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ABSTRACT

Non-small-cell lung cancer is among the most common and
deadly forms of human malignancies. Early detection is un-
usual, and there are no curative therapies in most cases. Dia-
zeniumdiolate-based nitric oxide (NO)-releasing prodrugs are a
growing class of promising NO-based therapeutics. Here, we
show that O?-(2,4-dinitrophenyl)-1-[(4-ethoxycarbonyl)pipera-
zin-1-ylldiazen-1-ium-1,2-diolate (JS-K) is a potent cytotoxic
agent against a subset of human non-small-cell lung cancer
cell lines both in vitro and as xenografts in mice. JS-K treatment
led to 75% reduction in the growth of H1703 lung adenocarci-
noma cells in vivo. Differences in sensitivity to JS-K in different
lung cancer cell lines seem to be related to their endogenous
levels of reactive oxygen species (ROS)/reactive nitrogen spe-
cies (RNS). Other related factors, levels of peroxiredoxin 1
(PRX1) and 8-oxo-deoxyguanosine glycosylase (OGGH1), also

correlated with drug sensitivity. Treatment of the lung adeno-
carcinoma cells with JS-K resulted in oxidative/nitrosative
stress in cells with high basal levels of ROS/RNS, which, com-
bined with the arylating properties of the compound, was re-
flected in glutathione depletion and alteration in cellular redox
potential, mitochondrial membrane permeabilization, and cyto-
chrome c release. Inactivation of manganese superoxide dis-
mutase by nitration was associated with increased superoxide
and significant DNA damage. Apoptosis followed these events.
Taken together, the data suggest that diazeniumdiolate-based
NO-releasing prodrugs may have application as a personalized
therapy for lung cancers characterized by high levels of ROS/
RNS. PRX1 and OGG1 proteins, which can be easily measured,
could function as biomarkers for identifying tumors sensitive to
the therapy.

Introduction

Lung cancer is a leading cause of cancer deaths worldwide.
Non-small-cell lung cancer (NSCLC) accounts for approxi-
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mately 80% of all lung cancers. The disease is rarely curable,
with an overall 5-year survival rate of only 15%. With current
platinum-based chemotherapy regimens, median survival is
7 to 10 months for advanced disease (Schiller et al., 2002). It
has become apparent that NSCLC is a heterogeneous dis-
ease, with many cellular and molecular changes potentially
contributing to its development. Accordingly, emphasis has
been shifting to targeting subsets of lung cancers based on
specific cellular properties (Carbone, 2009).

Nitric oxide (NO) is a signaling molecule, a toxicant, and
an antioxidant under various conditions, with a broad spec-
trum of actions in physiological and pathological processes.
Both pro- and anti-cancer activities have been described,

ABBREVIATIONS: NSCLC, non-small-cell lung cancer; JS-K, O*-(2,4-dinitrophenyl)-1-[(4-ethoxycarbonyl)piperazin-1-yl]diazen-1-ium-1,2-dio-
late; ROS, reactive oxygen species; RNS, reactive nitrogen species; PRX, peroxiredoxin; OGG1, 8-oxo-deoxyguanosine glycosylase; BER, base
excision repair; MnSOD, manganese superoxide dismutase; MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; HBSS, Hank’s
balanced salt solution; PARP, poly(ADP-ribose) polymerase; IL, interleukin; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline; DCF,
2',7'-dichlorofluorescein; DAF-FM, 4-amino-5-methylamino-2',7" difluorofluorescein; GSSG, glutathione disulfide; NAC, N-acetylcysteine; BSO,
buthionine sulfoximine; siRNA, small interfering RNA; JS-43-126, 1-(2,4-dinitrophenyl)-4-carboethoxypiperazine; 8-oxodG, 8-oxo-7,8-dihydro-2’-

deoxyguanosine.
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depending on cell type and conditions, the source of NO, its
concentration, rate of release, and other factors (Kroncke et
al., 1997; Hofseth et al., 2003; Pacher et al., 2007). NO donor
drugs have induced apoptosis in several types of human
cancer cells (Bonavida et al., 2006, 2008; Huerta et al., 2008),
including prostate (Royle et al., 2004) and colon (Jarry et al.,
2004). In general, the concentrations required have sug-
gested limited clinical applicability. In contrast, the diazeni-
umdiolate-based NO-donor prodrug, O*-(2,4-dinitrophenyl)-
1-[(4-ethoxycarbonyl)piperazin-1-ylldiazen-1-ium-1,2-diolate
(JS-K) (Fig. 1), is highly cytotoxic to leukemia and multiple
myeloma cell lines and patient-derived multiple myeloma
cells, with IC;, values ranging from 0.2 to 1.2 pM (Shami et
al., 2003; Kiziltepe et al., 2007). It is noteworthy that JS-K
was selectively cytotoxic toward cancer cells. At concentra-
tions at which it inhibited the proliferation of multiple my-
eloma cells, JS-K had no significant toxicity toward normal
peripheral blood mononuclear cells or bone marrow stromal
cells (Kiziltepe et al., 2007).

