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Abstract

Background/Aims: Metastasis is the leading cause resulting in high mortality in triple negative
breast cancer (TNBC) patients. Cancer cells are skilled at utilizing thioredoxin (Trx) system as
an efficient antioxidant system to counteract oxidative damage, facilitating the occurrence of
metastasis. Here, we identified an organosulfur compound named DATS isolated from garlic,
that inhibits the expression of Trx-1 and the enzyme activity of Trx reductase in breast cancer
cells. Methods: Tissue microarray of breast cancer patients and immunohistochemical method
were used to analyze the role of Trx-1in breast cancer metastasis. Spotaneous metastasis model
and experimental metastasis model combined with HE staining, immunohistochemistry were
used to verify in vivo anti-metastatic effect of DATS as well as its regulation on thioredoxin.
Western blot, immunofluorescence, redox state assessment and detection of enzyme
activity were employed to determine the effect of DATS on thioredoxin system. Trx-1 siRNA
interference was used to investigate the conclusive evidence that Trx-1 was the target of DATS.
Results: In agreement with reduced Trx-1 nuclear translocation from cytoplasm by DATS,
the production of reduced form of Trx-1 was dramatically decreased. Furthermore, in vivo,
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DATS administration was observed to significantly suppress spontaneous and experimental
metastasis in nude mice. Delivery of DATS also resulted in decreased expression of Trx-1 as the
direct target, as well as expression of NF-kB and MMP2/9 in primary tumor and lung tissue.
Notably, the effects of DATS on the expression of downstream metastasis-associated genes
were mediated by Trx-1, as demonstrated by the combination use of DATS and Trx-1 siRNA.
Conclusion: Collectively, this present study indicates that targeting Trx system with DATS may
provide a promising strategy for treating metastasis of TNBC.

© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Garlic (Allium) has been employed as a flavouring and medicinal agent for hundreds
of years. Epidemiological studies have indicated an inverse correlation between garlic
consumption and the progression of cancer [1]. Organic sulphur compounds (0OSCs), the
major ingredients derived from garlic, mainly include diallyl sulfide (DAS), diallyl disulfide
(DADS), diallyl trisulfide (DATS), all of which exert biological effects by providing sulfur
radical and sulfthydryl group. DATS possesses the most sulphur atoms and has been well
demonstrated to be the most powerful component among the OSCs due to its three-sulfur
functional group [2]. It has been well known that DATS exhibits a variety of biological effects,
such as anti-oxidant, anti-tuberculosis, and anti-inflammation [3]. Interestingly, recent
studies have shown that DATS is able to inhibit tumor cell cycle progression and induce
apoptosis, as well as reverse drug resistance and inhibit angiogenesis by downregulating
VEGF [4]. The purpose of this study was to gain insight into the role of DATS in breast cancer
progression.

Breast cancer is the most frequently diagnosed malignant disease and the leading cause
of cancer death resulting from local recurrence and distant metastasis among women [5-
7]- Human triple-negative breast cancer (TNBC), characterized by tumors deficient in the
expression of estrogen receptor (ER), progesterone receptor (PR) and human epidermal
growth factor receptor 2 (HER-2) [8], is recognized as a major clinical challenge owing to its
molecular and genetic heterogeneity as well as the lack of well-defined specific therapeutic
targets [9, 10]. Current treatment approaches for TNBC include platinum agents, taxanes,
anthracycline, novel microtubule stabilizing agents and other DNA-damaging regimens [11].
Nevertheless, these strategies are likely to be limited by intrinsic or acquired resistance and
produced cross-resistance to other therapeutic agents [12]. Therefore, continued research
aim at identifying novel potential therapeutic routes for improving outcomes of women with
TNBC appear to be extremely valuable.

Growing evidence has suggested that redox status of tumor cells that counteracts
excessive reactive oxygen species (ROS) is required for the spread of cancer [13]. Tumor cells
are inclined to protect themselves from oxidative damage via maintaining their redox status
to survive and successfully metastasize to distant organs [14]. Activation of redox signaling
pathways facilitates breast cancer progression and is closely linked to poor prognosis in
breast cancer patients [15]. Thioredoxin (Trx) system, mainly consisted of Trx, thioredoxin
reductase (TrxR) and nicotinamide adenine dinucleotide phosphate (NAPDH), plays a pivotal
role in modulating cellular thiol/disulfide redox status [16, 17]. Thioredoxin-1 (Trx-1) as the
predominant isoform of Trx is a 12kD ubiquitous protein containing a redox-active disulfide/
dithiol and its cysteine residues are converted to the oxidized intramolecular disulfide bond
state (Trx-1-S2) in a reaction [18]. However, the oxidized state can be rapidly restored to
reduced state (Trx-1-(SH)2) that is critical to control the protein function with the assistance
of TrxR [19]. The reduced state of Trx-1 is of particular importance to regulate a series of
transcription factors (e.g. NF-kB and AP1) through translocation into the nucleus from
cytoplasm, promoting the expression of downstream target genes [20]. Notably, expression
and activity of Trx are also tightly controlled by the endogenous inhibitor thioredoxin-
interacting protein (TXNIP), which binds to Trx and restrict its capability to interact with
other proteins [21].

