741909. Cleavages of poly-
(ADP-ribose) polymerase and
caspase-8 after treatment with
NSC-741909 were also attenuated
in the presence of SP600125 (Fig.
4c). Together, these results indicate
that JNK activation contributes to
NSC-741909-mediated apoptosis,
although NSC-741909 activated all
three MAPK signaling pathways.
Dominant-negative JNK-1 Sup-

pressed Cell Killing and Apoptosis
Induced by NSC-741909—To fur-
ther evaluate the role of JNK activa-
tion in NSC-741909-induced apop-
tosis, we determined cell growth
suppression and apoptosis induc-
tion by NSC-741909 in cells of the
human lung cancer cell line H157
stably transfected with a HA-tagged
dnJNK1. H157 cells were trans-
fected with a plasmid expressing
dnJNK1 or with a control plasmid.
After selection with G418, H157
clones expressing dnJNK1 were
identified by Western blot analysis
with anti-HA antibody (Fig. 5a).
Parental, vector-transfected, or
dnJNK1-transfected H157 cells
were then analyzed for their suscep-
tibility to NSC-741909. Dose-re-
sponse analysis showed that H157
cells expressing dnJNK1 had a dra-
matic shift of their dose-response
curves to the right (Fig. 5b). The

IC50 for NSC-741909 in two dnJNK1 stably transfected H157
clones increased about 10-fold when compared with parental
and vector-transfected cells. Similarly, flow cytometric analysis
indicated that the introduction of dnJNK1 to H157 protected
cells fromNSC-741909-induced apoptosis (Fig. 5c) when com-
pared with parental H157 cells or H157 infected with control
vector.
NSC-741909 Suppressed JNK Dephosphorylation—JNKs are

activated by dual phosphorylation on the Thr-Pro-Tyr motif in
the activation loop through mitogen-activated protein kinase
kinase 4 (MKK4) and 7 (MKK7) and inactivated by dephospho-
rylation through a group of MAP kinase phosphatases (10, 11).
To investigate whether NSC-741909-induced JNK activation is
caused by elevated activity of upstream kinases or by decreased
activity of MAP kinase phosphatases, we tested the changes of
phospho-MKK4, phospho-MKK7, and MAP kinase phospha-
tase 1 (MKP1) in H460 cells after treatment with NSC-741909.
The activity of MKK7 is regulated by phosphorylation of Ser/
Thr in a conserved region of the kinase domain through its
upstream kinases such as MAPK kinase kinase (MAP3K) MEK
kinase 1 (MEKK1) and the Ser/Thr kinase STE20-like protein
kinases (12). H460 cells treated with 1 �M NSC-741909 were
harvested at various time points. Western blot analysis showed

FIGURE 3. NSC-741909-induced activation of MAP kinases. a, cells were treated with NSC-741909 (1 �M

for H460; 10 �M for T29 and T29Kt1) for 0, 8, and 12 h. The whole-cell lysates were subjected to Western
blot analysis to detect basal and phosphorylated JNK (p-JNK), ERK (p-ERK1/2), and P38 (p-P38). b, H460 cells
were treated with 1 �M NSC-741909 for the indicated times. Cell lysates were then subjected to Western
blot analysis. �-Actin was used as the loading control. c, H460 cells were treated for 6 h with the indicated
concentrations of NSC-741909. Levels of phospho-JNK and JNK were detected by Western blot analysis. d
and e, H460 cells (d) and H157 cells (e) were treated with different concentrations of NSC-741909 in the
presence or absence of 10 �M SP600125 (JNK-specific inhibitor), 20 �M U0126 (MEK-specific inhibitor), or
20 �M SB203580 (P38 inhibitor). Cell viability was determined at 24 h after treatment. Cells treated with
DMSO were used as a control, with viability set at 100%. Each data point represents the means � S.D. of
three independent experiments.
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that treatment with NSC-741909 had no obvious effect on
phosphorylation of MKK7 (Ser-271/Thr-275). Analysis on
phospho-MKK4 was not informative because no signal was
detected in all samples. In contrast, treatment with NSC-741909
resulted in a dramatic reduction of MKP1, which correlated with
the time course of JNK activation (Fig. 6a). The NSC-741909-in-
duced suppression of MKP1 is also dose-dependent when evalu-
ated at doses ranging from 0.1 to 3�M. Suppression ofMKP1was
detectable at 0.1 �M and became more obvious at 0.3–3 �M, in a
dose-dependent manner (Fig. 6b).
To test whether theNSC-741909-induced decrease ofMKP1

