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Auranofin inhibits the proliferation of lung cancer cells
via necrosis and caspase-dependent apoptosis
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Abstract. Auranofin, an inhibitor of thioredoxin reductase
(TrxR), inhibits the growth of a variety of cancer cells. In the
present study, various lung cancer cells were used to investi-
gate the molecular basis of anti-cancer effects of auranofin,
including cell death via apoptosis or necrosis and cell cycle
arrest. Generally, auranofin inhibited the growth of the tested
lung cancer cell lines in a dose-dependent manner with an
IC50 of 3-4 uM at 24 h. This agent significantly decreased
the activity of TrxR in Calu-6 and A549 lung cancer cells.
In addition, auranofin (3-5 yM) triggered necrosis in lung
cancer cells measured by the release of lactate dehydroge-
nase (LDH) into culture media. Auranofin increased the
percentages of sub-Gl cells in Calu-6 and A549 cells. DNA
flow cytometry showed that auranofin induced G2/M phase
arrest of Calu-6 cells. This agent also efficiently induced
apoptosis, accompanied by loss of mitochondrial membrane
potential (MMP; AWm), increases in cleavage forms of
caspase-3 and poly (ADP-ribose) polymerase (PARP), and
a high ratio of BAX to Bcl-2 proteins. Furthermore, various
caspase inhibitors reduced apoptosis and MMP (AWm) loss in
auranofin-treated Calu-6 cells. In particular, the pan-caspase
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inhibitor, benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone
(Z-VAD), decreased cleavage forms of caspase-3, -8, and -9 in
these cells. In conclusion, auranofin inhibited the proliferation
of lung cancer cells, especially Calu-6 cells, via cell cycle
arrest and cell death due to necrosis or caspase-dependent
apoptosis.

Introduction

Lung cancer is the leading cause of cancer-related death world-
wide (1). Lung cancer is classified into two major types; small
cell lung cancer (SCLC) accounting for 10-14% of all lung
cancer cases and non-SCLC (NSCLC) representing 85-90% of
all lung cancer cases (2). NSCLC is further divided into three
subtypes according to histology: Squamous-cell carcinoma,
adenocarcinoma, and large cell carcinoma (3). Various clinical
cancer therapies have been used to treat lung cancer, but better
efficacy is still required. Many studies report inhibition of
cell growth and induction of apoptosis by many therapeutic
agents (4,5), yet novel agents that target specific intracellular
targets of lung cancer cells continue to be developed.

Apoptosis is a cellular response to anti-cancer drugs.
The mechanism of apoptosis mainly involves mitochondrial
and cell death receptor pathways (6). The key element in the
mitochondrial pathway is the efflux of cytochrome c from
mitochondria to cytosol. In the cytosol, cytochrome ¢ forms
a complex (apoptosome) with apoptotic protease-activating
factor 1 (Apaf-1) and caspase-9, leading to the activation of
caspase-3 (6,7). The induction of apoptosis is accompanied by
increasing BAX and decreasing Bcl-2 levels, leading to the
loss of mitochondrial membrane potential (MMP; AWm) (8).
The cell death receptor pathway is characterized by the
binding of cell death ligands to their death receptors with
subsequent activation of caspase-8 and -3 (9). Caspase-3 is a
major executioner caspase, whose activation can systemati-
cally dismantle cells by cleaving key proteins, especially poly
(ADP-ribose) polymerase (PARP) (10). Thus, targeted inhibi-
tion of anti-apoptotic pathways is an attractive concept for the
design of cancer treatments.