It has been recently documented that Trx-1 that secreted by tumor cells is responsible
for aggressive tumor progression and reduced patient survival. Overexpression of Trx-
1 in tumor cells results in the inhibition of apoptosis signal-regulating kinase 1 (ASK1),
modulating JNK/p38 signaling pathway and suppressing tumor cell apoptosis [22, 23].
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Further, Trx-1 promotes the expression of hypoxia-inducible factor 1a (HIF-1a), leading to
an increase in vascular endothelial growth factor (VEGF) production and augmented tumor
angiogenesis [24, 25]. More importantly, Trx-1 overexpression stimulates the expression
of matrix metalloproteinase MMP-2 and MMP-9 through NF-kB, AP-1 and SP-1 elements,
disrupts the MMP/TIMP equilibrium and mediates MMP involvement in a more invasive
phenotype [26].

By the results of our previous work it was demonstrated that DATS plays a critical role
in preventing tumor cell migration and invasion in vitro, at least in part, via regulating the
expression of MMP2 /9 [2]. However, the underlying mechanism of the inhibition by DATS of
tumor progress requires further elucidation. In the present study, we provided experimental
evidence to reveal that DATS-induced suppression effect on breast cancer metastasis is
mediated by targeting Trx system, in particular, resulting in decreased expression of Trx-
1. Given the special chemical properties of DATS and the fundamental role of Trx system
in tumor progression, DATS could be developed as a promising drug candidate for the
prevention of TNBC metastasis.

Materials and Methods

Reagents and cell culture

DAS/DADS/DATS /Dipropyl trisulfide (DPTS) (LKT Laboratories) were determined to be 98% purity by
HPLC. Each compound was dissolved in 100% DMSO. PX-12 was from Cayman Chemical. DL-dithiothreitol
(DTT) and Iodoacetic acid (IAA) were obtained from Sigma-Aldrich (St. Louis, USA). 8 pm Corning Transwell
filter discs (for migration assay) were from Fisher Scientific (Nepean, Ontario, Canada). Actin-Tracker Green
(for Immunofluorescence Staining) was purchased from Beyotime Biotechnology (Shanghai, China).

TNBC cell lines MDA-MB-231 and HS 578T were obtained from the Chinese Academy of Sciences Cell
Bank of Type Culture Collection (CBTCCCAS, Shanghai, China). MDA-MB-231 cells and HS 578T were tested
as being mycoplasma free by using the Lonza MycoAlert Mycoplasma Detection Kit, and authenticated by
examination of morphology and consistent in vivo performance. The breast cancer cell lines were cultured
in DMEM supplemented with 10% fetal bovine serum, 100 pg/mL penicillin, and 100 pg /ml streptomycin
and were maintained in an incubator with a humidified atmosphere of 95% air and 5% CO, at 37°C.

Construction of tissue microarray

A total of 20 paraffin-embedded breast cancer tissues with complete clinical pathological data were
collected from November 2010 to December 2013 at Department of General Surgery in Nanjing Medical
University Affiliated Cancer Hospital. Tissue microarray (TMA) was constructed as described previously
[27]. In brief, duplicates of core tissues (2 mm in diameter) were obtained from individual donor blocks
and arranged in new recipient TMA paraffin blocks using a trephine apparatus [28]. All TMA blocks were
confirmed to contain suitable tumor and para-cancer normal tissues via H&E staining. A total of 20 TMA
blocks were created from this patient cohort.

Transwell migration assay

Cell motility was tested in a Transwell Boyden Chamber (Corning Costar, Cambridge, Massachusetts)
using a polycarbonate filter (8 pm pores). 2x10° MDA-MB-231 cells were resuspended in medium containing
various concentrations of DATS and carefully transferred into the upper chambers. The lower chamber was
filled with 600 pL 20% FBS medium to attract cells in the upper chambers. The chamber was incubated at
37°C for 6 h. The cells on the upper side of the filter membrane were removed by wiping with cotton swabs
after gentlely taking out of the filter from the chamber. The filter was fixed with 4% paraformaldehyde at
4°C and stained with 0.1% crystal violet stain solution. Cells penetrated the pore of the filter were fixed
onto a glass slide. Cells in five randomly chosen microscopic fields (x200) of the lower slide were counted.
Experiments were performed independently three times and the counts were averaged [29].

Thioredoxin redox status assay

Briefly, MDA-MB-231 cells incubated with 20 puM DATS for 24 h were collected with guanidine
hydrochloride solution containing the iodoacetic acid (IAA) in 1.5ml tube. 0.5 mM dithiothreitol (DTT) and
10 uM IAA were added and then incubated for 30 min. Ultrafiltration tubes were used for incubation cell
lysate desalination at 4°C, 3000 rpm centrifuged for 30 min. Sample buffer without mercaptoethanol was
used for protein sample dilution. Protein concentration was quantified using BCA method. The protein
samples obtained were subjected to electrophoresis in 12% non-denaturing acrylamide gels [30].
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Thioredoxin reductase activity

TrxR activity was determined in the protein lysate using a commercially available kit, as per the
instructions of the manufacturer (Cayman Chemical Company, Ann Arbor, MI, USA). In this assay, TrxR uses
NADPH to reduce 5, 5-dithiobis-2-nitrobenzoic acid to 5-thio-2-nitrobenzoic acid. In terms of determining
TrxR activity in cells with probe (TrxR probe was generously gifted from Dr. Jianguo Fang from State Key
Laboratory of Applied Organic Chemistry in Lanzhou University), TrxR probe was 1000-fold diluted using
cell culture medium. All cells were treated polysulfide for 21 h, then TrxR probe was added for 4 h. PBS
was used to wash the unloaded probe 2-3 times. The fluorescence intensity was detected in fluorescent
microplate reader at 438/538nm wavelength [31, 32].