Other types of cancer cells were also effectively killed by
JS-K, including prostate cancer (Shami et al., 2003) and
hepatoma cells (Ren et al., 2003). A survey of the National
Cancer Institute panel of 51 cancer cell lines suggested sen-
sitivity of renal cancers, and correspondingly we found ap-
proximately 10-fold selectivity observed for renal cancer
cells compared with noncancerous renal epithelial cells
(Chakrapani et al., 2008). Only moderate effects were ob-
served for the several lung cancer cell lines in the National
Cancer Institute panel. However, in view of the cellular het-
erogeneity among lung cancers, we surveyed a larger panel of
18 lung adenocarcinoma cell lines and found that a subset of
six lines is as susceptible to killing by JS-K as leukemia and
multiple myeloma cells, with IC,, values in the range of 0.33
to 1.01 wM. Cell effects include alterations in cellular redox
potential, marked DNA strand break damage, and mitochon-
drially mediated apoptosis. Reasons for the high sensitivity
of this subset of NSCLC cells were sought. The IC;, values
show strong correlations with intracellular reactive oxygen
species (ROS)/reactive nitrogen species (RNS) (negative) and
with levels of 8-oxoguanine glycosylase (OGG1) protein, a
repair enzyme for oxidative DNA damage (positive). Both
ROS level and IC;, values for JS-K correlate strongly with
levels of peroxiredoxin 1 (PRX1) protein. OGG1 and PRX1
protein levels may be convenient biomarkers for identifica-
tion of subsets of lung cancers with potential therapeutic
responsiveness to JS-K.

Materials and Methods

JS-K Synthesis and Chemicals. JS-K was synthesized as de-
scribed previously (Saavedra et al., 2001). All other chemicals were

4-CarboethoxyPIPERAZI/NO

1-Carboethoxypiperazine

obtained from Sigma-Aldrich (St. Louis, MO). siRNA to six isoforms
of PRX was obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). HiPerfect transfection reagent and AllStars nonsilencing
siRNA control were from QIAGEN (Valencia, CA).

Cell Culture and Proliferation Assay. Cell lines were obtained
from the American Type Culture Collection (Manassas, VA) and
cultured according to the supplier’s protocol. For proliferation assays
cells were seeded at 2 X 10 per well in 96-well plates and allowed to
adhere for 24 h. JS-K was prepared as 10 mM stock solution in
DMSO. Increasing drug concentrations in 10 pl of PBS were added to
100 pl of the culture medium for 48 h. MTT assay (Promega, Madi-
son, WI) was performed according to the manufacturer’s protocol.
Each concentration was represented in six repeats, and the screen-
ing was performed as at least two independent experiments. IC;,
values were calculated by using Sigma Plot software (Systat Soft-
ware, Inc., San Jose, CA).

In Vivo Treatments. All animals used in this research project
were cared for and used humanely according to the following policies:
the U.S. Public Health Service Policy on Humane Care and Use of
Animals (1996), the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals (1996), and the U.S. Govern-
ment Principles for Utilization and Care of Vertebrate Animals Used
in Testing, Research, and Training (1985). All National Cancer In-
stitute-Frederick animal facilities and the animal program are ac-
credited by the Association for Assessment and Accreditation of
Laboratory Animal Care International. H1944 or H1703 cells were
injected at 5 X 10° s.c. into a flank of 7-week-old female athymic
NCr-nu/nu mice (Charles River Laboratories, Inc., Wilmington, MA).
The drug injections were initiated when the tumors reached 2 X 2 X
2 mm (typically 3—4 weeks). JS-K was formulated in Pluronic P123
(BASF, Florham Park, NJ) micelles. Animals were treated three
times a week for 3 weeks with intravenous tail vein injections of
either vehicle (2.25% Pluronic P123 in PBS) or JS-K (6 pmol/kg in
the vehicle). Tumors were measured with a caliper twice a week, and
the tumor volumes were calculated by using a formula for ellipsoid
volume, /6 X length X width X height (Tomayko and Reynolds,
1989). The nonparametric Mann-Whitney test was used for statisti-
cal comparisons of tumor volumes at each time point. Body weights
were taken before each drug injection. Animals were sacrificed 2 h
after the last drug injection. Blood was collected by cardiac puncture
under isoflurane anesthesia for testing for cytokines. Cytokines in
serum were measured by using a mouse Th1/2 multiplex assay (Meso
Scale Discovery, Gaithersburg, MD), according to the manufacturer’s
protocol. There were 9 to 13 mice/group at termination.

