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The Thioredoxin Reductase Inhibitor Auranofin
Suppresses Pulmonary Metastasis of
Osteosarcoma, But Not Local Progression
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Abstract. Background/Aim: Auranofin (AUR), a thioredoxin
reductase (TXNRD) inhibitor, shows anticancer activity
against several cancers. This study investigated the effects of
AUR on the local progression and pulmonary metastasis of
osteosarcoma (OS). Materials and Methods: Publicly
available expression cohorts were analysed to study the
relationship between TXNRD-2 expression and the survival of
patients with OS. The murine OS cell line LM8 was stimulated
with AUR. Cell viability, apoptosis-related protein levels,
caspase activity, and wound healing were analysed. Tumor
progression and pulmonary metastasis were investigated in
C3H mice implanted with LMS8 cells. Results: High-level
expression of TXNRD-2 represented a negative prognostic
factor for metastasis and overall survival in patients with OS.
AUR induced apoptosis of OS cells via the oxidative stress-
MAPK-Caspase 3 pathway, and suppressed the migration of
OS cells. AUR inhibited the pulmonary metastasis of OS, but
not local progression. Conclusion: AUR represents a potential
therapeutic drug for suppressing pulmonary metastasis of OS.

Osteosarcoma (OS) is a relatively rare malignant tumor with a
high incidence in the adolescent and young adult population,
and is associated with poor survival. Treatment of OS includes
surgery and perioperative chemotherapies (1). Standard
chemotherapy for pediatric patients involves the use of
doxorubicin, cisplatin, and high-dose methotrexate. However,
the five-year survival probability for OS is poor, and it is worse
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for patients with pulmonary metastases. Chemotherapies used
at present include conventional cytotoxic agents with strong side
effects; therefore, the development of novel therapeutic agents
is desirable. The oxidation-reduction (redox) system is an
essential regulator of various metabolic functions of the cell.
Thioredoxin (TXN), a key molecule in the redox system, plays
an active role in scavenging reactive oxygen species (ROS),
which are associated with the development of several diseases,
including cancers and sarcomas (2, 3). ROS has been shown to
activate mitogen-activated protein kinases (MAPKSs), such as
p38 and c-Jun N-terminal kinase (JNK), and induce apoptosis
in cancer cells (4). TXN reductases (TXNRDs) are enzymes
that catalyse the reduction of TXN and regulate TXN activity.
Members of the TXNRD family comprise three isoforms
including cytosolic TXNRD-1, mitochondrial TXNRD-2, and
TXNRD-3. TXNRD-2 has been reported to be often
overexpressed in cancer cells thereby conferring resistance to
apoptosis (5); TXNRDs represent therapeutic targets of several
cancers (6). Auranofin (AUR) is an anti-rheumatic drug
approved by the US Food and Drug Administration (FDA) that
functions as a TXNRD inhibitor and has anticancer properties
against several cancers (7, 8). The effect of AUR alone on local
progression and pulmonary metastases of OS has not been
reported in previous studies. Therefore, we investigated the
effects of AUR on local progression and pulmonary metastasis
of OS in vitro and in vivo.

Materials and Methods

Bioinformatics. We evaluated the association of TXNRD-2 gene
(ILMN_1653904) expression with the outcomes of patients with OS
using public microarray data (GSE42352). TXNRD-2 gene
expression data were downloaded from the R2 microarray analysis
and visualization platform, and the R2-based application was used
to draw Kaplan—Meier survival curves. The best cut-off in survival
analyses was selected as the expression value where the statistic log-
rank for the separation of survival curves reached its higher level.
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Antibodies and reagents. Antibodies and reagents were obtained from
the following commercial sources: AUR, Santa Cruz Biotechnology
(Santa Cruz, CA, USA); N-Acetyl-L-cysteine (NAC), Sigma-Aldrich
(St. Louis, MO, USA); carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-
fluoromethylketone (Z-VAD-FMK), Adooq bioscience (Tokyo, Japan);
MEM, Sigma-Aldrich; radioimmunoprecipitation acid (RIPA) lysis
buffer, Santa Cruz Biotechnology; anti-p38 MAPK (#9212), anti-JNK
MAPK (#9252), anti-phospho-p38 MAPK (Thr180/Tyr182) (#9211),
anti-phospho-JNK MAPK (Thr183/ Tyr185) (#9251), and cleaved
caspase-3 (Aspl75) (#9661) were obtained from Cell Signaling
Technology (Danvers, MA, USA); horseradish peroxidase-conjugated
secondary antibodies and polyvinylidene difluoride (PVDF) western
blotting membrane, GE Healthcare (Tokyo, Japan).

