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Abstract. It has been revealed that the induction of epithe-
lial‑mesenchymal transition (EMT) is associated with drug 
resistance, leading to tumor recurrence and metastasis. Recent 
studies have shown that chemotherapeutic agents, besides their 
therapeutic effects, can induce EMT and enhance invasive and 
metastatic properties of tumor cells. Previously, we revealed 
that deep-sea water (DSW) exhibited antimetastatic effects 
in several human cancer cell lines. In the present study, we 
investigated the effects of DSW on doxorubicin-induced 
EMT in MCF-7 human breast cancer cells. When treated with 
doxorubicin, MCF-7 cells displayed characteristics of EMT, 
such as, mesenchymal markers (vimentin and fibronectin) 
and EMT-related transcription factors (Slug and Snail-1) in 
their RNA expression. However, DSW efficiently inhibited 
doxorubicin-induced EMT, revealing the decreased expression 
of vimentin, fibronectin, Slug and Snail-1. Moreover, treat-
ment of MCF-7 cells with DSW significantly suppressed their 
increased migratory ability by doxorubicin as determined by 
wound-healing assay. We further demonstrated that the inhibi-
tory effects of DSW on doxorubicin-induced EMT appeared 
to be mediated by inhibition of the ERK1/2, p38 MAPK and 
PI3K/AKT signaling pathways. Collectively, our data revealed 

that DSW has the potential to abolish undesired side-effects of 
doxorubicin by targeting EMT.

Introduction

Chemotherapy is the systemic administration of drugs 
(singly or in combination) to destroy cancer cells. Although 
chemotherapy has long been used to treat cancer patients, it is 
challenged by drug resistance, which remains a major obstacle 
to the successful treatment of cancer. Substantial research 
efforts have revealed that drug resistance arises from a broad 
range of mechanisms, such as, drug efflux, drug target muta-
tions and engagement of alternative survival pathways (1). 
Recently, it was reported that drug resistance is accompanied by 
epithelial-mesenchymal transition (EMT), a process whereby 
epithelial cells lose polarity, and the ability to adhere to other 
cells and acquire mesenchymal properties (2-4). Sommers et al 
provided the first evidences of a link between drug resistance 
and EMT by revealing loss of epithelial markers and the 
acquisition of vimentin expression in adriamycin-resistant 
MCF-7 cells and vinblastine-resistant ZR-75-B human breast 
cancer cells (5). Since then, several studies have reported that 
cancer cells exposed to chemotherapeutic agents exhibit the 
EMT phenotype and that after undergoing EMT, cells possess 
invasive and metastatic properties in diverse cancers including 
breast (5-7), gastric (8,9) and colon cancer (10).

Since it has been increasingly demonstrated that EMT 
plays an important role in drug resistance and metastasis, 
novel therapeutic strategies targeting EMT have been explored 
in order to overcome drug resistance. Several small molecules 
including the antibiotic salinomycin (11), the antiviral drug 
zidovudine (12), and the antidiabetic drug metformin (13,14) 
have been shown to reverse the process of EMT. In addition, 
curcumin, an active ingredient in curry, has been revealed 
to suppress doxorubicin (DOX)-induced EMT by inhibiting 
transforming grow factor-β (TGF-β) and PI3K/AKT signaling 
pathways in breast cancer cells (15).

Deep-sea water (DSW) is defined as sea water obtained 
from a depth of more than 200 meters. DSW is rich in minerals, 
including calcium (Ca), magnesium  (Mg), potassium  (K), 
sodium (Na) and zinc (Zn) (16), but particularly, magnesium 
and calcium. The concentration of calcium is ~100  mg/l 
in 1,500 hardness DSW, while the amount of magnesium 
is ~300 mg/l. DSW has been shown to improve blood cholesterol 
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and prevent obesity and atherosclerosis (17-19). Previously, 
we revealed that DSW decreased cancer cell metastatic 
potential by decreasing the expression of TGF-β, Wnt3a, 
Wnt5a, urokinase plasminogen activator (uPA), and matrix 
metalloproteinase-9 (MMP-9) (20,21). Although the precise 
mechanisms mediating the antimetastatic effects of DSW 
have not been clarified yet, studies revealing that magnesium 
and/or calcium deficiencies are associated with cancer risk 
and metastasis (22-25) suggest that magnesium and calcium 
may play important mediatory roles in the antimetastatic 
effects of DSW. In addition, in our previous study, it was also 
observed that DSW provides a cardioprotective effect against 
DOX-induced cardiotoxicity, which compromised clinical use 
of DOX (26). Thus, in the present study, we further evaluated 
whether DSW has the potential to abolish the side-effects of 
DOX by targeting EMT in MCF-7 human breast cancer cells.