Determination of Intracellular Reactive Oxygen/Nitrogen
Species and Nitric Oxide. Intracellular level of reactive oxygen/
nitrogen species was quantified by the oxidation of the ROS/
RNS-sensitive fluorophore 5-(and-6)-chloromethyl-2',7'-dichlorodi-
hydrofluorescein diacetate (Invitrogen, Carlsbad, CA). Cells growing
on six-well plates (6 X 10°/well) were loaded with 5 uM 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate in Hanks’
balanced salt solution (HBSS) at 37°C and 5% CO,. After 30 min of
incubation, HBSS containing the probe was removed, cells were
rinsed with HBSS, and 3 ml of fresh HBSS was added to each well
followed by addition of JS-K or DMSO as a control. After 30 or 60 min



the cells were collected by scraping in HBSS, and 2’,7’-dichlorofluo-
rescein (DCF) fluorescence was measured by using a PerkinElmer
Life and Analytical Sciences (Waltham, MA) LS50B luminescence
spectrometer with the excitation source at 488 nm and emission at
530 nm.

The intracellular level of nitric oxide after JS-K treatment was
quantified by using the NO-sensitive fluorophore 4-amino-5-methyl-
amino-2',7" difluorofluorescein (DAF-FM) diacetate (Invitrogen).
Cells growing on six-well plates were loaded with 2.5 puM DAF-FM
diacetate in HBSS at 37°C and 5% CO,. After 30 min of incubation
the cells were rinsed with HBSS to remove excess probe, and JS-K in
fresh HBSS was added to the cells at 1 uM final concentration. After
30- or 60-min incubation the fluorescence of the benzotriazole deriv-
ative formed on DAF-FM’s reaction with aerobic NO was analyzed by
using a PerkinElmer Life and Analytical Sciences LS50B lumines-
cence spectrometer with the excitation source at 495 nm and emis-
sion at 515 nm.

All experiments were performed at least three times, each time in
triplicate.

Immunoblotting. Mitochondrial and cytosolic fractions were pre-
pared by subcellular fractionation. The cells (20 X 10°) were collected
with trypsin, rinsed with cold PBS, and resuspended in 400 pl of
hypotonic buffer [10 mM Tris-HCI, pH 7.5 containing 10 mM NaCl,
1.5 mM MgCl,, 1 mM phenylmethylsulfonyl fluoride, and Complete
protease inhibitors cocktail (Roche Diagnostics, Indianapolis, IN)].
Cells were incubated on ice for 10 min and homogenized by using a
Dounce homogenizer with a B pestle. A volume of 500 pl of mito-
chondrial buffer (12.5 mM Tris-HCI, pH 7.5 containing 525 mM
mannitol, 175 mM sucrose, 2.5 mM EDTA, and protease inhibitors)
was added to the resulting homogenate, and the mixture was cen-
trifuged twice at 1300g for 5 min at 4°C. The resulting supernatant
was centrifuged at 10,000g for 10 min at 4°C. The supernatant
(cytosolic fraction) was collected. The pellet (mitochondrial fraction)
was resuspended in hypotonic buffer containing 0.5% Triton X-100
and rotated for 30 min at 4°C.

For immunoprecipitation 300 g of the cell lysate was incubated
on the rotator overnight at 4°C with 2 pg of anti-nitrotyrosine mono-
clonal antibody and 30 pl of protein G agarose. After washing three
times with lysis buffer the beads were suspended in 30 pl of 2X
NuPAGE (Invitrogen) loading buffer and heated for 10 min at 95°C.
Immunoprecipitated material was resolved on SDS-polyacrylamide
gel electrophoresis followed by immunoblotting with anti-MnSOD
antibody.

For cytochrome c release, H1703 cells were seeded at 2 X 108 onto
10-cm Petri dishes and allowed to grow for 24 h. JS-K was added to
the medium to a final concentration 1 or 10 pM. Cells were rinsed
three times with ice-cold PBS and digitonin [200 pl of 190 pg/ml in
lysis buffer (PBS containing 75 mM KCl, 250 mM sucrose and Com-
plete protease inhibitors cocktail (Roche Diagnostics)] was added for
10 min on ice. Cells were then scraped gently and centrifuged 10 min
at 12,000g at 4°C. The supernatant (cytosolic fraction) was removed,
and the remaining pellet (mitochondrial fraction) was resuspended
in 100 pl of lysis buffer (256 mM HEPES buffer containing 150 mM
NaCl, 10 mM MgCl,, 1% Nonidet P40, 0.25% sodium deoxycholate,
10% glycerol, 2.5 mM EDTA, and Complete protease inhibitors cock-
tail) and allowed to incubate for 30 min.

Western blot analysis was performed as described previously (Ro-
manowska et al., 2007). Primary antibodies for caspase 3, caspase 7,
PARP, cleaved PARP, Bax, cytochrome c (Cell Signaling Technology,
Danvers, MA), PRX 1 to 6 (LabFrontier, Seoul, Korea), and nitroty-
rosine and MnSOD (Millipore Corporation, Billerica, MA) were used.

Mitochondrial Superoxide Measurement. Mitochondrial su-
peroxide level was measured by using MitoSOX fluorescent dye
(Invitrogen), according to the manufacturer’s protocol. Rotenone (10
M) was used as a positive control.