Auranofin, a thioredoxin reductase (TrxR) inhibitor, was
initially used for oral therapy for rheumatoid arthritis (11).
Originally, this agent was considered an anti-inflammatory
drug (12). Thioredoxin (Trx) and TrxR make a coupled redox
system, which plays a key role in maintaining redox reactions
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in biosynthetic pathways and controlling redox homeostasis.
Trx, a redox regulatory protein, can be oxidized by reactive
oxygen species (ROS). Oxidative stress due to either overpro-
duction of ROS or accumulation thereof can initiate events that
lead to cell death (13,14). Trx and TrxR are overexpressed in
numerous cancer cells including lung Cancer (15). Modulation
of the Trx system is thus a promising target for cancer
therapy (11). Trx and TrxR expression are upregulated by
nuclear factor-erythroid 2 p45-related factor 2 (16). Inhibition
of TrxR increases the efficacy of anti-cancer drugs in lung
and colon cancer (17-19). Downregulation of Trx by suberoyl
bis-hydroxamic acid is closely involved in lung cancer cell
death (20). Auranofin also induces apoptosis in mesothelioma
and cervical cancer cells via oxidative stress (13,21).

Understanding of the anti-cancer effects of auranofin in
lung cancer cells remains poor. In the present study, various
lung cancer cells were used to investigate the molecular basis
of anti-cancer effects of auranofin, including cell death via
apoptosis or necrosis and cell cycle arrest.

Materials and methods

Cell culture. Human SCLC cell line (Calu-6), adenocarci-
noma cell lines (A549, SK-LU-1), and large cell carcinoma
cell lines (NCI-H460, NCI-H1299) were obtained from the
American Type Culture Collection (Manassas, VA). Normal
human pulmonary fibroblast (HPF) cells were obtained from
PromoCell GmbH (C-12360, Heidelberg, Germany). These
cells were maintained in an incubator containing 5% CO, at
37°C. HPF and lung cancer cells were cultured in RPMI-1640
containing 10% fetal bovine serum (Sigma-Aldrich Co., St.
Louis, MO) and 1% penicillin-streptomycin (Gibco BRL,
Grand Island, NY). Cells were grown in 100 mm plastic cell
culture dishes (BD Falcon. Franklin Lakes, NJ) and harvested
with trypsin-EDTA (Gibco BRL). HPF cells were used
between passages of four to five.

Reagents. Auranofin was purchased from Sigma-Aldrich
Co. and was dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich Co.) at 10 mM as a stock solution. Pan-caspase
inhibitor benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone
(Z-VAD-FMK), caspase-3 inhibitor benzyloxycarbonyl-Asp-
Glu-Val-Asp-fluoromethylketone (Z-DEVD-FMK), caspase-8
inhibitor benzyloxycarbonyl-Ile-Glu-Thr-Asp-
fluoromethylketone (Z-IETD-FMK), and caspase-9
inhibitor benzyloxycarbonyl-Leu-Glu-His-Asp-
fluoromethylketone (Z-LEHD-FMK) were obtained from R&D
Systems, Inc. (Minneapolis, MN,) and dissolved in 10 mM
DMSO as stock solutions. Cells were pretreated with 15 yM
of individual caspase inhibitors for 1 h prior to the addition of
auranofin. DMSO (0.01%) was used as a control vehicle and did
not affect cell growth or cell death.

Cell growth inhibition assay. The effects of auranofin on the
proliferation of HPF and lung cancer cells were determined by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma-Aldrich Co.) assays. Briefly, 3x10* cells were
seeded into 96-well microtiter plates (Nunc). After incubation
with the indicated doses of auranofin for 24 h, 20 ul of MTT
solution [2 mg/ml in phosphate-buffered saline (PBS; GIBCO
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BRL)] was added to each well. The plates were incubated for
4 h at 37°C. Medium in plates was removed by pipetting, and
100-200 pul of DMSO was added to each well to solubilize
formazan crystals. Optical density was measured at 570 nm
using a microplate reader (Synergy™ 2, BiolekR Instruments
Inc. Winooski, VT).

Lactate dehydrogenase (LDH) release assay. Necrosis in HPF
and lung cancer cells treated with auranofin were evaluated
by LDH kit (Sigma-Aldrich Co.) Briefly, 1x10° cells in 60 mm
culture dishes (BD Falcon) were incubated with the indicated
concentrations of auranofin for 24 h. After treatment, cell
culture media were collected and centrifuged for 5 min at
200 x g at room temperature. Supernatants (50 pl) were added
to 96-lawell plates along with LDH assay reagent and incu-
bated at room temperature for 30 min. Absorbance values were
measured at 490 nm using a microplate reader (Synergy™ 2).
LDH release was expressed as the percentage of extracellular
LDH activity compared with untreated control cells.

