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Diallyl disulfide inhibits growth and metastatic potential
of human triple-negative breast cancer cells through
inactivation of the 3-catenin signaling pathway
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Scope: Although diallyl disulfide (DADS), an important garlic (Allium sativum) derivative,
has exhibited potential anticancer activity, the molecular mechanism of this activity remains
unknown. In this study, we evaluated the antitumor activity of DADS in triple-negative breast
cancer (TNBC) cell lines based in vitro and in vivo models.

Methods and results: We found that treatment with DADS resulted in decreased viability, in-
creased apoptosis, and suppression of metastatic potential in TNBC cells. Furthermore, DADS
induced dysregulation of B-cell lymphoma (Bcl)-2 family members, downregulation of matrix
metalloproteinase (MMP)-9 and reversal of the epithelial-mesenchymal transition (EMT). In-
terestingly, DADS significantly inhibited activation of the B-catenin signaling pathway, which
regulated Bcl-2 family members, MMP-9 and EMT in TNBC cells. Consistent with these in vitro
findings, we also verified the anticancer potential of DADS in MDA-MB-231 xenograft mice.
Treatment with DADS significantly reduced tumor volume and weight and increased apopto-
sis in these mice, while the expression of active 3-catenin was decreased, and the downstream
molecules were dysregulated.

Conclusion: Our results show that the antitumor effect of DADS on TNBC cells is mediated
by the B-catenin pathway, suggesting that DADS could be used as a potential therapeutic agent
for treating or preventing breast cancer.
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1 Introduction

Breast cancer is the most commonly diagnosed cancer and the
leading cause of cancer death worldwide in females. Triple-
negative breast cancers (INBCs), which do not express the
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genes for estrogen receptor, progesterone receptor, and hu-
man epidermal growth factor receptor-2, account for approx-
imately 15% of all breast cancers. Patients with TNBC gener-
ally have an increased risk of cancer progression and exhibit
poorer overall survival. Furthermore, TNBC does not respond
to endocrine therapy or other available targeted agents other
than traditional cytotoxic chemotherapy which is frequently
trapped in drug resistance [1-3]. Therefore, the identification
of new drugs or treatments for TNBC is imperative.

Because an increasing number of natural herbal sub-
stances have been shown to inhibit breast cancer develop-
ment and progression, botanical medicines have attracted
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recent attention in the search for effective anticancer drugs.
Botanical medicines are also considered a practical approach
for reducing the ever-increasing incidence of breast cancer,
as they can be administered as dietary supplements [4, 5].
Diallyl disulfide (DADS), an oil-soluble compound extracted
from garlic, demonstrates a variety of pharmacological and
biological activities, including anti-inflammatory, antimicro-
bial, and antitumor activities [6-8]. Although a growing body
of evidence indicates that DADS inhibits gastric, hepatic,
prostate, and lung cancer progression by inducing apoptosis
and inhibiting cell cycle arrest and metastasis, the molecular
mechanism by which DADS inhibits TNBC cell growth and
metastatic potential remains unclear [9-12]. In this study, we
used in vitro and in vivo TNBC models to investigate the
anticancer activity of DADS. We show that DADS induces
apoptosis, suppresses metastatic potential, and reverses the
epithelial-mesenchymal transition (EMT) by downregulating
the B-catenin pathway. These findings suggest that DADS is
a very promising candidate for breast cancer intervention and
prevention.

2 Materials and methods
2.1 Reagents and cell lines

DADS (CsH10S2, MW: 146.28, shown in Fig. 1A) was pur-
chased from Cayman Chemical Co. (Ann Arbor, MI, USA),
and the purity was determined by HPLC, as previously de-
scribed [13]. The human TNBC cell lines MDA-MB-231,
MDA-MB-468, and BT-549 were obtained from American
Type Culture Collection (ATCC, Rockville, MD, USA) and
cultured in RPMI-1640 supplemented with 10% FBS and 1%
penicillin/streptomycin. The cells were incubated at 37°C in
a humidified atmosphere containing 5% CO,.

