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Breast Cancer Cells through Zinc and Its Transporters
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Abstract

Background: The diabetes patients have been associated with an increased risk of mortality by breast cancer and there are
difference between the breast cancer patients with diabetes, and their nondiabetic counterparts in the regimen choice and
effects of breast cancer treatment. However, the pathophysiological relationships of diabetes and breast cancer have not
yet been elucidated in detail. In this study, we investigate the breast cancer cell line, MCF-7 motility, which linked to
invasion and metastasis, in high glucose level corresponding to hyperglycemia and the role of Zn and its transporter.

Methodology/Principal findings: We demonstrated the significant motility of MCF-7 cultured in hyperglycemic level
(25 mM glucose) in comparison to normal physiological glucose level (5.5 mM glucose). The other hand, the osmotic
control medium, 5.5 mM glucose with 19.5 mM mannitol or fructose had no effect on migratory, suggesting that high
glucose level promotes the migration of MCF-7. Moreover, the activity of intracellular Zn*" uptake significantly increased in
high glucose-treated cells in comparison to 5.5 mM glucose, and the mRNA expression of zinc transporters, ZIP6 and ZIP10,
was upregulated in 25 mM glucose-treated cells. The deficiency of ZIP6 or ZIP10 and intracellular Zn** significantly inhibited
the high migration activity in 25 mM glucose medium, indicating that Zn* transported via ZIP6 and ZIP10 play an essential
role in the promotion of cell motility by high glucose stimulation.

Conclusion/Significance: Zinc and its transporters, ZIP6 and ZIP10, are required for the motility stimulated with high
glucose level. These findings provide the first evidence proposing the novel strategies for the diagnosis and therapy of
breast cancer with hyperglycemia.
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Introduction analysis of the mechanisms, especially in the relation of the high
glucose level and tumor migration.

Zinc (Zn), which is essential for many cellular processes, has also
been reported to play a potential role for second messenger in
signal pathway linked with various physiological actions [5,6].
Moreover, the imbalances in Zn homeostasis cause disease states
including Alzheimer’s disease [7], diabetes [8,9,10], cancer [11]
and others [5,12]. In breast cancer patients, the level of Zn has
been found to be lower in serum than healthy subjects and
elevated in malignant tissues [13,14,15,16], whereas in liver,

hat lead to i fmical imblicati q hodologi prostate and gallbladder cancers, the level of Zn in the malignant
that fead 1o Important ¢cal mmp 1ca_t10ns.an meF 0C0I0gICS. tissues has been found to be decreased [13,14,17,18,19]. These
However, the pathophysiological relationships of diabetes and

breast cancer have not yet been elucidated in detail.
Extracellular circumstances of cancer cells can influence growth
and behavior of the cells, resulting in invasion, metastasis and
tumor development. We demonstrated that breast cancer cell line,
MCF-7 cultured with high glucose level corresponding to
hyperglycemia, significantly promoted migratory activity com-
pared with normal physiological glucose level, indicating the
possibility that the hyperglycemia in diabetes mediates the motility
of breast cancer cells. The development of new treatment strategy
of breast cancer with high glucose level requires further detail

The statistical result analysis of diabetes and breast cancer has
indicated that the diabetes has been associated with an increased
risk of mortality by breast cancer [1,2,3]. Moreover, it has been
reported that there are difference between the breast cancer
patients with diabetes and their nondiabetic counterparts in the
regimen choice and effects of breast cancer treatment [1,2,4].
These results suggest that the currently established therapy of
breast cancer may not be suitable in the patients with diabetes and
understanding the breast cancer in diabetes may provide avenues

recent reports suggest that Zn is implicated in breast cancer
development. The intracellular Zn level is tightly controlled by
several protein molecules called zinc-binding protein and zinc
transporters [20]. These behaviors of Zn in and out of cell across
membranes are maintained through two families including the
ZRT IRT-like protein (ZIP) family that facilitates Zn influx into
the cytosol, and zinc transporter (Zn'T) family that facilitates Zn
efflux from the cytosol. Some ZIP family members are reported to
involve in aggressive cancer progression [11,16,21,22,23,24,
25,26,27,28]. ZIP6 is associated with histological grade of
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estrogen-receptor-positive breast cancer, and is positively related
with the lymph node metastasis [16,25,26,27]. ZIP6 also has been
reported to regulate epithelial-mesenchymal transition (EMT)
[21,23,24]. Moreover, ZIP10 has been reported to mediate the
migration and invasive behaviors of breast cancer cells [28].
However, the role of Zn and the transporters in breast cancer cell
migration stimulated with the high glucose level are still unknown,
and the evaluation is strongly required to contribute to novel
treatment strategies for breast cancer under hyperglycemia.