Materials and methods

Cell culture. MCF-7 human breast cancer cells were purchased 
from the Korean Cell Line Bank (Seoul, Korea). The cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM) 
(Welgene, Daegu, Korea) containing 10% fetal bovine serum 
(FBS) (Invitrogen, Carlsbad, CA, USA), 1% antibiotic-antimy-
cotic solution (Welgene), and 10 µg/ml insulin (Welgene) at 
37̊C in a 5% CO2 incubator.

Preparation of DSW. DSW was supplied by the Marine Deep 
Ocean Water Application Research Center at the Korean 
Institute of Ocean Science and Technology (Goseong, Korea). 
DSW was taken 6.7  km off the Goseong (Gangwon-Do, 
Korea) coast at a depth of 500 meters. Samples were micro-
filtered, subjected to reverse osmosis, and concentrated by 
electrodialysis to obtain desalinated water (hardness 0) and 
4,000 hardness DSW. To prepare DSW containing media, 
DMEM powder (Sigma, St. Louis, MO, USA) was dissolved 
in hardness 4,000 DSW and diluted with desalinated DSW 
(hardness 0) to obtain hardness 1,500 DSW media. Further 
serial dilutions were performed to achieve hardness of 500 and 
1,000 from 1,500 hardness DSW using desalinated media 
(hardness 0). The ratio of magnesium to calcium presented in 
DSW was 3:1. Hardness was calculated using the following 
equation:

Hardness of DSW (mg/l) = Mg (mg/l) x 4.1 + Ca (mg/l) x 2.5

Cell treatment. MCF-7 cells were treated with 0.5 µM DOX 
(Sigma) or DSW of various hardness (500, 1,000 and 1,500) 
and further cultured for 72 h. The cells were harvested for RNA 
isolation or the preparation of protein lysates. To inhibit the 
ERK1/2, p38 or PI3K/AKT signaling pathways, the cells were 
pretreated with 10 µM U0126 (a MEK1/2 inhibitor), SB203580 
(a p38 inhibitor) or LY294002 (a PI3K/AKT inhibitor) (all 
from LC Laboratories, Woburn, MA, USA) for 24 h, and then 
treated with 0.5 µM DOX for 72 h.

Cell viability assay. MCF-7 cells were seeded into 96-well 
plates at 37̊C and incubated for 24 h. To assess the antitumor 
effects of DOX or DSW, the cells were treated with DOX or 
DSW and cultured for an additional 24, 48 or 72 h. To study 

the combined effects of DOX and DSW, the cells were treated 
with DSW (hardness 500-1,500) in the presence of 0.3 µM 
DOX. Cell viabilities were assessed using 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 
reagent (Sigma). Absorbances were assessed at 570 nm using 
a Multi-Detection Microplate Reader (Molecular Devices, 
Sunnyvale, CA, USA).

Transwell migration assay. Transwell chambers (Corning 
Inc., Corning, NY, USA) with 8-µm pore polycarbonate filters 
coated with Matrigel matrix (BD Biosciences, Bedford, MA, 
USA) were used for the assay. 3x104 cells/well were seeded on 
the upper chamber of 24-well plates, which were coated with 
Matrigel 1:20 for 1 h. After 24 h of culture, DMEM containing 
0.3 µM DOX and 2% FBS was placed in the upper chamber and 
media containing 10% FBS was placed in the lower chamber 
and cells were cultured for an additional 72 h. The cells were 
then fixed with 100% methanol for 10 min and stained with 
hematoxylin and eosin  (Sigma). Non-invasive cells were 
removed with a cotton swab and the membranes were mounted 
onto glass slides using mounting solution (Sigma). Membranes 
were placed on a microscope slide to take optical microscopic 
images.