2.2 Cell viability assay

The cells were seeded into 96-well plates (4000 cells/well),
treated with 100 wl medium plus dimethyl sulfoxide (DM SO)
(vehicle control, final concentration: <0.5% DMSO) or DADS
(final concentration: 50, 100, 200, or 400 uM) and incubated
for 48 h. The cell viability was then measured using a CCK-8
kit (KeyGEN Biotech, Nanjing, China). Each plate included a
control well that contained medium without cells, which was
used to obtain a background spectrometric absorbance value
that was subtracted from the test sample readings. The data
are expressed as the mean ratio of live cells (treated versus
control) & SD for three replicates.

2.3 Flow cytometric analysis of cell apoptosis

For the apoptosis analysis, we performed Annexin V-
FITC/propidium iodide staining (KeyGEN Biotech) accord-
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ing to the manufacturer’s instructions and analyzed the cells
on an Elite ESP flow cytometer.

2.4 Caspase activity assay

Caspase 3 and caspase 9 activities were measured using col-
orimetric assay kits (Beyotime Institute of Biotechnology,
Jiangsu, China) according to the manufacturer’s instructions.
Briefly, after isolation by two-step collagenase digestion, the
breast cancer cells were mixed with 50 wl cold lysis buffer.
The supernatant (10 pl) was then mixed with 10 pl caspase
substrate and 80 pl reaction buffer and incubated at 37°C
for 2 h in the dark. The fluorescence intensity of the caspase
substrate at 405 nm was measured using a microplate reader.
The caspase activity was calculated as the ODyps per 100 pg
protein.

2.5 Western blotting

The cell lysate was prepared using a protein extraction kit
(Active Motif Company, Carlsbad, CA USA) according to
the manufacturer’s instructions. The protein concentrations
were determined using a BCA protein assay kit (Pierce
Biotechnology, Inc., Rockford, IL, USA). The cell lysate was
subjected to western blot analysis using antibodies to B-cell
lymphoma (Bcl-2), Bcl-xl, Bax, Bad, Bak, MMP-9, E-cadherin,
Vimentin, N-cadherin, Snail, total B-catenin, active B-catenin,
and B-actin (Cell Signaling Technology, Inc., Danvers, MA,
USA and Abcam, Inc., Cambridge, MA, USA). Antibody bind-
ing was visualized by ECL chemiluminescence system and
brief exposure of the membranes to X-ray films (Kodak Com-

pany, Tokyo, Japan).

2.6 Wound healing assay

The cancer cells were cultured in 6-well plates in medium
containing 10% FBS. When the cells were nearly confluent,
the cell monolayer in each well was carefully scratched with a
plastic pipette tip to create a linear “wound”. The monolayer
was washed twice with PBS to remove debris and detached
cells, and the cells were then exposed to serum-free medium
with or without different concentrations of DADS (12.5, 25,
or 50 wM) for 12 h. The wound closure was monitored and
photographed using a microscope fitted with a Leica camera.
By comparing the images from when the wound was gener-
ated to the last time point (12 h), the degree of wound closure
was then quantitatively evaluated using Image-Pro Plus soft-
ware. Four fields from each well were documented, and each
experiment was performed in triplicate.
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Figure 1. DADS inhibits cell prolifera-
tion and induces apoptosis in TNBC
cells. (A) Chemical structure of DADS.
(B) Breast cancer cell lines were treated
with various concentrations of DADS
for 48 h, and cell viability was mea-
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2.7 Cell migration and invasion assays

The cancer cell migration/invasion assays were conducted
with transwell membranes (8 wm pore size, 24-well plate,
BD Biosciences, Billerica, MA, USA). For the migration
assay, normal or adenovirus-transfected cancer cells were
trypsinized, washed, and suspended in medium without FBS.
Migration-inducing medium (with 10% FBS) was added to
the lower wells. Cells suspended in serum-free medium
containing various concentrations of DADS (12.5, 25, or 50
wM) were added to the upper wells (20 000 cells/well). After
24 h, the top surface of the chambers was scraped clean with a
cotton swab. The cells on the lower surface of the membranes
were fixed for 15 min with methanol and then stained with
Giemsa solution. Completed transmigration was evaluated
by microscopy. Four random fields per filter were scanned
for the presence of cells on the lower side of the membrane.
For the cell invasion assay, the transwell membranes were
first coated with 100 pl Matrigel matrix (1 mg/ml, BD Bio-
sciences). The experiment was then carried out as for the
migration assay.