Cell cycle and sub-Gl cell analysis. Cell cycle and sub-Gl
distributions of cells were determined by propidium iodide
(PI, Sigma-Aldrich Co.; Ex/Em=488 nm/617 nm) staining,
as previously described (21). Briefly, 1x10° cells in 60 mm
culture dishes (BD Falcon) were incubated with the indicated
concentrations of auranofin for 24 h. After washing whole
cells including floating cells with PBS, cells were fixed in 70%
ethanol. These cells were washed with PBS twice and then
incubated with PI (10 pg/ml) and RNase (Sigma-Aldrich) at
37°C for 30 min. Proportions of cells in different phases of
cell cycle or with sub-G1 DNA content were measured and
analyzed with a FAC Star flow cytometer (BD Sciences,
Franklin Lakes, NJ, USA).

Detection of apoptosis. Apoptosis was identified by
staining with annexin V-fluorescein isothiocyanate (FITC,
Life Technologies; Ex/Em=488/519 nm), as previously
described (22). Briefly, 110° cells in 60 mm culture dishes
(BD Falcon) were incubated with the indicated concentra-
tions of auranofin for 24 h with or without individual caspase
inhibitors. Cells were washed twice with cold PBS and then
suspended in 200 1 of binding buffer (10 mM HEPES/NaOH
pH 7.4, 140 mM NacCl, 2.5 mM CaCl,) at a concentration of
5x10° cells/ml at 37°C for 30 min. Annexin V-FITC (2 ul)
and PI (1 pg/ml) were added, and cells were analyzed with a
FACStar flow cytometer (BD Sciences).

Measurement of mitochondrial membrane potential (A¥Wm).
The mitochondrial membrane potential (MMP, AWm)
was monitored using a fluorescent dye Rhodamine 123
(Sigma-Aldrich Co.; Ex/Em=485/535 nm), a cell-permeable
cationic dye, which preferentially enters into mitochondria
of their typical highly negative MMP (A®m). Depolarization
of MMP (AWm) results in the loss of Rhodamine 123 from
the mitochondria and decreases the intracellular fluorescence
of this dye, as previously described (23). In brief, 1x10° cells
in 60 mm culture dishes (Nunc) were incubated with the
designated doses of auranofin for 24 h with or without 15 yM
individual caspase inhibitors. Cells were washed twice with
PBS and incubated with Rhodamine 123 (0.1 mg/ml) at a
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Figure 1. Effects of auranofin on cell growth and TrxR activity in lung cancer cells. Exponentially growing cells were incubated in the presence of the indicated
concentrations of auranofin for 24 h. Cell growth was assessed by MTT assays. (A-F) Graphs show cell growth in the normal HPF (A) and lung cancer cells,
including Calu-6 (B), A549 (C), SK-LU-1 (D), NCI-H460 (E), and NCI-H1299 (F). (G) Graph shows the TrxR activity in Calu-6 and A549 cells. "P<0.05

compared with auranofin-untreated control cells.

concentration of 5x10° cells/ml at 37°C for 30 min. Rhodamine
123 staining intensities were determined using a FACStar flow
cytometer. Rhodamine 123 negative (-) cells indicated MMP
(AWm) loss.