Measurement of Cellular Glutathione Content. H1703 or
H1944 cells were plated in six-well plates at 6 X 10° per well. Cells
were treated with JS-K for 1 h at 1 pM (H1703 cells) or 10 pM
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(H1944 cells). After treatment, cells were washed with PBS, scraped
into PBS, and collected by centrifugation at 800g for 10 min. The
pellets were resuspended in 80 pl of 10 mM HCI and lysed by two
successive rounds of freeze and thawing. Twenty microliters of a 5%
5-sulfosalicylic acid solution was added to the lysate. The precipitate
was removed by centrifugation at 8000g for 10 min, and the super-
natant was analyzed for total GSH content by using a total gluta-
thione quantification kit (Dojindo, Rockville, MD) according to the
manufacturer’s protocol. To measure glutathione disulfide (GSSG)
concentration, cells were treated and lysed in accordance with the
procedure above. The lysate was then neutralized with 0.1 M NaOH
and treated with 4-vinylpyridine at a final concentration of 50 mM
for 30 min.

Measurement of Mitochondrial Membrane Potential. H1703
cells were seeded on 24-well plates at 2 X 10°/well and allowed to
grow for 24 h. The cells were then treated with either vehicle
(DMSO) or 1 to 10 pM JS-K and incubated at 37°C, 5% CO, for 30
min. The JC-1 Mitochondrial Membrane Potential Assay Kit (Cay-
man Chemical, Ann Arbor, MI) was used according to the manufac-
turer’s protocol.

Comet Assay. The alkaline comet assay was performed as de-
scribed previously (Romanowska et al., 2007).

Statistical Analysis. All experiments (with the exception of the
proliferation assay) were performed at least three times, each time at
least in triplicate. Results are presented as averages = S.E. Statis-
tical tests were carried out by using Instat version 3.00 (GraphPad
Software Inc., San Diego, CA). Pairwise comparisons included the ¢
test, with the Welch correction or application of the Mann-Whitney
test as appropriate. Significance of correlations was assessed by the
Pearson linear correlation or the Spearman test as appropriate.

Results

JS-K Has a Strong Inhibitory Effect on a Subset of
Human NSCLC Cells in Culture and an In Vivo Xeno-
graft Model. JS-K inhibited growth of all NSCLC cell lines
with IC;, concentrations ranging from 0.33 to 17.64 pM
(Table 1). Six cell lines were inhibited by JS-K in the range of
0.33 to 1.01 uM and were thus as sensitive as leukemia cells
(Shami et al., 2003, 2006) or multiple myeloma cells (Kiz-
iltepe et al., 2007). Sensitive H1703 cells and resistant H1944

TABLE 1
NSCLC cell lines used in the study, IC,, values for JS-K, and some of
the cell lines’ characteristics

IC;, values were obtained from 10 concentrations over the range 50 nM to 50 pM,
with six replicates for each cell line. NCI, National Cancer Institute; ATCC, Amer-
ican Type Culture Collection.

Designation NCI//ATCC JS-K ICj, K-ras p53
M

H1693/CRL5887 0.33 WT WT
H1734/CRL5891 0.36 ¢c13 TGC mut ¢273 high
H1568/CRL5876 0.40 WT WT
H1703/CRL5889 040 WT mut c285
H1373/CRL5866 0.97 12 TGT mut c47
H441/HTB174 1.01  c¢12 GTT mut c158 low
H1395/CRL5868 3.17 WT X
H2126/CRL5925 413 WT WT
H838/CRL5844 584 WT WT
H2122/CRL5985 6.09 cl12 TGT X
A549/CCL185 7.60  ¢12 AGT homozygous WT
H460/HTB177 7.61  c61 CAT WT
H1355/CRL5865 7.93 13 TGC mut ¢285 low
H322/CRL5806 8.71 WT mut c248 high
H1792/CRL5895 9.08 ¢12 TGT mut, splice
H2023/CRL5912 11.55 WT WT
H2030/CRL5914 14.74  c12 TGT WT
H1944/CRL5907 17.64 c13 GAC WT

WT, wild type; ¢, codon with mutation; x, not reported.
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Fig. 2. JS-K significantly reduced growth of NSCLC cells in vivo. JS-K was administered intravenously at 6 pmol/kg, three times a week for 3 weeks,
and tumors were measured with a caliper. Growth of both cell lines, JS-K-sensitive H1703 (A) and over 10-fold less sensitive H1944 (B), was inhibited.
Values are medians, and the relevant 95% confidence interval bars are shown (Mann-Whitney test). Letters indicate the significance of the differences
between JS-K-treated and control mice at each time point. The treatment did not affect body weights. The average body weight for all mice was 22.7 +
0.25 g (mean *= S.E.) at the beginning of the experiment. At the termination, the average weights of the control groups were 24.57 + 0.88 g (n = 11)
and 24.41 = 0.57 g (n = 13), for H1703 and H1944 xenograft studies, respectively. The weights of JS-K treated animals were 24.92 + 0.39 g (n = 9)

and 24.42 = 0.56 g (n = 11), for the H1703 and H1944 xenograft groups, respectively.