Wound-healing assay. 4x105 MCF-7 cells/well were seeded 
on collagen-coated (20 µg/ml) (Corning Inc.) 6-well plates 
and incubated at 37̊C. After growing for 48 h to reach 100% 
confluence, the cell layers were scratched with a 200 µl yellow 
pipette tip to create wounds and washed with PBS to remove 
cell debris. The cells were then treated with 0.3 µM DOX or 
DSW of various hardness, and optical images were captured at 
0 and 72 h after wounding.

RNA isolation and reverse transcriptase-polymerase chain 
reaction (RT-PCR). Cells were grown and treated in 6-well 
plates as described above. Total RNA was extracted using 
the easy-BLUETM Total RNA Extraction kit (iNtRON 
Biotechnology Inc., Sungnam, Korea). RT-PCR was performed 
using 1 µg of total RNA using the Avian Myeloblastosis Virus 
RNA PCR kit version 3.0 (Takara Bio, Inc., Shiga, Japan). 
DNA amplicons were subjected to agarose gel electrophoresis 
containing 0.5 µg/ml of ethidium bromide (EtBr), and visual-
ized using an UV transluminometer (CoreBio System, Seoul, 
Korea). Primer sequences of the target genes are presented in 
Table I.

Western blotting. Cells were grown and treated in 6-well 
plates as aforementioned. The cells were lysed with RIPA 
buffer (150  mM NaCl, 1% Triton  X-100, 1% sodium 
deoxycholate, 0.1% SDS, 50 mM Tris-HCl pH 7.5 and 2 mM 
EDTA) including a phosphatase and protease inhibitor 
cocktail (GenDEPOT, Barker, TX, USA). Lysates were 
centrifuged at 13,000  rpm for 20 min to clear debris and 
protein concentrations were determined using bicinchoninic 
acid reagent (Sigma). Proteins (20  µg) were separated by 
SDS-PAGE (8-12% gels) and transferred to polyvinylidene 
fluoride (PVDF) membranes at 100  V for 40  min. The 
membranes were blocked in 5% skim milk in TBS-Tween 
(50 mM Tris-HCl, 150 mM NaCl and 0.1% Tween-20) for 1 h 
at room temperature and incubated with the following primary 
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antibodies: anti‑rabbit phospho-extracellular signal-regulated 
kinase 1/2 (p-ERK1/2), total-ERK1/2, phospho-p38 (p-p38), 
total-p38, phospho-protein kinase B (p-AKT), total‑AKT, 
phospho‑GSK3β, glyceraldehyde‑3‑phosphate dehydrogenase 
(GAPDH) (Cell Signaling Technology, Inc., Beverly, MA, 
USA) and β-actin (Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA), overnight at 4̊C. Blots were then incubated 
with HRP-conjugated secondary anti-rabbit  and  -mouse 
antibodies (Santa Cruz Biotechnology Inc.), diluted 1:3,000 for 
1 h at room temperature and developed by Luminescent Image 
Analyzer LAS-4000 (Fujifilm, Tokyo, Japan).

Statistical analysis. Statistical analysis was conducted using 
the Student's t-test. All experiments were conducted in tripli-
cate and the results are presented as the means ± SDs. P-values 
of <0.05 were considered as statistically significant.

Results

DOX induces EMT, and thus enhances human breast cancer 
cell motility. To assess the antitumor effects of DOX, we first 
evaluated the viabilities of MCF-7 human breast cancer cells 
treated with different concentrations of DOX for 24, 48 or 
72 h. As shown in Fig. 1A, treatment with DOX significantly 
and dose-dependently decreased cell viability. Despite, its 
therapeutic effects, we observed that DOX-treatment caused 
cells to become spindle-shaped and to detach from each 
other  (Fig.  1B). Since these morphological changes were 
reminiscent of the EMT phenotype, we evaluated the mRNA 
expression of EMT markers in DOX-treated cells. DOX 
increased the expression of mesenchymal markers, vimentin 
and fibronectin. Furthermore, the expression of mesenchymal 
transcription factors, Snail-1 and Slug, were also enhanced 
by DOX (Fig. 1C), suggesting that DOX induced EMT. Since 
EMT is associated with cell motility, we assessed the effects 
of DOX on the migration and invasion of MCF-7 cells. The 
migratory ability was examined using in vitro wound-healing 
assay. After creating uniform wounds with a 200 µl pipette 
tip, the ability of the cells to migrate and close the wound gap 
were assessed. MCF-7 cells are weakly invasive in vitro, but 
cells treated with 0.3 µM DOX for 72 h were found to rapidly 
close wounds (Fig. 1D). We also performed Transwell migra-
tion assay. Treatment of MCF-7 cells with 0.3 µM DOX for 
72 h in the upper chamber stimulated cells to migrate through 
the microporous membrane (Fig. 1E). Collectively, our data 
revealed that DOX induced EMT, and thus, enhanced the 
migratory ability of the cells.