Cell culture. The LMS cell line (RRID: CVCL_6669) was obtained
from RIKEN BioResource Center (Ibaraki, Japan). Cell lines were
maintained in MEM supplemented with 10% fetal bovine serum
(FBS) and 100 mg/ml penicillin/streptomycin in a humidified 5%
CO2 atmosphere at 37°C.

Cell viability assay. LM-8 cells were seeded at a concentration of 1x106
cells/ml in a 96-well plate and stimulated with AUR (1.25,2.5, 5, 10,
and 20 uM) or dimethyl sulfoxide (DMSO) for 12 and 24 h.
Subsequently, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide solution (Cayman Chemical, Ann Arbor, MI, USA) was added
at a volume equivalent to 10% of the culture volume under sterile
conditions, and incubated for 4 h in a 5% CO, incubator at 37°C. After
incubation, a crystal-dissolving solution was added to the cultures
followed incubation for 4-18 h in a CO, incubator at 37°C. The
absorbance of each sample at 570 nm was measured using a microplate
reader (Multiskan sky, Thermo science, Tokyo, Japan). Cell viability
(%) was calculated based on the following equation: (Experimental
group absorbance value/Control group absorbance value) x100.

IncuCyte® cell proliferation assay. Cell proliferation was monitored
for 96 h using the IncuCyte® ZOOM system (Essen Bioscience, Ann
Arbor, MI, USA), which uses an automated incubator method for
monitoring live cells. Growth curves were generated using the
algorithm in the ZOOM software by using data points acquired during
six-hour-interval imaging. All samples were plated in quadruplicate.

Immunoblotting. All wash buffers and extraction buffers contained a
protease inhibitor cocktail (Roche, Tokyo, Japan), NaF (1 M),
PhosSTOP phosphatase inhibitor (Roche), and Na3VO4 (50 uM). Cell
extracts were separated using sodium dodecyl sulphate-polyacrylamide
gel electrophoresis and electroblotted onto PVDF membranes. After
blocking with 2% bovine serum albumin in TBS-T [150 mM NaCl, 50
mM Tris HCI (pH 8.0), and 0.05% Tween-20], the membranes were
probed with antibodies. The antibody—antigen complexes were detected
using an enhanced chemiluminescence system (GE Healthcare).

Caspase assay. Cells stimulated with DMSO or AUR were lysed
using the RIPA lysis buffer without protease inhibitor. A substrate
solution was prepared, which was mixed with phosphate-buffered
saline (PBS), 2x Reaction Buffer (MBL, Tokyo, Japan), and
caspase-3 substrate VII, Fluorogenic (Calbiochem, Darmstadt,
Germany). The supernatant of the cells was mixed with the substrate
solution in a 96-well plate. The plates were incubated at 37°C for 2
h in the dark, and the absorbance was measured using a microplate
reader (Multiskan sky, Thermo science, Tokyo, Japan).
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Figure 1. High-level expression of TXNRD-2 represents a negative
prognostic factor for metastasis-free (A) and overall survival (B) in patients
with osteosarcoma. Kaplan—Meier analysis using published array data from
two independent sets of tumors [R2: Genomics Analysis and Visualization
Platform (http://r2.amc.nl)]. TXNRD-2: Thioredoxin reductase-2.