Western blot analysis. The protein expression levels were
evaluated by western blotting. Briefly, 5x10° cells in 100 mm
culture dishes (BD Falcon) were incubated condition with the
indicated concentrations of auranofin at 37°C for 24 h with or
without pan-caspase inhibitor, (Z-VAD). Cells were washed
with PBS and lysed for 30 min in RIPA buffer supplemented
with protease and phosphatase inhibitor cocktail (Intron
Biotechnology, Seongnam Korea). The samples were heated
to 100°C for 5 min and placed on ice. Total proteins (30 ug)
were resolved using 8-15% SDS-PAGE gels and then trans-
ferred to Immobilon-P PVDF membranes (Millipore) by
electroblotting. Membranes were probed with anti-PARP
(no. 9543, 1:1,000 dilution), anti-cleaved PARP (no. 9541,
1:1,000 dilution), anti-caspase-3 (no. 9662, 1:1,000 dilution),
anti-caspase-8 (no. 9746, 1:1,000 dilution), anti-caspase-9
(no. 9502, 1:1,000 dilution), anti-cleaved caspase-3 (no. 9661,
1:1,000 dilution), anti-cleaved caspase-8 (no. 9496, 1:1,000
dilution), anti-cleaved caspase-9 (no. 9501, 1:1,000), anti-Bcl-2
(no. 2872, 1:1,000 dilution), anti-BAX (no. 2774, 1:1,000
dilution) (Cell Signaling Technology); anti-Trx1 (SC-20146,
1:1,000 dilution) and anti-GAPDH (SC-25778, 1:1,000 dilu-
tion) (Santa Cruz Biotechnology). Membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology) at 4°C for 1 h. Blots were developed
using an EZ-Western Lumi Pico ECL solution kit (DoGen Bio

Co, Seoul, Korea). All band intensities were quantified using
the Image J program (Fuji Film, Tokyo, Japan).

Detection of TrxR activity. The activity of TrxR was assessed
using the Thioredoxin Reductase assay kit according to
the manufacturer's instructions (Sigma-1Aldrich). In brief,
1x10° cells were incubated in 60 mm culture dish (Nunc) with
the indicated dose of auranofin for 24 h. The cells were then
washed in PBS and suspended in five volumes of lysis buffer.
Protein concentrations were determined using the Bradford
method. Supernatant samples containing 30 pg total protein
were used for the determination of TrxR activity. These were
added to each well in 96-well microtiter plates (Nunc) with
5,5'-dithiobis (2-nitrobenzoic) acid at 25°C for 1 h. The optical
density of each well was measured at 412 nm using a micro-
plate reader (Synergy™?2).

Statistical analysis. The results are reported as the mean of at
least two or three independent experiments (mean + SD). Data
were analyzed using Instat software (GraphPad Prism5). The
Student's t-test or one-way analysis of variance with post-hoc
analysis using Tukey's multiple comparison test was used for the
parametric data. Statistical significance was defined as P<0.05.

Results

Effects of auranofin on cell growth and TrxR activity in lung
cancer cells. The effect of auranofin, a known inhibitor of TrxR,
on the growth of normal lung cell and lung cancer cell types
was examined using MTT assays. The growth of normal HPF
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Figure 2. Effects of auranofin on necrosis in lung cancer cells. Exponentially growing cells were incubated in the presence of the designated concentrations of
auranofin for 24 h. Graphs show LDH releases in the normal HPF (A) and lung cancer cells including Calu-6 (B), A549 (C), SK-LU-1 (D), NCI-H460 (E), and
NCI-H1299 (F). "P<0.05 compared with the auranofin-untreated control group.

cells showed dose-dependent inhibition with an ICs, of ~3 yuM
(Fig. 1A) after a 24-h incubation with auranofin. The growth of
Calu-6 cells was also dose-dependently reduced with an IC,
of ~3 uM (Fig. 1B). The growth of A549 and SK-LU-1 cells
was marginally reduced by 1-3 uM auranofin and significantly
decreased by 4-5 yM auranofin (Fig. 1C and D). Auranofin
inhibited the growth of NCI-H460 and NCI-H1299 cells in a
dose-dependent manner with ICy, of ~3 uM (Fig. 1E) and 1 M
(Fig. 1F). Furthermore, auranofin significantly decreased the
activity of TrxR in Calu-6 and A549 cells (Fig. 1G). Auranofin
also downregulated the expression of Trx1 protein in Calu-6
and A549 cells (Fig. S1).