DSW increases the antitumor effects of DOX by inhibiting 
MDR1. We first assessed whether DSW itself has anticancer 
effects on MCF-7 human breast cancer cells. After MCF-7 
cells were treated with DSW of varying hardness for 24 or 
48 h, we assessed cell viabilities using an MTT assay. As 
shown in Fig. 2A, cell proliferation was not affected by DSW 
treatment even when cells were treated with 1,500  hard-
ness DSW for 48 h (Fig. 2A). However, we found that DSW 
enhanced the antitumor effect of DOX (Fig. 2B). The cells 
were treated with DSW of varying hardness in the presence 
of 0.3 µM DOX and further incubated for another 24, 48 or 
72 h before assessing cell viability by MTT assay. Notably, 
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mildly enhanced antitumor effects of DOX were observed in 
a hardness-dependent manner; a decrease in cell viabilities of 
~20% was found after treatment with DSW of hardness 1,500 
for 72 h (Fig. 2B). To understand the underlying mechanism of 
this enhanced antitumor effect of DOX by DSW, we examined 
the mRNA expression of the ATP-binding cassette (ABC) 
drug transporter, multidrug resistance 1 (MDR1). As shown 
in Fig. 2C, the expression of MDR1 was significantly induced 
by DOX, however co-treatment with DSW suppressed this 
DOX-induced MDR1 expression, suggesting that DSW 
enhanced the efficacy of DOX by inhibiting the expression of 
MDR1.

DSW suppresses DOX-induced EMT and in vitro cancer cell 
migration. To investigate the effect of DSW on DOX-induced 
EMT, we evaluated the expression of EMT markers in mRNA 
expression after cells were treated with 0.5 µM DOX or in 
combination with varying DSW hardness for three days. As 
shown in Fig. 3A, Snail-1 and Slug were induced by DOX 
however treatment with DSW significantly decreased their 
expression. Similar inhibitory effects of DSW were observed in 
DOX-induced expression of vimentin and fibronectin (Fig. 3A), 
suggesting that DSW suppresses DOX-induced EMT. 
Consequently, co-treatment of the cells with varying hardness 
of DSW for up to 72 h significantly and hardness-dependently 
decreased DOX-induced migration vs. DOX-treated control 
cells in the wound-healing assay (Fig. 3B).

DSW suppresses TGF-β and Wnt signaling pathways. The 
TGF-β signaling pathway is well known to induce EMT (27). 

Figure 1. Stimulation of EMT and enhanced motility of MCF-7 human breast cancer cells by DOX. (A) Cells were treated with various concentrations 
of DOX for 24, 48 or 72 h, and cell viabilities were assessed by MTT. Results are expressed as the means ± SDs of three independent experiments per-
formed in triplicate; *P<0.05, **P<0.01 and #P<0.001 compared to the control. (B) Morphological images of MCF-7 cells exposed to DOX for 72 h. Scale 
bar, 100 µm. (C) Effects of DOX on the mRNA expression of the mesenchymal markers, vimentin and fibronectin, and on the transcription factors, Snail-1 
and Slug. (D) Photomicrographs of DOX-induced wound-healing in MCF-7 cells at 0 and 72 h after wounding. (E) Photomicrographs of Transwell migration 
assay. Cells were treated with 0.3 µM DOX for 72 h and the cells that migrated through the membrane were stained with H&E. Scale bar, 100 µm. EMT, 
epithelial-mesenchymal transition; DOX, doxorubicin.