Wound healing assay. Cells were seeded in 6-well plates and
cultured till a confluent monolayer was obtained. A wound was
created in the cell monolayer by scratching the plate using a sterile
pipette tip, and the cells were washed using PBS. Pre-treatment
using 10 pg/ml of Mitomycin C (Abcam, Tokyo, Japan) was
performed at 37°C for 1 h to inhibit cell proliferation. Next, LM8
cells were incubated with DMSO or AUR (1 uM) in the presence
of 10% FBS for 24 h. Cells were photographed at x100
magnification at 0, 12, and 24 h after incubation. The distance
migrated by the cells was measured between the two boundaries of
the acellular area. The results of the different treatment groups were
expressed as a ratio to the original distance.

Animal studies. Female five-week-old C3H/HeSlc mice were obtained
from Japan SLC (Shizuoka, Japan). The mice were maintained at a
constant temperature (22+2°C) and humidity (50+10%), with a 12h
light/12h dark cycle. All animal experiments were approved by the
Institutional Animal Care and Use Committee of Chiba Cancer Center,
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Figure 2. The effect of AUR on LMS cell proliferation. (A) Schematic diagram of the interaction between AUR and thioredoxin reductase. (B) AUR
induced the death of osteosarcoma cells in a dose- and time-dependent manner. (C) Low-dose AUR (0.2 uM) inhibited the growth of LMS cells in
a cell proliferation assay. (D) Proliferation state of LMS8 cells at 0 and 48 h. AUR: Auranofin.

Chiba, Japan, and were conducted in accordance with institutional
guidelines. On day 0, 1x107 LM8 cells in 300 pl PBS were injected
subcutaneously into the back of syngeneic C3H/HeSlc mice (12 mice).
The growth of primary tumors to a measurable size (measured using
a calliper and determined as length x width?/2) was allowed to proceed
for 7 d prior to treatment. Mice were then assigned to two groups of
6 mice with a similar distribution of tumor sizes. The mice were
treated with either 200 pl vehicle control (40% polyethylene glycol
300+60% sterile PBS) or 10 mg/kg AUR. Injections were administered
when palpable tumors (100-150 mm3) were observed, and were
provided intraperitoneally every day till the end of the study. Tumor
size measurements and animal weights were recorded once a week in
a non-blinded manner. On day 35, the mice were euthanized under
anaesthesia, and the tumors were resected for tumor weight
measurement. Lung samples were harvested for further examination.
The number of lung metastases was determined by counting the
number of metastatic nodules on the lung surface. The lungs were then
fixed with formalin and embedded in paraffin. Hematoxylin and eosin
staining was performed to detect the lung metastasis.

Statistical analysis. Experimental data are expressed as the
meanzstandard deviation. Significant differences between mean
values were calculated using Student’s #-test; a value of p<0.05 was
considered significant.

Results

High-level expression of TXNRD-2 was a negative
prognostic factor for metastasis and overall survival in
patients with OS. Using publicly available expression
cohorts, we analysed the expression levels of TXNRD-2 and
their correlation to metastasis-free and overall survival in
patients with OS (Figure 1A and B). High expression of
TXNRD-2 correlated to poor metastasis-free and overall
survival in the expression cohorts analysed, suggesting that
TXNRD-2 may represent a therapeutic target associated with
the progression and metastasis of OS.
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Figure 3. AUR induced apoptosis of OS cells via the MAPK-Caspase 3 pathway. (A) AUR (20 uM) induced the phosphorylation and activation of
p38, JNK, and the caspase 3 cleavage in LMS8 cells. (B) Caspase assays indicated AUR treatment (10 uM) induced two-fold caspase activity
compared to that in the control. *p<0.05 (n=3). (C) Z-VAD-FMK, a pan-caspase inhibitor, significantly reversed the death of LMS cells induced
via AUR treatment (2 uM) *p<0.05 (n=3). AUR: Auranofin; JNK: c-Jun N-terminal kinase; Z-VAD-FMK_: carbobenzoxy-valyl-alanyl-aspartyl-[O-

methyl]- fluoromethylketone.