Effects of auranofin on cell death in lung cancer cells.
LDH release was measured to determine whether auranofin
causes cell necrosis. Treatment increased the release of LDH
in the normal HPF cells after a 24 h incubation with 3 uM
auranofin (Fig. 2A). Auranofin (3-5 M) induced significant
LDH release in Calu-6, SK-LU-1, and NCI-H460 cells in a
dose-dependent manner (Fig. 2B, D and E), at 4-5 M trig-
gered LDH release in A549 cells (Fig. 2C), and at 1 and 3 yuM
concentrations increased LDH release in NCI-H1299 cells
(Fig. 2F).

Effects of auranofin on the cell cycle distributions in Calu-6
and A549 lung cancer cells. As growth inhibition of Calu-6
and A549 cells by auranofin could be explained by an arrest
during cell cycle progression, distribution of the cells in
different stages of the cell cycle were examined after a 24 h

incubation with auranofin. DNA flow cytometric analysis
indicated that 2 and 3 yM auranofin induced a G2/M phase
arrest of the cell cycle in Calu-6 cells and that 1 xM aura-
nofin did not affect cell cycle distributions. In addition,
auranofin did not show specific cell cycle arrest in A549 cells
(Fig. 3A and B). Moreover, auranofin significantly increased
the percentages of sub-Gl cells in Calu-6 and A549 cells at
24 h (Fig. 3B).

Effects of auranofin on apoptosis in lung cancer cells. Whether
auranofin induces apoptosis in cells was assessed using an
annexin V-staining assay. The number of annexin V-positive
normal HPF and Calu-6 cells significantly increased in a
dose-dependent manner after treatment with 1-5 M auranofin
(Fig. 4A and B). At 4-5 uM, the number of annexin V-positive
A549 cells was greatly increased (Fig. 4C). Similarly, treat-
ment with 1-5 M auranofin increased the number of annexin
V-positive SK-LU-1 cells (Fig. 4D). The number of annexin
V-positive NCI-H460 and NCI-H1299 cells were increased
after incubation in 3-5 and 1-3 uM concentrations of auranofin,
respectively (Fig. 4E and F).

Effects of auranofin on mitochondrial membrane potential
(MMP; AYm) in lung cancer cells. Since apoptosis is closely
related to the collapse of MMP (AWm), loss of MMP (AWm)
in auranofin-treated cells was assessed using Rhodamine
123 dye. Loss of MMP (AWm) in the normal HPF cells was
dose-dependently induced by auranofin at concentrations of
2-5 uM (Fig. 5A). Similar loss of MMP (AWm) was observed
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after treatment of Calu-6 and SK-LU-1 cells (Fig. 5B and D),
A549 cells (Fig. 5C), and NCI-H460 cells (Fig. SE) with
auranofin at 3-5, 4-5, and 2-5 uM, respectively. Concentrations
of 1-3 uM auranofin did not show this effect in A549 cells
(Fig. 5C). Furthermore, auranofin at concentrations of
0.1-0.5 uM significantly increased loss of MMP (A®m) in
NCI-H1299 cells (Fig. 5F).

Effects of auranofin on apoptosis-related protein levels in
Calu-6 and A549 cells. As auranofin increased the number of
annexin V-positive cells, levels of apoptosis-related proteins
were evaluated by western blot analysis. Intact forms of
PARP decreased in auranofin-treated Calu-6 and A549 cells
whereas the cleavage forms of PARP increased in these cells
(Fig. 6A and C). In addition, the levels of cleaved caspase-3
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Figure 7. Effects of caspase inhibitors on cell death, MMP (AWm) loss, and apoptosis-related proteins in auranofin-treated cells. Exponentially growing Calu-6
and A549 cells were incubated in the presence of 3 and 5 M auranofin for 24 h, respectively, following 1 h preincubation with 15 ¥M of individual caspase
inhibitors. Graphs show the percentages of annexin V-positive cells (A) and Rhodamine 123-negative [MMP (A%®m) loss] cells as assessed using FACStar flow
cytometer with Calu-6 (A and B) and A549 cells (C and D). Protein extracts were resolved by 8-15% SDS-PAGE gel, transferred to PVDF membranes, and
immunoblotted with the indicated antibodies. Western blot results show the levels of PARP; cleaved caspase-3, -8, -9; Bcl-2; BAX; and GAPDH (E). Graphs
show ratio of Cleaved PARP/Total PARP, Cleaved caspase-3/Total caspase-3, Cleaved caspase-8/Total caspase-8 and Cleaved caspase-9/Total caspase-9 in
auranofin-treated Calu-6 cells (F), and band intensities were quantified using the Image J program. "P<0.05 compared with auranofin-untreated control cells.