cells were chosen for assessment of activity of JS-K in vivo
against xenografted tumor cells in athymic mice. These cell
lines have very similar doubling times. JS-K significantly
reduced growth of both H1703 and H1944 human NSCLC
cells compared with cells in control animals treated with
vehicle only (Fig. 2). The growth inhibition was much more
pronounced for H1703 xenografts than for H1944 cells, as
predicted from the cell culture results (Table 1), although
H1944 cells growth in vivo was also significantly inhibited
(Fig. 2B). It is noteworthy that the treatment with either
vehicle or JS-K did not affect body weight (see legend to Fig.
2). Serum samples collected from the animals at termination
were tested for levels of cytokines. There were no significant
differences in levels of IL-1p8, IL-2, IL-4, IL-5, IL-10, IL-12,
interferon-vy, or tumor necrosis factor-a between the JS-K-
treated and control groups.

JS-K Effectiveness in Inhibiting Lung Cancer Cells’
Growth Correlated with Intracellular ROS/RNS Level.
We sought to determine the reasons behind the differences in
sensitivity to JS-K between the cell lines. Information is
available regarding the origin and cancer genes mutational
status of some of the cell lines used (Phelps et al., 1996;
Romanowska et al., 2007) (Table 1). There was no obvious
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association between JS-K toxicity and mutational status of
p53 or K-ras. The cell lines had previously been characterized
by us with regard to levels of ROS (Romanowska et al., 2007).
Inspection of the assembled data suggested that JS-K was
most effective against cell lines characterized by high levels
of ROS, as detected by the oxidation-sensitive fluorophore
DCF. It should be noted that this fluorophore is also oxidized
by RNS such as peroxynitrite (Halliwell and Whiteman,
2004). There was a strong and statistically significant corre-
lation between endogenous ROS/RNS (DCF fluorescence)
and JS-K toxicity, measured as IC;, values (P = 0.0004, r =
—0.75; Fig. 3A). IC;, values did not correlate significantly
with total levels of superoxide as measured by nitroblue
tetrazolium reduction (Romanowska et al., 2007) (Supple-
mentary Fig. S1).

To confirm a controlling role for ROS/RNS in lung cancer
cells’ susceptibility to JS-K, we demonstrated that the anti-
oxidant N-acetylcysteine (NAC) abrogated the effect of JS-K
in the drug-sensitive H1703 cell line (Fig. 3B). Buthionine
sulfoximine (BSO), a pro-oxidant via GSH depletion, in-
creased effectiveness of JS-K in a dose-dependent way in
H1703 cells (Fig. 3B). BSO also potentiated the JS-K effect in
the less sensitive H1944 cells (Fig. 3C).

C
a H1944
120 1
4 5’;8‘100 P = 0.004
| -g*;:' 80 1
3 3 &0
gé 40
i 7
0
JS-K10 pyM - = +
- - + +
+ + + + 4+ BSO1TmM

-—-+_
L

Fig. 3. JS-K toxicity depends on intracellular ROS/RNS. A, JS-K toxicity (as IC;, values) correlated significantly with endogenous ROS/RNS levels,
measured as DCF fluorescence (arbitrary units). B, pretreatment with NAC reduced JS-K toxicity, whereas depletion of glutathione using the
glutathione synthase inhibitor BSO sensitized the cells to JS-K. The H1703 cells were treated with NAC or BSO for 24 h, followed by 24 h with 1 uM
JS-K. The number of surviving cells was assessed by the MTT assay. a, P < 0.0001; b, P = 0.003; ¢, P = 0.04 by Mann-Whitney test. C, depletion of
GSH in the H1944 cells sensitized the cells to JS-K. Cells were treated with 1 mM BSO in complete medium for 24 h followed by 10 pM JS-K for
another 24 h, and the number of surviving cells was assessed by the MTT assay.
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toxicity measured as ICy, values correlated with levels of PRX1. B,
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JS-K. H1703 cells were treated with a siRNA pool for all six isoforms of
PRX for 48 h in complete medium followed by 0.5 pM JS-K for 24 h.
Percentage of dead cells was measured by the trypan blue exclusion
method. Loss of PRX-1 signal after siRNA treatment was shown by
Western blot. M, mock control; si, siRNA to PRX pool; NS, nonsilencing
siRNA negative control.
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Several antioxidant enzymes may contribute to the regu-
lation of steady-state levels of ROS in cells. In our panel of
NSCLC cells, ROS/RNS did not correlate with levels of
MnSOD, CuZn superoxide dismutase, catalase, glutathione per-
oxidase, or PRX2 and PRX5 (not shown). However, there was
a significant negative correlation of ROS/RNS with PRX 1, 3,
4, and 6 (Fig. 4A and Supplementary Fig. S2), supporting the
importance of these enzymes in the antioxidant defense sys-
tem of lung cancer cells. In addition to their action on perox-
ides, PRXs are recognized as highly efficient peroxynitrite
scavengers (Ferrer-Sueta and Radi, 2009). Protein levels of
PRX1 had a strong negative correlation with ROS/RNS and a
strong positive correlation with the IC;, values for JS-K (Fig.
4A). There was a similar, although less pronounced, correla-
tion with PRX6 (Supplementary Figs. S2 and S3). Down-
regulation of the PRXs with a pool of siRNAs resulted in a
significant increase in cell killing by 0.5 M JS-K (Fig. 4B).
There were no significant correlations between JS-K ICj,
values and levels of catalase, CuZn superoxide dismutase,
MnSOD, or glutathione peroxidase (not shown). These re-
sults confirm the pivotal role of ROS/RNS level in determi-
nation of lung cancer cell sensitivity to killing by JS-K and
suggest that expression of PRX1 protein might be a useful
clinical indicator.