The TXNRD inhibitor AUR induced apoptosis of OS cells via
the oxidative stress-MAPK-Caspase 3 pathway. AUR is a gold-
phosphine thiolate small molecule (Figure 2A). AUR is known
to inhibit TXNRDs, such as TXNRD-1 and TXNRD-2, owing
to the high affinity of gold for thiol and selenol nucleophiles
present in TXNRDs (9). First, we evaluated the effect of AUR
on LM8 cell proliferation. AUR induced the death of LM8
cells in a dose- and time-dependent manner (Figure 2B).
Furthermore, low-dose AUR inhibited the growth of LM8 cells
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as shown by a cell proliferation assay (Figure 2C and D).
Western blotting analysis showed that AUR induced the
phosphorylation and activation of p38, JNK, and caspase 3
cleavage, suggesting the induction of apoptosis in LMS cells
(Figure 3A). Caspase assays indicated the AUR induced two-
fold caspase activity compared to that of the control (Figure
3B). Furthermore, Z-VAD-FMK, a pan-caspase inhibitor,
significantly reversed AUR-induced death of LMS cells (Figure
3C). NAC, an antioxidant and precursor of glutathione, reduced
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Figure 4. AUR induced apoptosis of OS cells via the oxidative stress-
MAPK-Caspase 3 pathway. (A) Pre-treatment of cells with 1 mM NAC,
an antioxidant, for 1 h reduced the activation of mitogen-activated protein
kinases and cleavage of caspase-3 induced by AUR (20 uM). (B) NAC (1
mM) significantly inhibited the death of LM-8 cells induced by AUR (2
uM). ¥p<0.05 (n=3). NAC: N-Acetyl-L-cysteine; AUR: auranofin.

the activation of MAPK proteins and AUR-induced cleavage
of caspase-3 (Figure 4A). Furthermore, NAC significantly
inhibited AUR-induced death of LM-8 cells (Figure 4B),
suggesting that AUR might have induced cell death via the
oxidative stress-MAPK-Caspase 3 pathway.

AUR suppressed the migration of OS cells. We investigated
whether AUR could inhibit the migration of LM8 cells via
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Figure 5. AUR suppressed the migration of OS cells. (A) AUR (1 uM)
reduced the migration of LMS8 cells in a wound healing assay in a time-
dependent manner at 12 and 24 h. (B) Significant differences were found
between DMSO and AUR treatments in the calculated healed wound
area; *p<0.05 (n=3). AUR: Auranofin; DMSO: dimethyl sulphoxide.

Healed wound area (%)

o

wound healing assays. AUR treatment attenuated the time-
dependent migration of LM8 cells (Figure 5A). There were
significant differences between DMSO and AUR treatments
in the calculated healed wound area (Figure 5B).

AUR inhibited pulmonary metastasis of OS, but not local

progression. We evaluated the effects of AUR on local
progression and pulmonary metastasis of OS in a mouse
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Figure 6. AUR inhibited pulmonary metastasis of OS, but not local progression. (A) There was no significant difference in body weight between
mice receiving vehicle and AUR treatments during the course of the experiment. (B) AUR was not effective against local tumor progression of OS
over time based on the evaluation of tumor volume. (C, D) There was no significant difference in tumor size or weight at the time of excision. (E)
Photographs of mouse lungs of the vehicle and AUR groups corresponding to the tumor numbering described in Figure 6C. The local tumors of
the vehicle (#3) and AUR (#4) groups were almost the same size and weight. Although the lung specimen of the vehicle (#3) group indicated
numerous lung metastatic nodules, the AUR (#4) group showed only a few nodules (arrow head). (F) There were significant differences in the
number of lung metastatic nodules between the vehicle and AUR groups. (G) Microscopic evaluation showed that lung metastasis was suppressed
in the AUR group compared to that in the vehicle group. (H) Quantitative evaluation of the lung metastasis area showed that AUR significantly
reduced pulmonary metastasis of OS compared to that in the vehicle group. *p<0.05. OS: Osteosarcoma; AUR: auranofin.

model. There was no significant difference in body weight
between the vehicle and AUR group during the course of
the study (Figure 6A). In contrast to our expectation, AUR
was not effective against local OS tumor progression over
time based on evaluation of tumor volume (Figure 6B).
Furthermore, there was no significant difference in tumor

size or weight at the time of excision (Figure 6C and D).
However, the gross number of lung metastatic nodules of
OS in the AUR group was significantly reduced (Figure 6E
and F). Pathological and quantitative evaluation showed that
AUR significantly reduced pulmonary metastasis of OS
(Figure 6G and H).
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Discussion