Western blot assay

Whole-cell lysates were prepared with RIPA buffer containing protease and phosphatase inhibitors.
Nuclear and cytoplasmic cell extracts were prepared using the NE-PER Nuclear and Cytoplasmic Extraction
kit (Thermo, Rockford, USA). Equal amounts of cell lysates (50 pg) were loaded on 8 or 10% SDS-PAGE and
transferred onto PVDF membranes. After the membranes were blocked, they were incubated with indicated
primary antibodies including phosphor-ERK, ERK (1:1000, Cell Signaling Technology), Trx-1 (1:10000,
Abcam), TrxR (1:20000, Abcam), TXNIP (1:1000, Abcam), GPADH (1:5000, Bioworld Technology), followed
by incubation with horseradish peroxidase-conjugated IgGs (1:10000, Bioworld Biotechnology). Target
proteins were developed with an ECL detection agent (Millipore, Braunschweig, Germany).

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 30 min, permeabilized in phosphate-buffered saline 0.1%
Triton-X 100 for 10 min, and blocked with 3% bovine serum albumin for 1 h at room temperature. The cells
were then incubated overnight with the appropriate antibodies, followed by incubation for 1 h at room
temperature with secondary fluorescent antibodies. Finally, to label nuclei, cells were counterstained with
DAPI for 5 min and then observed using a confocal microscope (Leica, Wetzlar, Germany).

Animal studies

6~7-week-old BALB/c female nude mice (16-20 g) were obtained from Shanghai Laboratory Animal
Center, Chinese Academy of Sciences. Animal welfare and experimental procedures were performed strictly
in accordance with the institutional guidelines and approved by the Animal Care and Ethics Committee of
the University of the Nanjing University of Chinese Medicine. The spontaneous metastatic animal model
was established according to methods described previously [33]. 4x10¢ MDA-MB-231 cells in 200 ul PBS
were injected into the right breast pads of BALB/c nude mice. Tumor volume was grown to 100 mm? 9 days
following injection, DATS were given to tumor-bearing mice by daily oral administration at doses of 25, 50
mg/kg from day 9 to day 40. The control group received olive oil only. Tumor-bearing animals were weighed
once every 3 days. Tumor size was determined once per 3 days by caliper and volume was calculated
according to the formula: volume = width?xlengthx0.5. Mice were sacrificed at 23 days post excision of
primary tumors. Lungs and livers were removed, and fixed. Metastatic colonies were counted under a
dissecting microscope. Lungs and livers were photographed to show tumor spontaneous metastasis.

The experimental metastasis was established by the methods described previously [34]. MDA-MB-231
cells (2x107 cells/ml in 0.2 ml PBS) were injected into BALB/c nude mice via the lateral tail vein. Following
the MDA-MB-231 cell injection, mice were randomly divided into different treated groups. DATS were
given by daily oral administration at doses of 25, 50 mg/kg from day 3. Control animals received daily oral
administration of olive oil. Animals were weighed every 3 days. All mice were sacrificed at 23 days following
tumor injection. Lungs and livers were removed and fixed. Metastatic foci on the surface of lung and liver
were photographed.

Statistical analysis

The results were analyzed by two-tailed student t-test SD using SPSS 11.0 (Aspire Software
International, Leesburg, VA) and P-values were calculated. The difference was considered significant
between two samples if P < 0.05.
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Results

Trx-1 is overexpressed in

human breast cancer

We initially performed
immunohistochemistry  of
Trx-1 in human breast cancer
tissues and corresponding
para-cancer normal tissues
from 20 patients. Analysis
of staining results indicated
that Trx-1 expression was
significantly higher in breast
cancer tissues than in cancer-
adjacent tissues (Fig. 1A).
In order to better analyze
patient data, samples were
divided into four groups,
including non-TNBC without
invasion (#1 and #2), TNBC
without invasion (#3 and
#4), non-TNBC with invasion
(#5 and #6) and TNBC
with invasion (#7 and #8),
according to whether or not
there was invasiveness and if
the patient belonged to TNBC.
As shown in Fig. 1B, invasive
breast cancer (#5 and #6)
accompanied by increased
level of Trx-1 compared to
non-invasive cancer (#1 and
#2) and TNBC with invasion
(#7 and #8) displayed the
most highly expressed Trx-1
among all patient samples.
Of note, nuclear expression
of Trx was detected more
frequently in TNBC with
invasion group than the other
groups.