Figure 2. DSW mildly enhances antitumor effects of DOX by inhibiting 
MDR1. (A) DSW did not inhibit the viability of MCF-7 cells at up to a 
hardness (H) of 1,500. Results are the means ± SDs of three independent 
experiments performed in triplicate. (B) DSW mildly enhanced the anti-
tumor effect of DOX on MCF-7 cells. Results are the means ± SDs of three 
independent experiments performed in triplicate; *P<0.05, **P<0.01 and 
#P<0.001 vs. DOX treatment only. (C) The inhibitory effect of DSW on the 
mRNA expression of MDR1. DSW, deep-sea water; DOX, doxorubicin; 
MDR1, multidrug resistance 1.
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Bandyopadhyay  et  al revealed that DOX activated the 
Smad-dependent TGF-β signaling pathway to induce EMT, 
consequently promoting invasion in murine 4T1 breast cancer 
cells (6). In addition, DOX resistance in HCT116 human colon 
cancer cells promoted EMT by upregulating TGF-β (10). Thus, 
we explored the effect of DSW on TGF-β signaling pathways. 
After cells were treated with 0.5 µM DOX or in combination 
with varying hardness of DSW for three days, we assessed the 
mRNA expression of TGF-β. As shown in Fig. 4A, treatment 
with DSW significantly decreased the mRNA expression of 
TGF-β, though DOX mildly stimulated its induction. Since 
the canonical TGF-β signaling pathway depends on activation 
of the Smad family (27), particularly Smad2 and Smad 3, we 
tried to assess the level of phosphorylated Smad2/3 in cells 
exposed to DOX or DSW. However, we were not able to detect 
the activated Smad2/3 expression in MCF-7 cells exposed to 
DOX, as well as the endogenous level of Smad2/3 expression 

in untreated cells (data not shown). Thus, we were not able 
to clarify the role of the Smad-dependent TGF-β signaling 
pathway in mediating the inhibitory effects of DSW on 
DOX-induced EMT in the present study. Since recent studies 
revealed that TGF-β, directly upregulated non-canonical Wnt 
ligand, Wnt5a expression through the Smad complex (28), 
we also tried to evaluate the mRNA expression of Wnt5a. 
Although the expression of Wnt5a was induced by stimulation 
of the cells with DOX, this DOX-induced Wnt5a expression 
was not decreased by treatment with DSW (Fig. 4A), implying 
that the inhibitory effects of DSW on DOX-induced EMT are 
independent of the non-canonical Wnt signaling pathway and 
possibly independent of the Smad-dependent TGF-β signaling 
pathway.

Wnt5a is a non-canonical signaling member of the Wnt 
family, and its activation is independent of β-catenin. In 
contrast, activation of the canonical Wnt signaling pathway 
depends on β-catenin (29). Upon binding of canonical Wnt 
signaling members, such as Wnt1 and Wnt3a, to frizzled 
(FZD) and low-density lipoprotein receptor-related protein 5/6 
(LRP 5/6), GSK3β is phosphorylated to its inactive form, and 
thus functional β-catenin accumulates in the cytosol and is 
further transported into the nucleus to activate target genes, 
such as, Axin2 and Snail-1. Since the Wnt signaling pathway 
is another signaling pathway that promotes EMT in coordina-
tion with the TGF-β signaling pathway (30,31), we evaluated 
the mRNA expression of Wnt3a and its target gene, Axin2. 
Non-treated control MCF-7 cells exhibited barely detectable 
levels of Wnt3a mRNA, while DOX-treated cells exhibited 
significant Wnt3a expression. However, co-treatment with 
DSW efficiently suppressed the expression of Wnt3a, and its 
target gene, Axin2 (Fig. 4A). Moreover, we found that the 
inactive form of GSK3β was decreased by DSW co-treat-
ment (Fig. 4B), which suggested that the inhibitory effects of 
DSW on the canonical Wnt signaling pathway are involved in 
targeting EMT.

The inhibitory effects of DSW on DOX-induced EMT are 
mediated by the inhibition of the ERK1/2, p38 MAPK and 
PI3K/AKT signaling pathways. TGF-β activates various 
kinase pathways, including extracellular signal-regulated 

Figure 4. DSW suppresses TGF-β and Wnt signaling pathways. (A) The 
inhibitory effects of DSW on the mRNA expression of TGF-β. DSW did 
not alter the expression of non-canonical Wnt ligand, Wnt5a, but suppressed 
canonical Wnt ligand, Wnt3a and its target gene, Axin2. (B) The western 
blot analysis revealed that the DOX-induced expression of phospho-GSK3β 
was inhibited by DSW. DSW, deep-sea water; TGF-β, transforming grow 
factor-β; DOX, doxorubicin; p-GSK3β, phospho-GSK3β.