In this report, we demonstrate for the first time the relation
between the motility of MCF-7 in high glucose level corresponding
to hyperglycemia and the role of Zn and the transporters. Our
findings show that high glucose level-induced cell migration was
inhibited by ZIP6 or ZIP10 knockdown and by zinc chelation,
suggesting the Zn transported via ZIP6 and ZIP10 has essential
functions for the increased motility of MCF-7 in high glucose level.

Materials and Methods

Cell line and cell culture

Human breast cancer cell line MCF-7 was obtained from
European Collection of Cell Cultures (ECACC; Salisbury, UK)
and cultured in minimum essential medium (MEM, Invitrogen,
Carlsbad, CA, USA) containing 5.5 mM D-glucose supplemented
with 10% heat inactivated fetal bovine serum (FBS), 100 U/ml
penicillin and 100 pg/ml streptomycin (Nacalai Tesque, Kyoto,
Japan). For routine culture, cells were incubated in a standard
humidified incubator at 37°C in 5% CO,.

Scratch wound-healing Assay

MCF-7 cells were seeded in a 35 mm plastic dish at 5x10° cells.
After 24 h incubation, cells reached 100% confluency and a
wound was produced at the center of the monolayer by scraping
the cells with a sterile 10 pl pipette tip. After scratching, the dish
was gently washed with PBS to remove the detached cells, and the
cells were incubated in MEM containing 10% FBS with normal
(5.5 mM), high (25 mM) D-glucose concentration, or an osmotic
control (5.5 mM D-glucose plus 19.5 mM D-mannitol or D-
fructose) for 24 h at 37°C in a humidified and equilibrated (5% v/
v COy) incubation. The wound area at 0 and 24 h after scratching
was photographed using a microscopy system (Nikon, Tokyo,
Japan), and the cell-free wound area was measured using NIH
Image J software. The migration rate was determined by
quantifying the area covered from the initial time to 24 h-points.
Multiple views of each dish were examined, and three to seven
independent experiments were performed.

Observation of actin organization

MCF-7 cells were seeded at 1x10* cells on 35 mm collagen IV-
coated glass bottomed dish. The following day, the medium was
replaced in MEM containing 10% FBS with normal (5.5 mM),
high (25 mM) D-glucose concentration, or an osmotic control
(5.5 mM D-glucose plus 19.5 mM D-mannitol). After 24 h, the
cells were washed with PBS, fixed with 4% paraformaldehyde for
30 min and permeabilized with 0.2% Triton X-100 for 10 min.
After blocking with 5% bovin serum albumin in PBS for 30 min,
the cellular F-actin was stained with Alexa Fluor® 546 labeled
phalloidin (Invitrogen) for 90 min. The cells were washed with
PBS and analyzed using the Nikon fluorescent microscopy system
(Tokyo, Japan).

Cellular uptake of Zn**

Analysis of Zn?* uptake into cells was performed as previously
described [29]. Cultured cells were incubated with 18 nM ZnCl,
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in serum-free MEM that contained no detectable levels of Zn®" for
60 min at 37°C in a humidified and equilibrated (5% v/v COy)
incubation. After washing with PBS, the cells were loaded with
5 uM zinc fluorescent sensor, Newport Green DCF (Invitrogen),
for 30 min at 37°C in a humidified and equilibrated (5% v/v COy)
incubation. The cells were washed with PBS and the fluorescent
intensities of the cells were analyzed using a FACSCalibur flow
cytometer (BD Biosciences, CA, USA) at 488 nm laser excitation
and a 515-545 nm emission filter.

Semiquantitative expression analysis with reverse
transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from cultured cells and purified using
the RNeasy Mini kit (Qiagen, Valencia, CA, USA) according to
the manufacture’s instructions. From each sample, equal amount
of RNA (100 ng) was used in oligo dT primed cDNA synthesis
reaction with the Superscript® III First-Strand Synthesis Super-
Mix (Invitrogen) following the manufacture’s instructions. Equal
volumes of cDNA (2 pl) from each reaction were used for PCR
analysis using gene-specific primers to either human ZIP6
(forward: 5'-TCTGTCACAAATCCCCTTCA-3', reverse: 5'-
GGAGGGCTCTTGTGAGTCTG-3'), human ZIP10 (forward:
5'- CCTGGTTCCTGAAGATGAGG-3', reverse: 5'-CATGG-
CAGAGAGGAGGTTGT-3') or human GAPDH (forward: 5'-
CAATGGAAATCCCATCACCATC-3', reverse: 5- TGAA-
GACGCCAGTGGACTCC-3"). The reactions were carried out
at 95°C for 1 min, followed by 25 cycles of 95°C for 30 sec, 55°C
for 30 sec, and 72°C for 1 min. PCR products were visualized
after electrophoresis through a 2% agarose gel and stained by
ethidium bromide (0.5 ug/ml).