Tissue staining was
then scored on the basis
of the intensity of Trx-1
labeling and percentage of
Trx-1-positive tumor cells.
Relational analysis between
Trx-1 levels and lymph node

Liu et al.: Targeting Trx-1 Limits Metastasis

Fig. 1. Trx-1 is overexpressed in human breast cancer. (A)
Immunohistochemistry of Trx-1 on tissue microarrays containing
breast cancer tissues and cancer-adjacent tissues. Images of
representative staining from 20 patients with breast cancer are
shown. (B) Representative immunohistochemistrical images from
four different groups including non-TNBC without invasion (#1 and
#2), TNBC without invasion (#3 and #4), non-TNBC with invasion
(#5 and #6) and TNBC with invasion (#7 and #8). (C) Representative
immunohistochemistrical images of breast cancer samples from
patients with (#9) or without (#10) lymph node metastasis are
shown. (D) Protein expression of Trx-1 in high- (MDA-MB-231 and
Hs578T) and low-/non- (MCF-7 and ZR-75-1) metastasis cell lines of
human breast cancer, GAPDH was used as a loading control.

metastasis, invasion or ER/PR/HER-2 expression was accordingly examined. As illustrated
in Table 1, the expression of Trx-1 was positively correlated with lymph node metastasis
(p<0.05) rather than tumor invasion and ER/PR/HER-2 expression. Increased levels of
Trx-1 in parallel with more positive nuclear staining were observed in breast cancer with
lymph node metastasis (Fig. 1C). Furthermore, we used high- (MDA-MB-231 and Hs578T)
and low-/non- (MCF-7 and ZR-75-1) metastasis cell lines of human breast cancer as an
experimental model to compare their expression levels for Trx-1. Western blot data showed
that two breast cancer cell lines with high metastatic potential, MDA-MB-231 and Hs578T,
presented strong expression of Trx-1, whereas low metastatic cell lines (MCF-7 and ZR-75-1)
were associated with its weak expression (Fig. 1D), which were consistent with the results of
tissue staining observed in patient samples.
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Inhibition of thioredoxin system resulted ~ Table 1. The relationship between Trx-1 and breast
in diminished metastatic potential of cancer Clinicopathological factors. *p<0.05

breast cancer cells Climtconatholmical fact o Tr 1
pathological factors cases 0

Given the striking role of Trx system in — 03 45 67 b
the breast cancer progression, we intended = ves 11 2 4 5 s
to investigate whether the inhibition of Trx-  "%Lymph node ’ v
lasthepredominantmoleculein Trxsystem — pemstsis o o 3 s
was associated with reduced malignancy. o 12 6 4 2 004
To this end, PX-12, an irreversible Trx-1 . ER s > 1 1
inhibitor [35] whose structure contains  *+ 15 s 4 6 00
two sulphur atoms (Fig. 2A), was used to - 8 2 3 3 .
treat MDA-MB-231 breast cancer cells. * ., 2 >t 3
It was observed that PX-12 (from 4 to 16 X 2 32 4 o0

uM) dose-dependently inhibited tumor cell
proliferation (Fig. 2B) and markedlylowered
Trx-1 protein expression at 4 uM (Fig. 2C).
Therefore, in the following experiments, the dose of PX-12 used was 4 uM. To determine the
role of PX-12 in cell contact, colony-scattering assay was carried out to assess the capability
of cells to detached from colonies. Colonies with different morphologies were generally
divided into three categories: compact, loose and scattered. The data showed that PX-12 lead
to more compact colonies and fewer scattered colonies (Fig. 2D) and morphology images
displayed that PX-12 treated cells were inclined to be round shape and less pseudopodia
compared to non-treated cells (Fig. 2E), indicating the metastatic property of MDA-MB-231
breast cancer cells was remarkably attenuated. Further, 4 uM of PX-12 dramatically inhibited
the migration (Fig. 2F and 2G) and invasion of MDA-MB-231 cells (Fig. 2H and 2I), as defined
by wound healing assay and transwell cell invasion assay.

DATS modulates the thioredoxin system in breast cancer

Since Trx-1 inhibition appeared to be a reliable strategy for the prevention of tumor
metastasis, we then explored whether DATS was able to target Trx system. Firstly,
computational docking was employed to predict bound conformations and free energies
of binding for DATS to a variety of thioredoxin-related molecules, such as oxidized Trx-1,
reduced Trx-1, Trx-2, TXNIP and TrxR. Interestingly, docking data demonstrated that DATS
showed potential binding affinities with these molecules (negative values of energies) and
docking scores ranged from -22.79 to -6.09 kcal/mol (Fig. 3C). DATS exhibited high affinities
to Trx-1 and TrxR as the binding required relatively low energies and reduced Trx-1 was
predicted to be the potential target due to its lowest docking sore (Fig. 3A and 3B).

In order to confirm the computational results, MDA-MB-231 and Hs578T high metastatic
breast cancer cell lines with abundant Trx-1 expression were chosen. It was found that DATS
significantly attenuated Trx-1 levels in MDA-MB-231 (5-20 uM) and in Hs578T (10-20 uM)
cells. The expression of Trx-1 was also dropped in a time-dependent manner from 12h
treatment by 10 uM DATS (Fig. 4A and 4B). Moreover, DATS contributed to elevated levels of
TXNIP, which is the endogenous inhibitor of Trx-1, in dose- and time- dependent manners
in both cell lines. However, no obvious changes were observed in terms of TrxR expression
after the treatments of DATS (Fig. 4A and 4B). Due to the fact that nuclear expression of
Trx-1 is likely to control the expression of downstream transcription factors (NF-«xB, AP-
1, etc), immunofluorescent staining was used to assess its distribution within the cells. As
demonstrated in Fig. 4C, Trx-1 nuclear expression in MDA-MB-231 cells was sharply reduced
by DATS compared to control cells in which Trx-1 was localized both nucleus and cytosol.
Consistently, 20 uM of DATS resulted in decreased Trx-1 nuclear expression in Hs578T cells
where Trx-1 mainly located in nucleus (Fig. 4D).