Figure 3. The inhibitory effects of DSW on DOX-induced EMT and in vitro cancer cell migration. The inhibitory effects of DSW on the mRNA expression 
of (A) the transcription factors, Snail-1 and Slug, and the mesenchymal markers, vimentin and fibronectin. (B) Photomicrographs of in vitro healing at 0 and 
72 h after wounding. Cells were co-treated with DSW at varying hardness in the presence of 0.3 µM DOX for 72 h after wounding. Scale bar, 100 µm. DSW, 
deep-sea water; DOX, doxorubicin; EMT, epithelial-mesenchymal transition.
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kinase 1/2 (ERK1/2), PI3K/AKT and p38 mitogen-activated 
protein kinase (MAPK) through a Smad-independent 
signaling pathway (27), and these pathways are implicated 

in the activation of EMT. Since DSW efficiently suppressed 
the expression of TGF-β, we further analyzed whether the 
inhibitory effect of DSW on TGF-β expression subsequently 
affected the ERK1/2, PI3K/AKT and p38 MAP kinase 
signaling pathways. After cells were treated with 0.5 µM DOX 
or in combination with varying hardness of DSW for three 
days, western blot analysis was performed. DOX significantly 
induced the phosphorylation of ERK1/2, but co-treatment with 
DSW efficiently decreased this phosphorylation (Fig. 5A). 
Similarly, the phosphorylation of p38 and AKT were also 
found to be induced in DOX-treated MCF-7 cells, but DSW 
co-treatment significantly inhibited the phosphorylation of 
p38 and AKT (Fig. 5B and C). To further confirm the role 
of the PI3K/AKT and MAP kinase signaling pathways 
in DOX-induced EMT, we blocked the ERK1/2, p38 and 
PI3K/AKT signaling pathways using U0126, SB203580 and 
LY294002, respectively. Cells were treated with 10 µM U0126, 
10 µM SB203580 or 10 µM LY294002 for 24 h prior to the 
addition of 0.5 µM DOX, and then incubated for another 72 h. 
Notably, Slug upregulation in DOX-treated cells was efficiently 
prevented by blocking the ERK1/2 (Fig. 5D), p38 (Fig. 5E) 
or PI3K/AKT (Fig. 5F) signaling pathways, which suggested 
that the MAPK and PI3K/AKT signaling pathways played 
a critical role in DOX-induced EMT. Collectively, our data 
revealed that the inhibitory effects of DSW on DOX-induced 
EMT are mediated through the inhibition of the ERK1/2, p38 
and AKT signaling pathways.

Discussion

In the present study, we have evaluated the potential health 
benefit of DSW on DOX-induced EMT in MCF-7 human 
breast cancer cells. Our data revealed that MCF-7 cells treated 
with DOX displayed characteristics of EMT by exhibiting 

Figure 5. Inhibitory effects of DSW on DOX-induced EMT are mediated through inhibition of the ERK1/2, p38 and AKT signaling pathways. The inhibitory 
effects of DSW on DOX-induced phosphorylation of (A) ERK1/2, (B) p38 and (C) AKT. The involvement of the ERK1/2, p38 and AKT signaling pathways in 
DOX-induced EMT was confirmed by blocking each pathway with a specific inhibitor. The effects of (D) U0126 (a MEK1/2 inhibitor), (E) SB203580 (a p38 
inhibitor) and (F) LY294002 (a PI3K/AKT inhibitor) on Slug expression. DSW, deep-sea water; DOX, doxorubicin; EMT, epithelial-mesenchymal transition; 
ERK1/2, extracellular signal‑regulated kinase 1/2; AKT, protein kinase B.