Increase in NO and ROS/RNS after JS-K. To confirm
that JS-K released NO in the cells, an increase in intracel-
lular NO was demonstrated up to 60 min after treatment
with the NO-specific reagent DAF-FM diacetate and oc-
curred in both the sensitive H1703 and the resistant H1944
cell lines (Fig. 5A). There was also an increase in DCF-
reactive material over this time frame in H1703 cells, but not
H1944 cells (Fig. 5B), suggesting that pre-existing high levels
of ROS/RNS were required for the generation of additional
ROS/RNS.

Effects of JS-K on Mitochondria and Glutathione
Oxidation. The increased ROS/RNS in H1703 cells sug-
gested occurrence of the well known uncoupling effects of NO
in mitochondria, resulting in increased superoxide, hydrogen
peroxide, and peroxynitrite. There was correspondingly an
increase in mitochondrial superoxide generation in the cells
(Fig. 6A). NO might also increase levels of superoxide and
peroxynitrite by inhibition of mitochondrial MnSOD. The
enzyme has three tyrosine residues susceptible to nitration
(Tyr45, Tyr193, and Tyr34); Tyr34 is critical for activity.
Nitration of the active-site residue Tyr34 of MnSOD results
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Fig. 6. JS-K-induced increase in mitochondrial superoxide and MnSOD tyrosine nitration. A, mitochondrial superoxide level measured with MitoSOX
fluorescence. Rotenone was used as positive control. B, H1703 cells were treated with 1 pM JS-K for 1 or 6 h. The level of 3-nitrotyrosine (NY) in
MnSOD was assessed by immunoprecipitation (IP) with an anti-nitrotyrosine antibody followed by immunoblot (WB) with an antibody to MnSOD.
C, the superoxide scavenger Tiron had a protective effect against JS-K toxicity; H1703 cells were pretreated with 10 mM Tiron in complete medium
for 1 h, followed by 24 h with JS-K and then the cell number was assessed by MTT assay.
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TABLE 2

Changes in glutathione homeostasis in NSCLC cells upon
JS-K treatment

Results of one experiment representative of three are shown.

GSH GSSG GSH/GSSG
wmol/mg protein
H1703
DMSO 1.55 0.028 55.4
JS-K 1 pM 1.27 0.042 30.2
H1944
DMSO 0.25 0.008 31.3
JS-K 10 uM 0.13 0.014 9.3

in nearly complete inhibition of catalysis (MacMillan-Crow et
al., 1998; Yamakura et al., 1998). A significant increase in
the nitrotyrosine level in MnSOD was detected by immuno-
precipitation in H1703 cells after 1 h with JS-K (Fig. 6B).
Involvement of superoxide was also shown by using a super-
oxide scavenger Tiron, which had a protective effect against
JS-K toxicity in the H1703 cell line (Fig. 6C).

These effects in the mitochondria suggested the likelihood
of an overall change in the redox balance in the H1703 cells,
and this was confirmed by a decrease in reduced GSH level
and increase in its oxidized (GSSG) form (Table 2). In addi-
tion to indirect effects mediated via mitochondrial actions,
JS-K may have a direct depleting effect on GSH. JS-K is
activated to release NO by nucleophilic aromatic substitution
of GSH at the aryl group, leading to Meisenheimer complex
formation, and this reaction can be accelerated by glutathi-
one transferases (Fig. 1) (Shami et al., 2003). Thus JS-K
treatment should lead to GSH depletion both by this S Ar
reaction and through GSH oxidation by the observed increase
in ROS/RNS (Fig. 5B). JS-K treatment reduced levels of GSH
and increased levels of GSSG in the resistant cell line H1944
as well (Table 2). Untreated H1703 cells have more GSH
than H1944 cells. This could favor JS-K toxicity in two ways:
JS-K may be more effectively cleaved in the cells containing
higher levels of GSH, and kinetic studies indicated that high
GSH may in fact favor apoptosis because of its reaction with
antiapoptotic species (Bagci et al., 2008).