Considering that reduced Trx-1 played a key role in its translocation and had highest
affinity with DATS based on computational docking, we further investigated whether DATS
had any impacts on distinct forms of Trx-1. To address this, IAA and DTT were used to allow
separation of oxidized and reduced forms of Trix-1, respectively. Purified Trx-1 was reduced
with DTT and oxidized with 1AA, as visualized in Fig. 5A. Notably, DATS was able to diminish
reduced Trx-1 by itself and reverse DTT-mediated reduced form of Trx-1 (Fig. 4E), which was
consistent with reduced nuclear translocation. Also, DTT-induced migration of MDA-MB-231
cells was abrogated following the treatment of 20 uM DATS and additive inhibitory effect
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Fig. 2. Inhibition of

thioredoxin system
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cancer cells was performed to determine the cell morphology. (F) Representative images from a time-
lapse sequence (0 and 24 h) of MDA-MB-231 cells migrating to heal a wound scratched in a monolayer. (G)
Analysis of relative horizontal migration rate of MDA-MB-231 cells treated with 4 uM of PX-12 compared
to untreated cells. Data were presented as means + SEM from three independent experiments. *, P<0.05,
paired t-test. (H) Representative images of MDA-MB-231 cell invasion in the absence and presence of 4 uM
of PX-12 by crystal violet staining. (I) Quantification of the number of invasive MDA-MB-231 cells following
the treatment of 4 uM of PX-12. Data were presented as means = SEM from three independent experiments.
** P<0.01, paired t-test.
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of IAA on cell migration was observed in combination with DATS (Fig. 5B and 5C, Fig. 4F),
indicating reduced form of Trx-1 that targeted by DATS is responsible for metastatic potential
of breast cancer cells. It is known that the conversion of Trx-1 from oxidized to reduced form
is dependent on TrxR that is recognized as the only enzyme to catalyze the reduction of Trx-
1. Thus, the TrxR activity was measured at time intervals using the DTNB (5, 5’- dithiobis
(2-nitrobenzoic)) acid assay. It was found that DAT started to exhibit inhibitory effect on
TrxR activity from 20 uM and remarkably decreased the activity at 40 pM in MDA-MB-231
breast cancer cells, which was much obvious than DAS, DADS and DPTS (Fig. 4G). Similarly
and more precisely, the evaluation of TrxR activity with its first fluorescent probe revealed
that TrxR activity could be measured based on fluorescence and 20 pM DATS contributed to
the most drop of TrxR activity compared to the same concentrations of DAS, DADS and DPTS
(Fig. 4H).
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DATS limited experimental ) ©

metastasis of human breast

carcinoma cells 7,&\/. e\( Toclox  Tx2 Tl TXNP ok

To investigate whether ‘ DATS 2150  -609 2279  -1292 2064
DATS could play a critical role
in preventing breast cancer
metastasis in vivo, MDA-
MB-231 breast cancer cells
were intravenously injected
into nude mice to establish the
experimental metastasis model.
As indicated in Fig. 64, obvious
and cauliflower-like metastatic
nodules were visualized on
the surface of lung and liver
harvested from the mice of

mOd‘?l group 27 days following Fig. 3. The binding modes between DATS and Trx system proteins.
the Injection of MDA-MB-231 (A) Molecular structures of DATS. (B) Surface representation of
cells. Surprisingly, 25 and 50 e sypstrate binding sites of DATS with Trx-1-0x, Trx-1-re, Trx-

mg/_kg of DATS remarkably  TxNIP and TrxR. (C) Molecular docking scores from Autodock
diminished the number of ( fware.

metastatic nodules and relieved

the lesion of liver and lung

caused by metastasis. Moreover,

in the model group, H&E staining revealed that there was large area of metastatic tumor
cells in the lung tissue section. In contract, the metastatic area of the lung tissue was
dramatically decreased following the administration of 25 and 50 mg/kg DAT (Fig. 6B and
6C). Of note, there existed observable loss of body weight at the late stage of experimental
metastasis model (from day 21 to 27), suggesting severe cachexia occurred. Nevertheless,
the delivery of DATS, to a large extent, alleviated the malignancy by preventing weight loss
(Fig. 6D). Given the inhibitory effect of DTAS on Trx-1 expression in vitro, we further detected
the level of Trx-1 in metastatic nodules of the lung tissue. Immunohistochemistry results
demonstrated that DATS dose-dependently reduced the expression Trx-1 in vivo (Fig. 6E
and 6F). In addition, Trx-1 nuclear expression was also reduced by DATS (Fig. 6G). Because
NF-xB is the transcription factor that regulated by Trx-1 and directly targets MMP2/9 that
exert key effects on tumor cell spread, the levels of NF-xB and MMP2/9 were examined as
well. It was observed that the expression of NF-kB and MMP2 /9 enhanced with the presence
of metastatic nodules, whereas 50 mg/kg DATS strikingly attenuated the brown staining of
MMP2 /9 and NF-xB level could be significantly reduced by DATS from 25mg/kg (Fig. 6H and
61).