Figure 6. The proposed action mechanism responsible for the suppressive 
effects of DSW on DOX-induced EMT and on the antitumor effects of DOX. 
DSW inhibited the Smad-independent and the Wnt canonical signaling 
pathway to prevent the process of EMT. Increase in the active form of GSK3β 
by DSW may have inhibited the expressions of Slug or Snail-1 directly or 
through the Smad-independent signaling pathways. In addition, DSW aug-
mented the antitumor effects of DOX by inhibiting MDR1. DSW, deep-sea 
water; DOX, doxorubicin; EMT, epithelial-mesenchymal transition; MDR1,  
multidrug resistance 1.
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the acquisition of mesenchymal markers, vimentin and fibro-
nectin, and the EMT-related transcription factors, Slug and 
Snail-1 in their mRNA expression. In addition, we observed 
that DOX stimulated the migratory ability of MCF-7 cells in 
an in vitro wound-healing assay. It was consistent with other 
studies which revealed that chemotherapy agents, such as, 
doxorubicin and paclitaxel, promoted EMT of treated cancer 
cells, and cells that underwent EMT exhibited the enhanced 
properties of migration and invasion (5-10).

Cooperation of signaling pathways, such as, TGF-β, Sonic 
Hedgehog (SHH) and Wnt signaling pathways, is known to 
promote EMT  (30,31). Particularly, the TGF-β signaling 
pathway is the most well-established pathway that induces 
EMT and tumor metastasis  (27). The canonical TGF-β 
signaling pathway is mediated by activation of the Smad family. 
Upon ligand binding, phosphorylation of TGF-β receptor  I 
(TGF-βRI) by TGF-βRII results in the recruitment of Smad2 
and Smad3, which are then transported from the cytosol to 
the nucleus after complex formation with the coactivator 
Smad4. In the nucleus, the Smad complex binds to regulatory 
elements to induce the transcription of target genes associated 
with EMT, such as, Snail and Slug (27). Since we were not 
able to detect activated Smad2 or Smad3 expression in MCF-7 
cells exposed to DOX, or endogenous Smad2/3 in untreated 
cells (data not shown), the role of the Smad-dependent TGF-β 
signaling pathway in DOX-induced EMT was not clarified 
in the present study. However, Chen  et  al suggested that 
the Smad-dependent TGF-β signaling pathway may play a 
minor role in DOX-induced EMT since a specific inhibitor of 
TGF-β receptor kinase, SB431542, was not able to abrogate 
DOX-induced E-cadherin downregulation and altered Snail 
expression in BT-20 breast cancer cells (15).

In addition to Smad-dependent mechanisms, TGFβ-
induced EMT is also mediated through Smad-independent 
mechanisms (27,31). Particularly, the ERK MAPK, p38 MAPK 
and PI3K/AKT signaling pathways have been linked to 
TGFβ‑induced EMT (27,32). Activation of ERK1/2 in response 
of TGF-β is initiated by Ras, leading to the activation of Raf and 
MEK1/2 kinases. Increased Ras-ERK MAP kinase signaling 
then results in the downregulation of E-cadherin expression, 
whereas blocking the kinase function of MEK1/2 inhibits TGFβ-
induced EMT (33-35). TGF-β also induces the activation of p38 
MAP kinase (36,37). The interaction between TNF receptor-
associated factor 6 (TRAF6) and TGF-βRI causes the activation 
of TGFβ-activated kinase 1 (TAK1) and leads to the activation 
of p38 MAP kinase. Furthermore, blocking the activation of p38 
MAP kinase prevents TGFβ-induced EMT, which suggests that 
p38 MAP kinase plays a role in TGFβ‑induced EMT (36,37). 
TGF-β activates PI3 kinase directly through its own recep-
tors (38,39). Upon binding of the regulatory subunit of PI3 kinase 
to TGF-βRI and TGF-βRII, AKT is activated, resulting in the 
activation of mTOR/S6 kinase. Notably, a dominant negative 
form of AKT was found to inhibit TGFβ-induced EMT (38,40). 
In the present study we found that the Smad-independent TGF-β 
signaling pathways were involved in DOX-induced EMT in 
MCF-7 cells. Induction of the phosphorylation of ERK1/2, 
p38 and AKT were observed in cells treated with DOX. Since 
the treatment of cells with selective inhibitors of each pathway 
markedly prevented the process of EMT, our data revealed that 
the ERK1/2, p38 and AKT signaling pathways are involved in 

DOX-induced EMT. However, DSW efficiently inhibited the 
phosphorylation of ERK1/2, p38 and AKT. Consequently, the 
expressions of mesenchymal markers, vimentin and fibronectin, 
and EMT-related transcription factors, Slug and Snail-1 were 
decreased by DSW. Moreover, DSW significantly suppressed 
the DOX-induced increase in the migratory ability of MCF-7 
cells as determined by the wound-healing assay. Collectively, 
our data revealed that DSW targeted these Smad-independent 
TGF-β signaling pathways to prevent DOX-induced EMT in 
MCF-7 cells.