2.8 Human MMP antibody array

The expression profile of MMP-related proteins was analyzed
using a human MMP array kit (AAH-MMP-1, RayBiotech,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MDA-MB-231

BT-549 mean + SD. *p < 0.05 and **p < 0.01
(versus control group).

Inc., Norcross, GA, USA), which contains duplicate spots of
10 MMP-related proteins (Fig. 4A). Briefly, each captured an-
tibody was printed on the membrane, and then treated or
untreated cell lysate was added to the antibody array mem-
branes. After extensive washing, the membranes were incu-
bated with a cocktail of biotin-conjugated antiapoptotic pro-
tein antibodies. After incubation with HRP-streptavidin, the
signals were visualized by chemiluminescence. The relative
expression levels of target proteins were determined by com-
paring the signal intensities quantified by densitometry. A
positive control was used to normalize the results from the
different membranes.

2.9 Active human MMP-9 fluorescence assay

MMP-9 activity was quantified using ELISA-based activity as-
says (FOMO0O, R&D systems, Inc., Minneapolis, MN, USA)
according to the manufacturer’s instructions. Briefly, the
breast cancer cells were treated with different concentrations
of DADS for 48 h. The cell culture supernatants from treated
or untreated cells were then collected and assayed for MMP-
9 activity. The samples and standards were incubated for
2 h at room temperature in 96-well plates coated with mono-
clonal antibodies for MMP-9, then chemically activated with
p-aminophenylmercuric acetate. After incubation for another
2hat37°C, afluorogenic substrate was added to each well, and

www.mnf-journal.com



1066 J. Huang et al.

3 Control
A Bl DADS 100 yM B
- E& DADS 200 uM —_
£ 2.0 [0 DADS 400 uM £
] s ]
3 184 3
28 16 Zza
2 2 144 22
88 124 88
® T 104 o<
[] []
a ;3’ 0.84 8 q';é’
g2 %% g
S 8 044 S8
5 029 5
0.0
2 MDA-MB-231 2
C
MDA-MB-231 BT-549
3
_____ DADS (iM) . 3%
00 400 Control 100 200 400 &
_— $5
Bcl-2 — — °0
55
Belil e e - — w—— —— S
o SR — -
[2F: T R S — — — — —
T _
Bak " e o— — — — o — 2§
- &
85
58
p-actin > G- > -— e > ww -7
23
ge
&

the plate was incubated at 37°C for 20 h in dark humidified
environment. The plate was then read on a spectrophotome-
ter with excitation and emission wavelengths of 320 and 405,
respectively. The data were quantified using standard curves
generated from reagents provided with the kit.

2.10 Indirect immunofluorescence analysis

For the immunofluorescence experiments, the cells were pre-
pared and analyzed under a fluorescence microscope (Leica
DM IRB) as described previously [14]. Briefly, the cells were
incubated with a primary antibody to E-cadherin or Vimentin
(Cell Signaling Technology, Inc.) and then with the DyLight
549 or DyLight 488 antirabbit IgG secondary antibody (CW-
Biotech, Beijing, China). The cells were then counterstained
with DAPI and imaged with a fluorescence microscope.

2.11 Adenovirus infection
For this study, we used adenovirus expressing empty Ad-
Easyl vector, B-catenin, scrambled siRNA or B-catenin

siRNA, as described previously [15, 16]. In addition to ex-
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Figure 2. DADS induces cas-
pase activation and regulates
the expression of Bcl-2 fam-
ily proteins in TNBC cells. (A,
B) Caspase 3 and caspase 9
activities were measured us-
ing colorimetric assay kits. The
data are expressed as the ab-
sorbance at 405 nm per 100 pg
protein. (C) The effect of DADS
treatment on the expression of
Bcl-2 family members was mea-
sured by Western blotting. -
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trol. The data are presented as
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pressing transgenes, the adenovirus expression system also
includes RFP as a marker for monitoring transfection effi-
ciency. We conducted a series of infections with various dilu-
tions of adenovirus to determine the optimal multiplicity of
infection for expressing the target genes and minimizing cy-
totoxicity. After 48 h of transfection, the efficiency of B-catenin
expression was assessed by real-time PCR and Western
blotting.