"P<0.05 compared with cells treated with auranofin only.

were dose-dependently upregulated in auranofin-treated
Calu-6 and A549 cells (Fig. 6A and C). Auranofin also
decreased the levels of Bcl-2 and increased the levels of BAX
in Calu-6 and A549 cells (Fig. 6A and C). The ratios of cleaved
PARP/total PARP and cleaved caspase-3/total caspase-3
were increased in auranofin-treated Calu-6 and A549 cells
(Fig. 6B and D). All blots presented together were probed from
the same membrane.

Effects of caspase inhibitors on cell death, MMP (AWm), and
apoptosis-related protein levels in auranofin-treated Calu-6
and A549 cells. To determine which caspases were involved in
auranofin-induced apoptosis, cells were pretreated with various
caspase inhibitors before treatment with auranofin. Z-VAD (a
pan-caspase inhibitor) significantly decreased the number of
annexin V-positive Calu-6 cells treated with 3 M auranofin
(Fig. 7A). Furthermore, all of the tested caspase inhibitors
(Z-DVED for caspase-3, Z-IETD for caspase-8, and Z-LEHD
for caspase-9) significantly reduced the death of Calu-6 cells
following auranofin treatment (Fig. 7A). In addition, all caspase
inhibitors significantly protected against the loss of MMP
(AWm) in Calu-6 cells caused by auranofin (Fig. 7B). Likewise,
all tested caspase inhibitors slightly decreased apoptotic A549
cell death following incubation with 5 M auranofin (Fig. 7C).
However, these decreases were not statistically significant.
Caspase inhibitors marginally reduced the loss of MMP (AWm)
in auranofin-treated A549 cells (Fig. 7D). The expression of
apoptosis-related proteins showed an increase in the intact

form of PARP in auranofin-treated Calu-6 cells in the pres-
ence of Z-VAD and a decrease in the cleavage form of PARP
in those cells (Fig. 7E). Furthermore, Z-VAD reduced cleavage
forms of caspase-3, -8, and -9 in auranofin-treated Calu-6 cells
(Fig. 7E). Finally, the expression of Bcl-2 in auranofin-treated
cells was clearly upregulated in the presence of Z-VAD, and
the levels of BAX in those cells were downregulated (Fig. 7E).
The ratio of cleaved PARP/total PARP, cleaved caspase-3/total
caspase-3, cleaved caspase-8/total caspase-8 and cleaved
caspase-9/total caspase-9 were increased in auranofin-treated
Calu-6 cells (Fig. 7F). However, these were decreased in
auranofin and Z-VAD treated Calu-6 cells (Fig. 7F). All blots
presented together were probed from the same membrane.

Discussion

Although auranofin was approved by the U.S. Food and Drug
Administration for the treatment of rheumatoid arthritis, this
agent has recently been studied as a possible therapeutic drug
for various human diseases, including cancer (11). According
to the current result, auranofin inhibited the activity of
TrxR in Calu-6 and A549 cells, supporting that auranofin
is a TrxR inhibitor. This study demonstrated that auranofin
significantly and efficiently decreased the growth of lung
cancer cells in a dose-dependent manner. The sensitivities
of lung cancer cells to auranofin treatment are generally
lower than those of prostate, leukemia, and ovarian cancer
cell lines (24-26). However, they are similar to those of
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Figure 8. Schematic diagram of the anti-proliferation effects of auranofin on lung cancer cells, with a focus on Calu-6 cells.

cervical cancer and mesothelioma cancer cell lines (13,21).
Interestingly, NCI-H1299 cell growth was inhibited by a
lower dose of auranofin (0.5 yuM) after a 24 h incubation.
This result suggests high sensitivity of these cells. The
growth of normal HPF cells was dose dependently reduced
by auranofin with an ICs, of approximately 3 M. Survival
and proliferation of TrxR1-deficient tumors strictly depend
on a functional glutathione system (27). Those results suggest
that sensitivity to auranofin depends on the varying capacity
of antioxidation pathways in different cell types.