The Wnt signaling pathway is another signaling pathway 
that promotes EMT in coordination with the TGF-β signaling 
pathway (29-31). Without Wnt signals, the tumor suppressor, 
GSK3β exists in its active form, which phosphorylates 
β-catenin for degradation. When the canonical Wnt signaling 
pathway is activated by binding canonical Wnt signaling 
members, such as, Wnt1 and Wnt3a, to FZD and LRP 5/6, 
GSK3β is phosphorylated, and thus inactivated. Functional 
β-catenin is then accumulated in the cytosol and is further 
transported into the nucleus to activate target genes, such 
as, Axin2 and Snail-1. Since it is established that TGF-β 
can also inactivate GSK3β by activating Smad-independent 
pathways, including the ERK MAPK (41), p38 MAPK (42) 
and PI3K/AKT (43) signaling pathways, GSK3β is a major 
converging element between the Wnt and TGF-β signaling 
pathways. Furthermore, inactivation of GSK3β can increase 
Snail-1 expression directly by transporting Snail-1 from the 
nucleus to the cytosol for degradation (44). We previously 
reported that DSW inhibits the Wnt signaling pathway, which 
mediates cell migration and invasion in coordination with 
the TGF-β signaling pathway (20). In the present study, we 
confirmed that DSW efficiently suppressed the expression of 
canonical Wnt signaling ligand, Wnt3a, and its target gene, 
Axin2. Furthermore, we found that the inactive form of 
GSK3β was decreased by DSW, which implies that increasing 
the active form of GSK3β by DSW may inhibit the expression 
of Slug or Snail-1 directly or through the Smad-independent 
signaling pathways (Fig. 6).

Minerals are essential for all living organisms and recent 
studies revealed that the intake of certain minerals decreases 
the incidence of cancer. Wark et al reported that a higher 
intake of dietary magnesium was associated with lower risk 
of colorectal tumors  (45). Furthermore, decreased serum 
levels of magnesium are frequently observed in patients 
with tumors (22,46). Zinc is an essential mineral that acts as 
a co-factor for diverse enzymes. Notably, zinc differentially 
modulated DNA damage in normal and cancer cells. Zinc 
exhibited a protective action against DNA damage induced 
by hydrogen peroxide in normal cells, whereas zinc inhibited 
the DNA repair for hydrogen peroxide-induced DNA damage 
in cancer cells (47). Fong et al also reported the role of zinc, 
demonstrating that dietary zinc deficiency led to an increased 
tumor incidence in mice (48). Epidemiologic studies suggest 
that intake of calcium appears to decrease the risk of colon 
cancer (25). In addition, individuals with improved calcium 
and vitamin D nutritional status substantially decreased all 
cancer risk in postmenopausal women (23). Since DSW is 
rich in minerals, such as, calcium, magnesium and zinc, we 
presumed that the combined ionic action of several minerals 
may play important roles in inhibiting DOX-induced EMT.
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In summary, our results revealed that DSW inhibits 
DOX-induced EMT without interfering with the anti-
cancer effects of DOX. We found that DSW inhibited the 
Smad‑independent signaling pathway and the Wnt canonical 
signaling pathway to prevent the process of EMT. The 
mechanism responsible for the DSW-mediated suppres-
sion of DOX-induced EMT was not fully elucidated in the 
present study and further investigation is warranted on this 
topic. However, this is the first study to reveal that DSW 
has a substantial inhibitory effect on DOX-induced EMT. 
Collectively, our findings suggest that DSW may improve the 
clinical use of DOX by suppressing its side-effects by targeting 
EMT in MCF-7 human breast cancer cells.
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