2.12 AQuantitative real-time polymerase chain
reaction

Real-time PCR was carried out using an ABI 7500 Real-
Time PCR System (Applied Biosystems) and the Maxima
SYBR Green/ROX qPCR Master Mix (MBI Fermentas, St.
Leon-Rot, Germany). The primer pairs were as follows:
(i) B-catenin, 5'-TGTATGAGTGGGAACAGGGATT-3' (for-
ward) and 5-GCCAAACGCTGGA CATTAGT-3 (reverse);
and (ii) B-actin, 5-CCTGTGGCATCCACGAAACT-3' (for-
ward) and 5-GAAGCATTTGCGGTGGACGAT-3' (reverse).
These primer pairs amplified 170 and 314 bp products, re-
spectively. The thermal cycling conditions were as follows:
95°C for 30 s, 5 s at 95°C, 1 min at 60°C for 40 cycles. We
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Figure 3. DADS inhibits TNBC cell migration and invasion. (A) For the wound healing assay, confluent monolayers of MDA-MB-231 and
BT-549 cells were scarred, and the cells were treated for 12 h with different concentrations (12.5, 25, or 50 wM) of DADS or the vehicle only
(DMSO). The migration of the cells into the wound zone was monitored by microscopy over a 12-h period. The panel on the left shows the
wound healing assay in MDA-MB-231 cells. Black lines indicate the scraped zone. Summary of results from the transwell migration assay
(B) and the Matrigel invasion assay (C). After 24 h of incubation with or without DADS, the cells that migrated to the lower chamber or
invaded through the Matrigel were fixed, stained, and counted using a light microscope. Four random fields per filter were scanned for the
presence of cells on the lower side of the membrane. The panels on the left figures show the cell migration assay and the invasion assay,
respectively, in MDA-MB-231 cells. All experiments were performed thrice in triplicate. The data are presented as the mean + SD. *p <

0.05 and **p < 0.01 (versus control group).

further performed a melting-curve analysis and agarose gel
electrophoresis of the PCR products. The relative expression
levels of B-catenin in cancer cells were standardized to B-actin
expression levels.

2.13 Animal experiments

All of the animal studies were approved by the Animal Ethics
Committee of Chongqing Medical University (Approval num-
ber: SCXK2012-0001). Five-week-old severe combined im-
munodeficiency hairless female mice were purchased from
the Institute of Laboratory Animal Science (Chinese Academy
of Medical Science, Beijing, China) and randomly divided into
two groups of nine mice each. The mice were housed accord-
ing to national and institutional guidelines for humane ani-
mal care. The mice were injected subcutaneously with MDA-
MB-231 cells (2 x 10°) on the right rear flank, and were then
injected intraperitoneally (i.p.) once every 4 days with 100 pl

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of vehicle only (PBS) or DADS (100 mg/kg weight) [9,17]. The
general health of the mice was closely monitored every other
day. Food consumption and body weight were used as general
health indicators throughout the experiments. The tumor di-
ameters were measured every week, and the tumor volumes
were calculated according to the following formula: tumor
volume (mm?) = 0.5 x length (mm) x width? (square mm).
After 4 weeks of treatment, the mice were euthanized via CO,
asphyxiation. The tumors were then removed, weighed, and
sent for immunohistochemistry (IHC) analysis.