5““&%

DATS-Trx-0X  DATS-Trx-2 ~ DATS-Trx-1re  DATS-TXNIP DATS-TixR

DATS suppressed spontaneous metastasis of primary mammary fat pad tumors

In order to develop a system that models the entire metastatic process, MDA-MB-231
breastcarcinomacellswereorthotopicallyintothe mammaryfatpadsofimmunocompromised
mice to evaluate the role of DATS in spontaneous metastasis. Mice were monitored for the
development of primary xenograft tumors and sacrificed 33 days following the cell injection.
As depicted in Fig. 7A and 7B, tumor volume during the process of development and tumor
weight on the final day did not significantly differ between model and DATS-treated groups
though slightly reduction was observed following the administration of DATS. However, the
overall metastatic tumor burden in the target organs lung and liver was significantly lower in
DATS-treated groups compared to model control group. 50 mg/kg of DATS nearly achieved
similar inhibition of macrometastasis on the surface of lung and liver as 5 mg/kg cisplatin
(DDP) (Fig. 7C). In addition, H&E staining of lung tissue uncovered that the micrometastatic
area was dramatically decreased after the treatment of 25 and 50 mg/kg of DATS (Fig. 7D and
7E). Despite DDP contributed to significant drops in terms of tumor growth and metastasis,
it also caused subsequent weight loss, which could, to some extent, be avoided by DTAS (Fig.
7F).

Similarly to experimental metastasis model, harvested primary mammary fat pad tumor
tissue was immunohistochemically stained for Trx-1, MMP2/9 and NF-kB. As demonstrated
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staining of Trx-1 (green) and DAPI (blue) was performed to evaluate Trx-1 translocation in the absence and
presence of DATS in the Hs578T cell. (E) Expression of oxidized and reduced Trx-1 in the MDA-MB-231 cell
lysates after the treatment of 20 uM DATS was shown by Western Blot. (F) The migration of MDA-MB-231
treated with IAA, DTT, and DATS, **, P<0.01. (G) TrxR activity following treatment of different concentrations
of DATS was measured at time intervals using the DTNB acid assay. (H) TrxR activity following treatment of
different concentrations of DATS was assessed by fluorescent probe.
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in Fig. 7G, MMP2 and MMP9 were highly expressed in the primary mammary fat pad tumors,
whereas treatment of DATS at 50 mg/kg significantly diminished their expression. Notably,
in model group, NF-xB expression was strikingly elevated and frequently detected in nucleus,
which could be rescued in the presence of DTAS (Fig. 7G). More importantly, DATS also dose-
dependently resulted in significant decrease in Trx-1 protein levels in primary tumors, as
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Fig. 5. The effects of DTT and IAA on MDA-MB-231 breast cancer cells. (A and B) An in vitro study was
initiated by treating MDA-MB-231 cells with increasing doses of DTT (0 to 5 mM) and IAA (0 to 5 mM) for
24 h. The viability of the drug-treated cells was measured using the MTT assay. Results were expressed as a
percentage of control, which was considered as 100%. Data were presented as mean + SEM and atleast three
separate experiments were performed. Cellular morphological changes of MDA-MB-231 breast cancer cells.
(C) Confluent MDA-MB-231 cells were scratched and incubated with 0.5mM DTT, 10uM IAA respectively and
together with 20uM DATS. The area covered by migrating cells was recorded by phase-contrast microscopy
connected to a digital camera at time 0 and 24h. (D) The wound closure area was calculated by measuring
the diminution of the wound bed surface upon time using Image J software. Representative pictures of three
independent experiments were shown. **, P<0.01.

defined by both immunohistochemistry and western blot (Fig. 8A and 8B). Consistently, in
view of lung tissue as the metastatic prevalent organ, the levels of MMP2/9, NF-kB and Trx-1
were all downregulated after the administration of DATS (Fig. 9A).

The effect of DATS on breast caner metastasis was mediated by Trx-1

Since DATS exhibited high affinity to Trx-1 and was able to lead to dramatic decrease
of its expression, we further investigated whether the effects of DATS on breast cancer
cells were mediated by Trx-1. In order to answer this question, western blot was initially
utilized to select the most efficient siRNA (#345) in which suitable design caused a more
efficient silencing than the other two siRNAs (#235 and #435) (Fig. 10A). Surprisingly, as
demonstrated in Fig. 10B, the enhanced expression of TXNIP by 20 uM DATS was clearly
rescued following the transfection of Trx-1 siRNA into MDA-MB-231 cells though there
was no obvious change was observed in TrxR expression between control and knockdown
groups in the presence of DATS. Furthermore, transwell migration assay showed that the
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Fig. 6. DATS limited
experimental metastasis of
human breast carcinoma cells.
(A) Representative pictures
show the reduction in number
of experimental metastatic foci
in lungs and livers after the
treatment of DATS. (1) Normal
group; (2) Model group; (3)
25 mg/kg DATS treated group;
(4) 50 mg/kg DATS treated
group. (B) Lung metastasis
was quantified as percentage
of metastatic area in the lung.
Data were presented as means
+ SEM from three independent
experiments. * P<0.05; ** i, S ;
P<0.01, paired t-test. (C) H&E 1 blank; 2 Model; 3 DATS 25mglkg; 4 DATS 50mglkg
stain  histological analysis (E) blank —

of lung sections indicate ¢
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was inhibited by 25 mg/
kg and 50 mg/kg DATS. (D)
Mean body weight of mice
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mean * SEM, paired t-test. (E)
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suppression effect of DATS on MDA-MB-231 cell migration was abrogated following the
silence of Trx-1 despite significant reduction could be visualized by Trx-1 siRNA compared
to control siRNA (Fig. 10C and 10D).