Auranofin induces apoptosis in normal and lung cancer
cells. In particular, Calu-6 and A549 cells treated with aura-
nofin appear to show a decrease in Bcl-2 levels and an increase
in BAX levels, along with increases in the cleavage forms of
caspase-3 and PARP. In addition, auranofin dose-dependently
triggered necrosis in these cells, as evidenced by the release
of LDH. This agent also increased the percentages of sub-Gl
cells in Calu-6 and A549 cells. Thus, auranofin induced lung
cancer cell death via apoptosis and/or necrosis, depending on
its concentrations. DNA flow cytometry indicates that aura-
nofin induced arrest at the G2/M phase of the cell cycle in
Calu-6 cells. Similarly, a TrxR-1 inhibitor, Chaetocin, induced
G2/M phase arrest in gastric cancer cells (28). Thus, G2/M
phase arrest is a plausible underlying mechanism for the inhi-
bition of cell proliferation. Of note, auranofin led to G1 phase
arrest in SK-LU-1 cells (data not shown) and, in A549 cells,
auranofin did not induce arrest in any specific phase of the cell
cycle. These results indicate that specificity of cell cycle arrest
depends on both auranofin concentration and cell type. Use of
auranofin for cancer therapy should be subject to consideration
of the various mechanisms involved in the anti-cancer effects
of auranofin as well as the specificity of cells in the target
tumor.

Apoptosis is closely associated with the collapse of
MMP (AWm), and auranofin can cause a breakdown in MMP
(A®Pm) (29). Similarly, auranofin induced the loss of MMP
(AWYm) in both normal and lung cancer cells. The degree of
MMP (AWm) loss in auranofin-treated lung cells was very
similar to that of annexin V-positive cells. For example,
concentrations of 1-3 M auranofin that did not induce
apoptosis in A549 cells also did not significantly increase
the loss of MMP (AWm). Interestingly, although lower doses
of auranofin did not induce apoptosis in large cell carcinoma
cells (NCI-H460 and NCI-H1299), such doses did trigger the
loss of MMP (AWm). These results suggest that auranofin
initially impacts mitochondrial membranes, especially large
cell carcinoma cells, which precedes the next step in apoptosis.
Additionally, differences in sensitivity to auranofin in relation
to MMP (A%m) and apoptosis are probably due to the different
basal activities of mitochondria, which vary by cell type, tissue
origin, and species (30).

Apoptosis involves cell death receptor (extrinsic) and mito-
chondrial (intrinsic) pathways (6). When auranofin-treated
Calu-6 and A549 cells were treated with various caspase
inhibitors, these inhibitors, including Z-VAD, significantly
decreased the percentages of annexin V-stained Calu-6 cells
and MMP (A®m) loss following auranofin treatment in cells.
In addition, Z-VAD reduced cleavage forms of caspase-3, -8,
and -9 in these cells, upregulated the expression of Bcl-2,
and downregulated the levels of BAX. All caspase inhibitors
decreased to some extent the numbers of annexin V-stained
A549 cells and MMP (AWm) loss following auranofin treat-
ment. Thus, auranofin-induced apoptosis in lung cancer cells
may involve both extrinsic and intrinsic pathways.

In conclusion, auranofin efficiently inhibits lung cancer
cell proliferation, especially in Calu-6 cells. This inhibition is
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mediated by cell cycle arrest and cell death due to necrosis and
caspase-dependent apoptosis (Fig. 8). The present data provide
useful information for understanding cellular and molecular
anti-cancer mechanisms of auranofin in lung cancer cells.
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