2.14 Immunohistochemistry

The tumor tissues were fixed in 4% formaldehyde solution
(pH 7.0) and then embedded in paraffin. The immunobhis-
tochemical studies were performed using the UltraSensitive
TM SP Kit (Maixin-Bio, Fujian, China) according to the man-
ufacturer’s instructions. The tumor specimens were stained

www.mnf-journal.com
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Figure 4. Downregulation of
MMP-9 in TNBC cells treated
with  DADS. (A) Template
showing the location of the
MMP/TIMP antibodies spotted
onto the RayBio Human MMP
Array Kit. POS: positive; NEG:
negative. (B) DADS-induced
modulation of  MMP/TIMP
proteins in MDA-MB-231 cells.
MDA-MB-231 cells were treated
with DADS (25 pM) for 48 h,
and the cell lysate was applied
to the antibody array. The
pixel density was measured,
and the data are presented
as ratios (compared to the
control). Proteins exhibiting a
ratio >2 are indicated with black
boxes. (C) MMP-9 expression in
MDA-MB-231 and BT-549 cells
was assessed by Western blot.
B-actin was used as an internal
loading control. The blots
shown are representative of six
independent experiments. The
data are presented as the mean
+ SD. **p < 0.01 (versus control
group). (D) MMP-9 activity in
supernatant collected from
untreated or DADS-treated cells
was detected using an active
human MMP-9 fluorescence
assay. The experiments were
performed thrice in triplicate.
The data are presented as the
mean + SD. **p < 0.01 (versus
control group).

The data are presented as the mean =+ standard deviation
(SD). All statistical analysis was performed using the Stu-
dent’s t-test or one-way ANOVA followed by Tukey post hoc
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Figure 5. Treatment with DADS reverses EMT in TNBC cells. (A) The effect of DADS treatment on the expression of EMT markers
was detected by Western blot. B-actin was used as an internal loading control. The blots shown are representative of six independent
experiments. The data are presented as the mean &+ SD. *p < 0.05 and **p < 0.01 (versus control group). (B) Immunostaining showed the
upregulation of E-cadherin and downregulation of Vimentin in cells treated with DADS (50 wM) (original magnification: 400x). The nucleus
is stained with DAPI (blue), E-cadherin is stained with DyLight 549 (red), and Vimentin is stained with DyLight 488 (green). The experiments
were performed thrice in triplicate. The data are presented as the mean + SD. **p < 0.01 (versus control group).

test with Prism GraphPad 4 software (GraphPad Software,
Inc.). Differences were considered significant when the p val-
ues were < 0.05.

3 Results

3.1 DADS inhibits cell proliferation and induces
apoptosis in TNBC cells

In our preliminary study, we found that IC50 (48 h) of DADS
for MDA-MB-231 cells and BT-549 cells was 282 and 276 pM,
respectively (data not shown). Based on this and related stud-
ies, we first evaluated the effect of DADS on cell proliferation
at concentrations (50, 100, 200, or 400 wM) [9-11]. As shown
in Fig. 1B, we observed that DADS inhibited the proliferation
of MDA-MB-231, MDA-MB-468, and BT-549 breast cancer
cells in a dose-dependent manner. To determine whether the
decreased cell proliferation was due to cell death, we detected

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cell apoptosis by flow cytometry. Following treatment with
DADS (100, 200, or 400 wM) for 48 h, we detected significant
increased apoptosis in MDA-MB-231 and BT-549 cells, which
might contribute to the decreased cell viability (Fig. 1C).

3.2 DADS induces caspase activation and regulates
the expression of Bc¢l-2 family proteins in
TNBC cells

Caspases and Bcl-2 family members are crucial mediators
of apoptosis [18,19]. To determine whether DADS promotes
apoptosis, we analyzed the activity of key caspases such as
caspase 3 and caspase 9 and the expression of important
Bcl-2 family members including Bcl-2, Bcl-xl, Bax, Bad, and
Bak in MDA-MB-231 and BT-549 cancer cells. As shown in
Fig. 2A and B, there was a marked increase in caspase 3
and caspase 9 activities in DADS-treated cancer cells com-
pared to the control cells. In addition, the antiapoptotic factor

www.mnf-journal.com
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Figure 6. Treatment with DADS suppressed activation of the B-catenin signaling pathway in TNBC cells. (A) Breast cancer cells were treated
with various concentrations of DADS for 48 h, and the expression of total or active B-catenin was then measured by Western blot. (B)
Breast cancer cells were treated with DADS (25 wM) for different time periods, and the expression of total or active B-catenin was then
measured by Western blot. In these assays above, B-actin was used as an internal loading control. The blots shown are representative of
six independent experiments. The data are presented as the mean + SD. *p < 0.05 and **p < 0.01 (versus control group).