Given the fact that NF-kB was the key transcription factor that could be modulated by
DATS in primary tumor and lung tissue, we then determined whether Trx-1 participated into
the inhibitory effect. We thus examined the expression of a series of metastasis-associated
proteins that potentially were regulated by Trx-1. It was found that DATS could not achieve
further decrease in ERK phosphorylation on top of Trx-1 siRNA (Fig. 10E). Similarly, the
produced difference in the expression of RhoA and Rac1/2/3 by DATS was reduced following
the silence of Trx-1. Moreover, the inhibitory effects of DATS on phosphorylation of FAK at
Tyr397 and Tyr925 and expression of MMP2 /9 were all reversed by Trx-1 siRNA (Fig. 10F),
indicating the functions were mediated by Trx-1 expression. Interestingly, DATS showed no
obvious effect on the expression of FAK that is mainly associated with adhesion (Fig. 10F),
suggesting that there was no clear link between FAK level and attenuated Trx-1 by DATS.
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Fig. 8. DATS suppressed spontaneous metastasis of primary mammary fat pad tumors. (A)
Immunohistochemical staining for Trx-1, MMP-2, MMP-9 and the NF-«kB subunit p65 in the absence and
presence of DATS (25 mg/kg and 50 mg/kg) in normal and mouse breast tumor tissues (up). Quantification
of histochemical staining for Trx-1. Data were presented as means + SEM. *, P<0.05; **, P<0.01, paired t-test
(down). (B) The protein expression of trx-1 of tumor tissue by western blot assay. Three tumor mass were
selected randomly in each group, then the homogenates were used for western blot assay.

Discussion

In the present study, we demonstrated that DATS was able to target Trx system and the
decreased Trx-1 expression by DATS was responsible for the downregulation of a variety
of metastasis-associated genes and suppression of breast cancer. In particular, the reduced
form of Trx-1 was markedly lessened in the presence of DATS, indicating the cellular thiol-
based redox state was influenced following DATS treatment. Among the components of
thioredoxin system, the elevated level of TXNIP and diminished enzyme activity of TrxR
mediated by DATS had additional effects on the direct target, Trx1 (Fig. 11). DATS has been
elucidated to be a novel therapeutic agent for cancer treatment. Nevertheless, little or no
evidence to our knowledge exists for the underlying mechanism linking anti-metastatic
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effect of DATS to its direct target. In the present study, we demonstrated that DATS was able
to target Trx system and the decreased Trx-1 expression by DATS was responsible for the
downregulation of a variety of metastasis-associated genes and suppression of breast cancer
metastasis. Therefore, targeting Trx-1 by DATS emerges as a novel strategy for the treatment
of metastasis.

In contrast to normal cells, tumor cells are characterized by disrupted redox balance
and deregulated redox signaling that are strongly implicated in malignant progression and
resistance to treatment [36]. Tumor cells make use of a series of antioxidant systems to
survive, proliferate, and metastasize, in which Trx system is thought to play a protective role
against oxidative stress and inhibit redox stress-induced cell death in cancer [37]. The classic
Trx system, composed of Trx, TrxR and NADPH, defines a major pathway of cellular thiol-
based redox modulation [38]. Trx-1 is known to be a critical reducing enzyme that cleaves
disulfides in proteins and acts as an S-denitrosylase [39]. Our results demonstrated that Trx-
1 protein expression in the breast cancer tissues was much higher than thatin paracancerous
tissues using a tissue microarray. Also, the elevated level of Trx-1 was closely associated with
tumor invasion, lymph node metastasis as well as characteristics of TNBC, suggesting the
expression of Trx-1 can recognized as an indicator of highly aggressive breast cancer. Breast
cancer patients with lymph node metastasis displayed more nuclear expression of Trx-1
than non-metastasis patients. Thus, Trx-1 nuclear expression can be utilized as a diagnostic
and prognostic marker for metastatic breast cancer, which was confirmed by the different
Trx-1 expression patterns of high (MDA-MB-231 and Hs578T) and low metastatic (MCF-7
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Fig. 10. The effect of DATS on A) (C) Trx1 CItsiRNA
breast caner metastasis was Trx-1 | * - — | s CRIE
mediated by Trx-1. (A) Protein
expression of Trx-1, TXNIP
and TrxR in MDA-MB-231
cell lysates following the
transfection of control siRNAs
or Trx-1 siRNAs in the absence
or presence of 20 uM of DATS.
GAPDH was used as a loading
control. (B) Representative
images of horizontal migration
of MDA-MB-231 cells following
the transfection of control
siRNAs or Trx-1 siRNAs in the
absence or presence of 20 uM
of DATS. (C) Quantification of
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and ZR-75-1) cell lines. MDA-MB-231 and Hs578T cells (TNBC cell lines) with elevated Trx-1
expression provided efficient tools for the screening of drug candidate.