Toxicity of JS-K in Sensitive Cells Is Associated with
Induction of the Intrinsic Apoptotic Pathway. GSH de-
pletion leading to redox imbalance, as demonstrated above,
may activate the intrinsic apoptotic pathway initiator Bax by
its oxidation-dependent dimerization and consequent trans-
location to mitochondria (D’Alessio et al., 2005). This func-
tional translocation triggers cytochrome c release from mito-
chondria, which makes Bax translocation the most upstream
event of the intrinsic apoptotic pathway. The two cysteine
residues of Bax form a disulfide bridge, which changes the
conformation of the protein to that favorable for mitochon-
drial translocation (D’Alessio et al., 2005). In our sensitive
H1703 cells, there were increases in total Bax and Bax
dimers in the mitochondrial fraction within 20 min after
treatment with 1 pM JS-K (Fig. 7B). Loss of mitochondrial
membrane potential was detected after 1-h incubation with 1
pM JS-K; there was marked loss of this membrane potential
with 10 pM JS-K (Fig. 7A). Cytochrome ¢ release into the
cytosol was detected 1 h after JS-K treatment was initiated
(Fig. 7C). Apoptosis was activated early, as evidenced by
cleaved caspases 3 and 7 (1 h), and cleaved PARP (1 h) (Fig.
7D). These effectors of apoptosis were not seen in the resis-
tant H1944 cells, even at a 10-fold higher dose of JS-K (Fig.
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Fig. 7. A, mitochondrial membrane potential (AWm) was analyzed using
JC-1 mitochondrial membrane dye. H1703 cells were treated with DMSO
(control) or JS-K (1-10 pM) for 1 h. The drug caused an increase in the
green (JC-1 monomers) and decrease in the red fluorescence (JC-1 aggre-
gates) indicative of loss of AWm. Ratio of JC-1 (red to green) was calcu-
lated. B, immunoblot demonstrating increase in total Bax and Bax
dimers in mitochondrial fraction (MT) within 20 min after 1 pM JS-K
treatment. C, cytochrome ¢ increase in the cytosol (C) and decrease in the
mitochondria (MT) of H1703 cells after JS-K treatment. D, PARP cleav-
age and effector caspase 3 and 7 activation as shown by Western blot, in
the H1703 cells, but not in JS-K-resistant H1944 cells, even at a 10-fold
higher concentration of the drug. E, pretreatment with pro-oxidant BSO
for 16 h sensitized H1944 cells for apoptosis after 24 h treatment with
JS-K.

7D). In H1944 cells 8-h treatment with 10 uM JS-K did not
activate apoptosis (Fig. 7D) and 24-h treatment led only to a
weak apoptotic response, as indicated by PARP and caspase
7 cleavage (Fig. TE). However, pretreatment of H1944 cells
with 1 mM BSO for 16 h followed by JS-K treatment for 24 h
resulted in a strong apoptotic signal (Fig. 7E), confirming the
likely involvement of pre-existing oxidative stress in initiat-
ing of apoptosis.

DNA Damage Contributed to JS-K’s Toxicity. We
noted previously in the NSCLC cell line panel a correlation
between DNA strand break damage as assessed by the comet
assay and the levels of superoxide. Baseline levels of total
superoxide were low in H1703 cells compared with other
lines, as indicated by the nitroblue tetrazolium assay (Ro-
manowska et al., 2007). Correspondingly, the increase in
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Fig. 8. DNA strand break damage analyzed by comet assay. A, compar-
ison of comet signals in H1703 and H1944 cells after JS-K treatment.
B, comet tail moment was quantified using CometScore software (TriTek
Inc., Sumerduck, VA). C, JS-43-126, a non-NO-releasing JS-K analog
(seen in the scheme), did not cause DNA strand break damage. D, OGG1
levels correlated significantly with JS-K toxicity measured as IC;, value.

mitochondrial superoxide in H1703 cells after JS-K treat-
ment (Fig. 6A) was associated with extensive DNA damage
within 1 h, with no effect seen in the resistant H1944 cell line
(Fig. 8A). By 24 h massive damage was apparent in H1703
cells (Fig. 8, A and B). 1-(2,4-Dinitrophenyl)-4-carboethoxyp-
iperazine (JS-43-126), an analog of JS-K that does not release
NO, did not cause DNA strand break damage (Fig. 8C).