Bcl-2 was downregulated, while the proapoptotic factor Bax
was upregulated in response to DADS treatment in TNBC
cells (Fig. 2C).

3.3 DADS inhibits TNBC cell migration and invasion

TNBC is associated with an increased risk of visceral metasta-
sis [20]. Therefore, inhibiting the powerful metastatic activity
of TNBC cells is essential for improving the prognosis of
TNBC patients. Because DADS inhibited cell proliferation
at concentrations greater than 50 pM, we next tested the
effect of DADS on human breast cancer metastasis at con-
centrations below 50 wM, as determined by wound healing,
transwell migration, and invasion assays. As shown in Fig.
3A and B, in both the wound healing and transwell migration
assays, DADS effectively inhibited cancer cell migration in
a dose-dependent manner. Moreover, treating MDA-MB-231
or BT-549 cells with increasing doses of DADS significantly
reduced the number of cells that invaded the Matrigel-coated
wells (Fig. 3C).

3.4 Downregulation of MMP-9 in TNBC cells treated
with DADS

Matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs), which function in remodeling
the extracellular matrix (ECM), play a significant role in tu-
mor invasion and metastasis [21]. To identify MMPs that are
involved in DADS-mediated inhibition of cancer cell migra-
tion and invasion, we performed a human MMP array using

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MDA-MB-231 cells. As shown in Fig. 4B and D, MMP-9 was
downregulated by DADS treatment. We confirmed this by
Western blotting and MMP-9 activity assays. Similarly, de-
creased MMP-9 expression and activity were observed in
DADS-treated BT-549 cells. These results strongly suggest
that downregulation of MMP-9 could be involved in the an-
timetastatic activity of DADS.

3.5 DADS reverses EMT in TNBC cells

The most comprehensive theory describing how initially qui-
escent tumor cells acquire metastatic capability is the EMT
[22]. We next evaluated the effect of DADS on EMT in the
MDA-MB-231 and BT-549 cell lines. As shown in Fig. 5A,
DADS-treated cancer cells exhibited increased expression of
the epithelial marker E-cadherin and decreased expression
of mesenchymal markers such as Vimentin, N-cadherin,
and Snail, as determined by Western blotting. Consistent
with these results, we also detected increased expression
of E-cadherin and decreased expression of Vimentin by im-
munofluorescence (Fig. 5B). Taken together, these observa-
tions suggest that DADS induces a switch from the mes-
enchymal to the epithelial phenotype in breast cancer cells.

3.6 DADS inhibits cancer cell growth and metastatic
potential through inactivation of the B-catenin
pathway

Aberrant activation of the B-catenin signaling pathway
is frequently involved in breast cancer development and
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Figure 7. Inactivation of the B-catenin signaling pathway is responsible for the antitumor activity of DADS in TNBC cells. (A) The level
of B-catenin mRNA expression in cancer cells transfected with Ad-Easy1, Ad-scrambled siRNA, Ad-si B-catenin, or Ad-B-catenin was
determined by real-time PCR. (B) Cell viability assay. Breast cancer cells transfected with Ad-Easy1, Ad-scrambled siRNA, Ad-si B-catenin,
or Ad-B-catenin were treated with DADS (200 M) or left untreated for 48 h, and the cell viability was measured using a CCK-8 kit. The data
are expressed as ratios of live treated cells to live control cells. (C) The effect of B-catenin on the metastatic potential of breast cancer cells
treated with DADS (25 pwM) or left untreated was measured by a cell invasion assay. The experiments described above were performed
thrice in triplicate. The data are presented as the mean + SD. **p < 0.01. (D) Cells transfected with Ad-Easy1, Ad-scrambled siRNA,
Ad-si B-catenin, or Ad-B-catenin were treated with DADS (200 wM) or left untreated for 48 h, and the expression of related proteins was
then measured by Western blot. 3-actin was used as an internal loading control. The blots shown are representative of six independent
experiments. The data are presented as the mean 4+ SD. **p < 0.01.