The anti-cancer effect of PX-12 clearly elucidated that inhibition of Trx-1 resulted in
the decreased metastatic potential of MDA-MB-231 cells. Fluorescence staining of the actin
cytoskeleton uncovered the PX-12 accelerated the conversion of fusiform and triradiate
morphotypes to oval and round morphotypes, suggesting Trx-1 interacts with cytoskeleton
proteins (e.g. RhoA and Rac1/2/3) that are related to cell motility. To this end, seeking the
effective ingredient from flavouring and medicinal agents on the basis of the structure of
PX-12 appeared to be a reliable route. DATS with a diallyl and three sulfur atoms required
lowest binding energy to reduced Trx-1 based on computational docking results, suggesting
the highest affinity exists between DATS and reduced Trx-1. The docking data were verified
by western blot results, which illustrated that DATS attenuated Trx-1 expression in a dose-
dependent manner and diminished DTT-induced reduced Trx-1. Trx-1 in its reduced form
plays a key role in redox modulation of many transcription factors (e.g. NF-kB and ASK-
1) and enables it to translocate into nucleus [38, 40]. Thus, the elevated Trx-1 level in the
nuclei provides a more-reducing environment required for DNA binding by transcription
factors. DATS contributed to decreased nuclear translocation of Trx-1 and thus limited the
interaction with downstream transcription factors that control the expression of a host of
metastasis-associated genes.

TrxRis known as aredox-active enzyme equipped with a selenocysteine residue essential
for catalysis [41]. In the process of redox reactions, thiols within the catalytic center of Trx-1
form a covalent disulfide bond that is reduced by TrxR [42]. Since TrxR is the only enzyme
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Fig. 11. A possible anti-metastasis mechanism of DATS in cancer cells. DATS exerted anti-metastatic effect
on TNBC by targeting Trx system and attenuating reduced Trx-1 expression. The decreased Trx-1 expression
by DATS was responsible for the downregulation of a variety of metastasis-associated proteins (MMP2,
MMP9, etc.).

known to catalyze the reduction of Trx-1, it is reasonable that alterations in TrxR activity is
likely to regulate some of the activities of Trx-1[43]. Importantly, high expression of TrxR is
associated with a poor cancer prognosis in clinic [16, 44]. Our data demonstrated that the
enzyme activity of TrxR was dropped though no obvious change in expression was observed
following the treatment of DATS. In addition, DATS resulted in augmented expression of
TXNIP that is an endogenous inhibitor of Trx-1. Collectively, DATS is able to regulate TrxR
and TXNIP, exerting additive effects with suppressing Trx-1 expression. Thus, Trx system in
breast cancer can be targeted by DATS.

Experimental metastasis model of breast cancer assesses the ability of tumor cells
to arrest, extravasate, and grow in prevalent organs such as lung and liver following
intravenous injection [45]. The model was utilized in our study to explore the effects of
DATS on late stage metastasis. Both the results of macrometastasis on the surface of lung
and liver and micrometastasis by H&E staining revealed that DATS was capable of inhibiting
the production of experimental metastasis in nude mice. Immunohistochemical profiles
of lung tissue revealed that DATS diminished the expression of Trx-1 of metastatic breast
cancer cells, which was consistent with what we observed in vitro. Additionally, NF-xB
as the key transcription factor that associated with Trx-1 was downregulated by DATS,
which was accompanied by the reduction of metastasis-related genes MMP2 and MMP9.
Clearly, targeting Trx-1 by DATS leads to a synergistic effect with MMP2/9 in limiting the
experimental metastasis of breast cancer. In consistent with experimental metastasis, DATS
also resulted in a decrease in spontaneous metastasis model that mimics whole metastatic
process. Although DAT-treated group shared similar average tumor size and weight with
non-treated group, we did find that DATS contributed to decreased expression of Trx-1 in
primary tumor and lung tissue. This suggests that the inhibitory effect of DATS on Trx-1
expression existed in the whole metastatic process, but Trx-1 inhibition-mediated apoptosis
function did not occur in time.

We have previously shown that DATS emerges as a potential anti-metastatic agent via
suppressing MMP2/9 in breast cancer cells. Here, we demonstrated that Trx-1 is likely to be
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the direct target of DATS with special disulfide bond structure. Furthermore, silence of Trx-
1 by siRNA could achieve similar effect with DATS such as blocked NF-kB activity, reduced
the expression of metastasis-associated genes (MMP2/9, RhoA, Rac1/2/3) and decreased
tumor cell migration. Nevertheless, such big difference between DATS treated group and
non-treated group was abrogated in combination with Trx-1 siRNA, indicating the changes
in the phenotypes of breast cancer cells by DATS was mediated by Trx-1. Consistently, in vivo,
the supressed expression of MMP2 /9 and NF-xB following the treatment of DATS coincided
with the decreased level of Trx-1. In future, Trx-1 knockout mice can be utilized to further
confirm DATS induced anti-metastasis effect in breast cancer and to verify the critical role of
Trx-1 in breast cancer progression.

Taken together, our findings revealed the significant role of a potent organosulfur
compound, DATS, in controlling TNBC metastasis. The data presented here demonstrated
Trx-1 acts as the direct target of DATS, mediating the anti-metastasis effect of DATS via
downregulating a series of metastasis-associated genes. Therefore, the efficacy of DATS
in suppressing TNBC metastasis via targeting Trx system may provide new insight into
therapeutic interventions for breast cancer metastasis.
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