level was caused by inhibition of transcription, we tested the
changes of MKP1 mRNA after NSC-741909 treatment with
real-time PCR. The results showed that NSC-741909 induced
the increase of MKP1 mRNA expression in both a time-de-
pendent and a dose-dependent manner (Fig. 6d). The peak
occurred at 1 h after treatment, which had a 5–10-fold increase
when compared with DMSO-treated control. This result indi-
cates that NSC-741909 may suppress MKP1 expression at the
post-transcriptional level. Increased MKP1 mRNA expression
might reflect a negative feedback to its protein level decrease
caused by NSC-741909.
ReducedMKP1 protein levels byNSC-741909 suggested that

increased JNK phosphorylation may be caused by suppression
of JNK dephosphorylation. To investigate whether JNK
dephosphorylation was inhibited by NSC-741909 treatment,

we incubated activated JNK with
active JNK-depleted lysates of
untreated and NSC-741909-treated
cells. Activated JNK was isolated by
immunoprecipitation from H460
cells treated with 1 �MNSC-741909
for 4 h. Similarly, we depleted active
JNK from the lysates of untreated
and NSC-741909-treated cells by
immunoprecipitation. The cell
lysates after depletion were divided
into two equal parts. Half of them
were used for verification of the
depletion efficiency, and the other
half were incubated with an equal
amount of activated JNK in a phos-
phatase buffer. Dephosphorylation
of activated JNK was then detected
with an anti-phospho-JNK anti-
body. The phospho-JNK was dra-
matically reduced when incubated
with lysates from control cells but
remained unchanged when incu-
bated with lysates from cells treated
with NSC-741909 for 0.5–4 h (Fig.
6c). Together, the above results
demonstrated that NSC-741909-
mediated sustained JNK activation
is caused by the inhibition of JNK
dephosphorylation.
We also tested whether inhibi-

tion of MKP1 expression itself is
sufficient to induce apoptosis. For this purpose,H460 cells were
treated with MKP1 siRNA or control siRNA. Apoptosis was
determined at 72 h after the treatment. The result showed that
transfection with MKP1 siRNA led to a dramatic increase of
apoptotic (sub-G1) cells when compared with mock-treated or
control siRNA-treated cells The proportion of apoptotic cells
was 20.7% in the MKP1 siRNA-treated cells but only 0.45% in
mock-treated and 6.97% in the control siRNA-treated cells (Fig.
6, e and f), suggesting that suppression of MKP1 is sufficient to
induce apoptosis in some cancer cells.

DISCUSSION

In the current study, we characterized the antitumor activity
mechanism of NSC-741909, an analogue of oncrasin-1 that we
recently identified as inducing synthetic lethality with onco-
genic K-Ras and protein kinase C-� (3). Tests onNCI-60 cancer
cell lines found that NSC-741909 was highly active against sev-
eral cell lines derived from lung, colon, breast, ovary, and kidney
cancers. Here, we used RPPA to detect molecular changes
induced by NSC-741909 treatment. The advantage of RPPA is
that a single test probe (antibody) is used for each array so that
the testing condition will be consistent for each antibody,
thereby providing better reproducibility and sensitivity when
compared with other protein array techniques. Our results
showed that treatment with NSC-741909 induced activation of
MAP kinases, including JNK, P38, and ERK, that activation of