progression, due to the modulation of multiple related the B-catenin signaling pathway is closely involved in DADS-
molecules [23]. We therefore determined whether treatment induced antitumor activity in breast cancer cells (Fig. 7D).
with DADS affected activation of this pathway. Western blot

analysis revealed that activation of the B-catenin pathway in

both MDA-MB-231 and BT-549 cells was downregulated by 3.7 In vivo antitumor activity of DADS

DADS at a dose- and time-dependent manner (Fig. 6). More-

over, overexpression of 3-catenin using an adenovirus expres- MDA-MB-231 xenograft model was used to evaluate the an-
sion system increased TNBC cell malignancy and reversed titumor potential of DADS in vivo. As shown in Fig. 8A and
the anticancer activity of DADS. In contrast, abrogating {3- B, mice treated with DADS exhibited smaller tumor volumes
catenin through the expression of a B-catenin siRNA led to a and lower tumor weights compared to the control mice. In-
decrease in cell viability and suppression of metastatic poten- traperitoneal administration of DADS had no detectable tox-
tial in TNBC cells (Fig. 7A-C). More importantly, we observed icity, as there were no differences in body weight between
that regulation of the B-catenin signaling pathway resulted in the control and treatment groups, and no signs of adverse
the modulation of Bcl-2, Bax, MMP-9, and Snail expression health reactions, pain, or distress were observed. Consis-
in TNBC cells, which strongly suggests that inhibition of tent with the in vitro experiments, we detected a significant
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Figure 8. The antitumor activity of DADS in an MDA-MB-231 breast cancer model. (A and B) The volume and weight of tumors from
different groups were measured. The mice were injected subcutaneously with MDA-MB-231 cells (2 x 108) on the right rear flank, and were
then injected intraperitoneally (i.p.) once every 4 days with 100 wl of vehicle only (PBS) or DADS (100 mg/kg weight). The tumor diameters
were measured every week. After 4 weeks of treatment, the mice were euthanized via CO, asphyxiation. The tumors were then removed
and weighed. (C) Apoptosis was detected by immunohistochemistry staining for cleaved caspase 3 (original magnification: 400x). The
stained and unstained cells were counted to determine the percentage of positive cells in each group. (D) The expression of Bcl-2, Bax,
MMP-9, Snail, and active B-catenin in the tumor tissues was measured by Western blot. -actin was used as an internal loading control.
The data are presented as the mean & SD (n = 9). *p < 0.05 and **p < 0.01 (versus control group). (E) Proposed mechanism showing
DADS-mediated cell growth inhibition and metastasis suppression in TNBC cells.

increase in apoptosis (cleaved caspase 3 staining) in tumors colon cancer COLO 205 cells [28,29]. Studies regarding the
from DADS-treated mice (Fig. 8C). Furthermore, Western proapoptotic effect of DADS in breast cancer cells have been
blot analysis revealed decreased expression of Bcl-2, MMP-9, performed primarily in the human breast cancer cell line
Snail, and active B-catenin, and increased expression of Bax MCF-7 (ER+/PR+/HER2-). In addition to induction of the
in mice treated with DADS (Fig. 8D). These results corre- Bax-triggered mitochondrial pathway, inhibition of ERK and
late well with our in vitro results, demonstrating that DADS histone deacetylation and activation of the JNK and p38 path-
markedly inhibits breast cancer development. ways have also been implicated in DADS-induced apopto-

sis in MCF-7 cells [30-32]. In this study, we confirmed the
proapoptotic activity of DADS in TNBC cell lines and a mouse