A major product of ROS attack in genomic DNA is the
premutagenic lesion 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-
ox0dG). The main defense against the 8-oxodG is the base
excision repair (BER) pathway, which in eukaryotes is initi-
ated by the OGG1 protein, a DNA glycosylase that catalyzes
the excision of 8-0xodG from DNA, and is responsible for
more than 95% of the BER activity in mammalian cells. In
the present work we found a strong and statistically signifi-
cant correlation between OGG1 protein expression levels and
IC;, values for JS-K (r = 0.8, P = 0.0001; Fig. 8D). JS-K was
much less toxic in the cell lines expressing high levels of
OGG1 protein. These results confirm that DNA damage was
part of the mechanism of JS-K’s effects on the lung cancer
cells and establish OGG1 as a potential marker for sensitiv-
ity. The strong association between OGG1 and the cell-killing
effects of JS-K in the panel of cells clearly implicates oxida-
tive DNA damage as a critical component. Activation of ap-
optosis by DNA damage frequently involves activation of p53.
However, H1703 cells express only low levels of mutant in-
active p53 (Phelps et al., 1996), and as expected no alter-
ations in p53 levels or phosphorylation were observed after
JS-K treatment; p73 was expressed at low levels but also was
not altered (not shown).

Discussion

Lung cancer is rarely curable, despite the advances in
understanding molecular mechanisms of cancer and new an-
ticancer drug development. Novel therapeutic strategies are
critically needed. In this article, we demonstrate that the
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diazeniumdiolate-based nitric oxide-releasing prodrug JS-K
is highly effective against a third of the non—small-cell lung
cancer cell lines studied here and is also active in vivo. The
effectiveness of the drug is significantly correlated with pre-
existing high levels of ROS/RNS. Many cancer cell types,
especially in advanced stage tumors, exhibit increased levels
of ROS (Pelicano et al., 2004; Trachootham et al., 2009), and
these high-ROS cells are likely to be more vulnerable to
damage by further ROS/RNS released from an exogenous
source than nonmalignant cells. In the present work, we
show that 30% of the lung adenocarcinoma cell lines studied
are characterized by high levels of ROS/RNS and are highly
sensitive to JS-K. The drug was significantly effective in
mouse xenograft models of lung adenocarcinoma without tox-
icity to the animals, suggesting potential clinical therapeutic
efficacy. The selectivity of JS-K toward cancer cells while
sparing nontransformed cells has been demonstrated previ-
ously (Shami et al., 2003; Kiziltepe et al., 2007; Chakrapani
et al., 2008). Activity of candidate drugs in lung cancer xeno-
grafts has previously predicted clinical efficacy (Voskoglou-
Nomikos et al., 2003). Thus, JS-K is a new agent that might
have potential in the treatment of NSCLC. The cytotoxic
effects of JS-K involved activation of the intrinsic apoptotic
pathway. Inhibitory tyrosine nitration of mitochondrial MnSOD
and increased mitochondrial superoxide were demonstrated,
as well as increase in the DCF signal that could measure
peroxides and/or peroxynitrite. It seems likely that these
changes reflect the well known uncoupling effects of NO in
mitochondria, caused by inhibition of cytochrome ¢ oxidase
(Brookes et al., 1999; Shiva et al., 2001; Brown and Boru-
taite, 2006; Bonavida et al., 2006). A low concentration (1
pM) of an NO-releasing chemical caused a marked increase
in DCF signal in both cells and isolated mitochondria (Boru-
taite and Brown, 2003). Inhibition of catalase at low NO
levels is also possible (Brown and Borutaite, 2006; Rauen et
al., 2007). Engagement of the intrinsic mitochondrial path-
way is typical for NO-induced apoptosis (Li and Wogan, 2005;
Pacher et al., 2007). Direct toxic effects on mitochondrial
membranes may have contributed to cytochrome ¢ release
and apoptosis.

DNA damage was also extensive and contributed to JS-K’s
toxic potential, as indicated by the apparent protective effect
of high OGG1 levels. The demonstrated increase in superox-
ide and probable increase in peroxynitrite probably caused
this damage; previously we noted a correlation between basal
superoxide levels and DNA damage in our panel of lung
adenocarcinoma cell lines (Pacher et al., 2007; Romanowska
et al., 2007). Oxidative DNA damage is predominantly re-
paired by BER, and OGG1 is responsible for most BER ac-
tivity in humans. Both NO and peroxynitrite are capable of
inhibiting OGG1 activity (Jaiswal et al., 2001) and may lead
to further increase in DNA damage. Effects of DNA damage
were p53-independent in H1703 cells; the mechanisms will
need to be elucidated in further studies. Induction of apopto-
sis by NO or peroxynitrite donors has been described in other
types of p53-deficient cells (Taylor et al., 2007).

Until now, the therapeutic effectiveness of NO generators
against lung cancers has not seemed likely (Kashfi et al.,
2002; Bentz et al., 2004, 2007; Chanvorachote et al., 2006).
Results presented here show that, on the contrary, JS-K is
empirically quite effective against a substantial percentage
of lung cancer cell lines that are apparently vulnerable be-
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cause of a combination of high ROS/RNS, low antioxidant
PRX1, and low OGG1 DNA repair enzyme. PRX1 and OGG1
proteins could be easily quantified in tumor surgical or bi-
opsy samples for selection of candidate lung cancer patients
for JS-K therapy.
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