FIGURE 4. Apoptosis induction by NSC-741909. Cells were treated 1 �M NSC-741909 in the presence or
absence of 10 �M SP600125, 20 �M U0126, or 20 �M SB203580. Cells treated with DMSO or the MAP kinase
inhibitors alone were used as controls (Ctrl). Apoptotic cells were determined by flow cytometric analysis at
24 h after treatment. a, the percentages of apoptotic cells. The values represent the means � S.D. of three
analyses. **, p � 0.01, when compared with cells treated with NSC-741909 alone. b, an example of fluores-
cence-activated cell sorter histograms. c, H460 cells were treated with 1 �M NSC-741909 in the presence or
absence of 10 �M SP600125. Whole-cell lysates were harvested for Western blot analysis of JNK activation and
apoptosis at the indicated time points. p-JNK, phospho-JNK; p-cJUN, phospho-c-Jun; PARP, poly(ADP-ribose)
polymerase.
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JNK contributed to NSC-741909-mediated apoptosis, and that
pan-activation of MAP kinases is likely caused by suppression
of MAP kinase phosphatases.
It is not clear whether Ras signaling pathways facilitate NSC-

741909-induced activation ofMAPkinases.Nevertheless,MAP
kinases are known downstream effectors of Ras signaling path-
ways. Among these pathways, the Ras/Raf/MEK/ERK pathway
is the most well characterized in Ras-induced proliferation and
transformation (13). Indeed, a compound named erastin was
recently reported to induce non-apoptotic cell death in onco-
genic Ras-transfected cells through a mechanism involved in
the Ras-Raf-Mek pathway (14). Nevertheless, we have evalu-
ated the effects of oncrasin compounds on the Ras-Raf-Mek
pathway and did not find a direct associationwith this pathway.
It is noteworthy that, in addition to the Ras-Raf-Mek pathway,
many other signaling pathways were also regulated by Ras,
including phosphatidylinositol 3-kinase and guanine nucleo-
tide exchange factors for the Ral family of GTPases. Phosphati-
dylinositol 3-kinase has been implicated in activation of the
small GTPase Rac (15). Interestingly, Rac functions as an acti-
vator of a number of the MAP kinases, including JNK (16, 17).
Evidence has also indicated that JNK and Jun proteins com-

plexed with Ras proteins and mediated Ras signaling transduc-
tions (18). JNK was originally identified as oncogenic Ras and
UV light-responsive protein kinase that binds and phospho-
rylates the c-Jun activation domain (19, 20). The Ras proteins
can directly bind to JNK and c-Jun and regulate their function

in a dose-dependent manner (18).
Studies of the effect of Jnk gene dis-
ruption on Ras-induced transfor-
mation of murine fibroblasts indi-
cate that JNK may act as a
suppressor of Ras transformation
and that the JNK signaling pathway
contributes to the apoptotic elimi-
nation of Ras-transformed cells in
vivo (22, 23). In fact, agents such as
capsaicin and anisomycin can selec-
tively induce apoptosis in Ras-
transformed cells but not in their
normal cell counterparts through
JNK-dependent pathway (24, 25).
Those results collectively suggested
that JNK signaling pathways can
also be explored for induction of
apoptosis in Ras transformed cells.
JNKs are a group of MAP kinases

that play crucial roles in several
physiological processes, including
proliferation, apoptosis, and differ-
entiation (10). JNKs are activated by
dual phosphorylation on the Thr-
Pro-Tyr motif in the activation
loop through MKK4 and MKK7.
Dephosphorylation by a group of
MAP kinase phosphatases ulti-
mately leads to inactivation of JNK
(10, 11). The biological conse-

quences of JNK activation may depend on the cell type, the
nature of the stimulus, the duration of JNK activation, and the
activity of other signaling pathways. Evidences have found that
JNK activation is required for apoptosis induced by various stress
stimuli (11, 26–29); however, most forms of environmental stress
that are sufficient for JNK activation do not cause apoptosis (10),
suggesting that JNK activation is necessary but not sufficient for
apoptosis.Moreover, evidence suggests either that a JNK-depend-
ent pathway is required for TNF-�-induced apoptosis (26) or that
JNK activation is not involved in the induction of apoptosis by
TNF-� (30). These inconsistencies are presumably due to the dif-
ference in cellular contexts and duration of JNK activation. TNF-
�-induced JNK activation was transient in TNF-�-resistant
human breast carcinoma MCF-7-R cells but was prolonged in
TNF-�-sensitiveMCF-7cells.Restorationof transient JNKactiva-
tion in the MCF-7 cells blocked TNF-�-induced apoptosis (31),
indicating that prolonged JNK activation is crucial for the proapo-
ptotic function of JNK.
Our data showed that NSC-741909-mediated increase of