4 Discussion xenograft tumor model, and observed that DADS regulated
Bcl-2 and Bax expression in a dose-dependent manner, which
Several studies have suggested that DADS might induce further suggests that Bcl-2 family members are closely in-
caspase-dependent apoptosis in various cancer cell types volved in DADS-induced apoptosis.
through a mitochondria-mediated intrinsic pathway. DADS Previous studies have shown that DADS suppressed
induced apoptosis in B16F-10 melanoma cells by activating metastasis in human prostate carcinoma and gastric adeno-
caspase-3 and downregulating Bcl-2 expression [24]. Bcl-2 ex- carcinoma [33, 34]. Similarly, we show that DADS inhibits
pression was also significantly decreased in DADS-treated the metastasis of breast cancer cell lines. MMP/TIMP is
human prostate cancer PC-3 cells and lung adenocarcinoma a potential therapeutic target for cancer, as increasing ev-
A549 cells [25, 26]. In addition, DADS induced caspase- idence has implicated MMP/TIMP in tumor invasion and
dependent apoptosis in human cancer cells through a Bax- metastasis [21, 35]. MMP-9, which is an important mem-
triggered mitochondrial pathway [27]. Inhibition of caspase- ber of the MMP family, strongly promotes cancer develop-
3 activation completely blockaded DADS-induced apoptosis ment. MMP-9 is overexpressed in breast cancer and is an
in mouse-rat hybrid retina ganglion N18 cells and human effective indicator for breast cancer prognosis [36,37]. DADS
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significantly inhibited cell invasion by reducing MMP-2 and
MMP-9 activities in human prostate carcinoma and gastric
adenocarcinoma [33, 34]. In this study, we show that de-
creased MMP-9 expression and activity may contribute to the
antimetastatic effect of DADS treatment in TNBC cells.

In addition to MMP/TIMP, EMT is also closely linked to
cancer metastasis. Furthermore, EMT could result in can-
cer stem cell transformation, drug resistance, immunosup-
pression, and poorer prognosis for various types of human
cancer. Therefore, pharmacologic inhibition of EMT or in-
duction of mesenchymal-epithelial transition (MET) could
be instrumental for cancer prevention and treatment [38—40].
Another garlic extract, S-allylcysteine, has been reported to
reverse EMT in human oral cancer [41]. In this study, we
demonstrated that treatment with DADS reversed EMT in
two breast cancer cell lines. These data strongly suggest that
DADS could be applied as a potential chemopreventative and
chemotherapeutic agent.

B-catenin, a key component of the Wnt/B-catenin signal-
ing pathway, interacts with the TCF/LEF family of transcrip-
tion factors to activate the transcription of downstream tar-
get genes. The B-catenin pathway is closely related to breast
cancer cell survival, proliferation, migration, and angiogen-
esis [42—45]. The B-catenin pathway regulates Bcl-2 activity
in colon tumor progression and ischemic preconditioning-
mediated cardioprotection [46, 47]. Furthermore, B-catenin
promotes the survival of renal epithelial cells by inhibiting
Bax [48]. In this study, we show that treatment with DADS
significantly decreases Bcl-2 expression and increases Bax ex-
pression in TNBC cells by inhibiting the B-catenin signaling
pathway. These data suggest that inhibition of the B-catenin
pathway induced cancer cell apoptosis by modulating the
expression of Bcl-2 family members. It has been reported
that aberrant B-catenin signaling is associated with increased
MMP expression, and that some MMP family members such
as MMP-1, MMP-7, and MMP-9 are downstream targets of
the B-catenin pathway [49-51]. Moreover, a number of stud-
ies have shown that the B-catenin pathway plays a critical
role in promoting EMT, while inhibiting this pathway can re-
verse the EMT [52-54]. In this study, we show that treatment
with DADS reduces metastasis by inhibiting B-catenin and
therefore modulating MMP-9 expression and EMT.

Taken together, our results strongly suggest that DADS in-
duces apoptosis and inhibits metastasis in breast cancer cells
through modulation of the B-catenin signaling pathway (Fig.
8E). We propose that DADS could be an effective supplement
to traditional chemotherapies for breast cancer patients, and
that further investigation and clinical trials are warranted.
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