The redox system, including TXNs and TXNRDs, is related to
the local progression and metastasis of several cancers (10, 11).
An oxidation-reduction imbalance induces oxidative stress,
which leads to the death of cancer cells. Many anticancer drugs
exert their effects by inducing oxidative stress in cancer cells
(12). Samaranayake et al. reported that TXN-1 protects cells
against androgen receptor-induced redox vulnerability in
castration-resistant prostate cancer, suggesting that TXN-1
inhibitors such as PX-12 represent therapeutic agents for treating
progressive prostate cancer (13). Furthermore, PX-12 induces
mitochondria-mediated apoptosis in acute lymphoblastic
leukemia cells (14). In contrast, the TXNRD inhibitor AUR used
in the current study inhibits the proliferation of lung cancer cells
via necrosis and caspase-dependent apoptosis (15). Topkas et al.
reported that TXNRD2 may represent a novel therapeutic target
that can reduce the development of pulmonary metastases in
patients with OS (16). Furthermore, AUR has been shown to
improve the overall survival when combined with standard
chemotherapy in a pilot study on OS dogs (17). However, to the
best of our knowledge, no studies have evaluated the efficacy of
AUR alone without other anticancer drugs for suppressing local
progression and pulmonary metastasis of OS.

In the current study, we performed bioinformatics analysis
and found that TXNRD-2 may function as a negative
prognostic factor for metastasis and overall survival in
patients with OS. In vitro assays showed that AUR induced
apoptosis via the oxidative stress-MAPK-Caspase 3 pathway
and further suppressed the migration of OS cells.
Furthermore, AUR alone significantly inhibited pulmonary
metastasis of OS, but not the local progression in vivo.

We found that AUR alone was not effective in suppressing
local progression of OS in a murine model, despite inducing in
vitro apoptosis of OS cells. In similar in vivo studies, AUR alone
has been found to be ineffective in treating various cancers and
is being evaluated in combination with other chemotherapeutic
or oxidative stress-inducing agents (18-20). Doxorubicin, a key
drug used in the chemotherapy of OS, has also been shown to
induce oxidative stress (21). The evaluation of the combination
of AUR and doxorubicin for suppressing local progression of OS
should be considered. AUR alone markedly suppressed
pulmonary metastasis of OS in this assay. The prognosis for
patients with pulmonary metastases of OS is very poor, with five-
year survival rates as low as 10-20% (22). Local OS is removed
via wide excision, and postoperative anticancer drugs are then
administered in an attempt to suppress pulmonary metastasis (1).
Consequently, the postoperative control of pulmonary metastasis
is directly related to the prognosis. Therefore, it is of great
importance that AUR was found to control lung metastasis of OS.
Furthermore, it is important to note that AUR was developed
more than 30 years ago as a safe oral therapy for rheumatoid
arthritis and is approved by the FDA.
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The current study has a few limitations. First, we could not
elucidate the detailed mechanism via which AUR suppressed
the pulmonary metastasis of OS. Metalloproteinases have been
found to be overexpressed in OS cells, which help OS cells
survive, grow, and metastasise to distant areas, mainly to the
lungs (23). Li et al. reported that parathyroid hormone
receptor 1 is essential for the proliferation and metastasis of
OS (24). The mechanism of pulmonary metastasis of OS has
not been fully elucidated; however, further detailed
investigation of the mechanism of metastasis associated with
AUR treatment is required. Second, only murine cell lines and
mouse models were tested in the current study; therefore, it is
necessary to use patient-derived xenografts in future studies.
Finally, to inhibit local progression of OS, drugs that can be
used in combination with AUR need to be investigated.

Conclusion

The current study found that AUR significantly inhibited
pulmonary metastasis of OS, but not its local progression in
vivo. Future studies should clarify the mechanism of OS
metastasis and identify drugs that are effective in combination
with AUR in suppressing local progression of OS.
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