phospho-JNK is primarily caused by suppression of JNK
dephosphorylation but not by the activation of its upstream
kinases. Reduced expression of MKP1 may contribute to NSC-
741909-mediated JNK dephosphorylation. However, involve-
ment of other MAP kinase phosphatases is also possible. As a
group of dual specificity phosphatases, MAPK phosphatases
can effectively dephosphorylate both phospho-tyrosine and
phospho-threonine residues on MAPKs (32). Suppression of

FIGURE 5. Effect of dominant-negative JNK-1 on NSC-741909-induced cell killing. H157 cells were trans-
fected with a plasmid expressing dnJNK1 or a control vector. After selection with G418, two H157 clones
expressing dnJNK1 were identified by Western blot analysis with anti-HA (an epitope tag from influenza
hemagglutinin) antibody. a, parental, vector-transfected, or dnJNK1-transfected H157 cells were then ana-
lyzed for their susceptibility to NSC-741909. b, dose response to NSC-741909 as determined by the sulforho-
damine B assay. Values represent the means � S.D. from three independent experiments. c, apoptosis induc-
tion as determined by the flow cytometric assay. Cells were treated with 1 �M NSC-741909, and apoptosis was
determined at 24 h after treatment. The numbers indicate the proportions of apoptotic cells.
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MAPK phosphatase expressions or their activities is expected
to break the balances between the phosphorylating kinases and
dephosphorylating phosphatases, thereby dramatically altering
MAPK signaling activities. Interestingly, a combination of
computational and experimental analysis had revealed that
MAPK phosphatases, but not the kinases, dictate the extent of
MAPK phosphorylation (21). Because treatment with NSC-
741909 also activatedP38 andERK, it is possible that several of the
MAPKphosphatases were suppressed byNSC-741909. Together,
our results suggested that NSC-741909, as a novel antitumor
agent, has selective cell killing activity in a subgroup of cancer cell
lines and that sustained JNK activation due to inhibition of JNK
dephosphorylation is one of primary effects of the anticancer
activity of NSC-741909.
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FIGURE 6. Effects of NSC-741909 on MAP kinase phosphatase and JNK
dephosphorylation. a and b, H460 cells were treated with 1 �M NSC-741909
for the indicated times (a) or treated for 1 h with the indicated concentrations
of NSC-741909 (b). Levels of phospho-MKK7 (p-MKK7) (Ser-271/Thr-275) and
MKP1 were detected by Western blot analysis. c, lysates from cells treated as
in A were depleted of active JNK and then incubated with equal amount of
active JNK at 37 °C for 30 min (top panel). The levels of remaining phospho-
JNK (p-JNK) were detected by Western blot analysis. Active JNK added to a
boiled cell lysate was used as a control for the initial amount of active JNK
added (C1). The efficiency of JNK depletion in the cell lysates before adding
active JNK was shown in the bottom panel. The cell lysate from H460 treated
with 1 �M NSC-741909 for 4 h was used as a positive control (C2). d, H460 cells
were treated with 1 �M NSC-741909 for the indicated times (top panel) or
treated for 1 h with the indicated concentrations of NSC-741909 (bottom
panel). Levels of MKP1 mRNA were detected by real-time PCR. The values
were normalized with GAPDH mRNA levels. e, mock, control siRNA (Ctrl
siRNA), or MKP1 siRNA-treated H460 cells were analyzed for cell apoptosis at
72 h after treatment. The values represent the means � S.D. of three analyses.
**, p � 0.01, when compared with cells treated with control siRNA. f, Western
blot analysis for MKP1 expression after knock-down by siRNA transfection.
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