Construction of short-hairpin RNA expression vectors

shRNA-expressing pDNAs driven by human U6 promoter were
constructed from pBAsi-hU6 Neo vector (Takara Bio Inc., Shiga,
Japan) according to the manufacturer’s instructions. Target
sequences of human ZIP6 (GenBank accession no. NM_012319)
and ZIP10 (GenBank accession no. NM_020342) were designed
by Takara siRNA Design Support System (Takara Bio Inc.). The
pBAsi-hU6 Neo vector, which transcribes a non-related sequence
of RNA with partial duplex formation, was used as a control
pDNA throughout the present study. Each pDNA was amplified in
Escherichia coli top 10 (Invitrogen) and purified using a QIAGEN
Endofree Plasmid Maxi Kit (QIAGEN GmbH, Hilden, Ger-
many).

shRNA-mediated gene attenuation

MCF-7 cells were cultured at a density of 5x10° cells per 6 well
plate. One day later, the cells were transfected with shRNA each
for human ZIP6, ZIP10 and control sequences using Fugene 6
Transfection Reagent (Roche) following the manufacturer’s
mstructions. The gene-silencing effect was analyzed 2 days after
transfection by RT-PCR using gene-specific primers. The primers
used for PCR were: human ZIP6, 5'-TCTGTCA-
CAAATCCCCTTCA-3" (forward), 5'-GGAGGGCTCTTGT-
GAGTCTG-3' (reverse); human ZIP10, 5'-AGCACCACATGT-
TAAAAATAATGC-3" (forward), 5'-CATGGCAGAGAGGA-
GGTTGT-3' (reverse).

Transwell migration assay

After 2 days of transfection with shRNA for ZIP6 or ZIP10,
transwell migration assays were carried out using 8.0 pum pore size
Costar Transwell inserts (Corning Inc., MA, USA). The cells were
counted (2.5x10" cells) and then added to the upper chambers of
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24-well transwell plates and were cultured in MEM containing
10% FBS with normal (5.5 mM), high (25 mM) D-glucose
concentration, or an osmotic control (5.5 mM D-glucose plus
19.5 mM D-mannitol). After 24 h, the motile cells at the bottom of
the filter were fixed with 4% formaldehyde and stained with 4', 6'-
diamidino-2-phenylindole (DAPI, sigma). The number of migra-
tion cells was quantified by counting the stained cells under the
Nikon fluorescent microscopy system (LT'okyo, Japan).

Statistical analysis

All statistical analyses were performed using GraphPad Prism
(ver. 5.00; GraphPad, San Diego, CA, USA). One- or two-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test or
Bonferroni multiple comparison tests was used for multiple
comparisons. Differences were considered significant when the
calculated p-value was <0.05.

Results

Effect of high glucose level on the migration of MCF-7
To investigate the effect of high glucose level on MCF-7, we
examined the cell migration in normal physiological glucose level
(5.5 mM glucose) and hyperglycemic level (25 mM glucose) using
the scratch wound-healing assay. Figure 1 shows representative
photomicrographs and migratory rate of the result after 24 h of
the scratch wound-healing assay. MCF-7 cultured with 25 mM
glucose medium significantly promoted migratory compared with
5.5 mM glucose. However, the osmotic control medium, 5.5 mM
glucose with 19.5 mM mannitol or fructose had no effect on
migratory rate, suggesting that high glucose level promotes the
migration of MCF-7. Moreover, 25 mM glucose medium also
induces alternations in cell shape and actin organization, and
significant lamellipodia formation was also observed for 25 mM
glucose-treated cells (Figure 2). These observations suggest the
induction of cell motility following high glucose stimulation.

Zinc and ZIP are essential for glucose-induced cell
migration

Next, we have investigated whether the kinetics of Zn®" are
involved in high glucose-induced migration, because it has been
reported that the expression level of ZIP6 or 10 is associated with
the progression and metastasis of breast cancer [17,20,21,22]. In
the scratch wound-healing assay, the membrane-permeable zinc
chelator, NN,V N -tetrakis (2-pyridylmethyl) ethylenediamine
(TPEN) inhibited the migration of 25 mM glucose-treated cells
(Figure 3). The inhibition was neutralized by the addition of free
Zn™* in the culture medium, suggesting intracellular zinc has
essential functions in the high glucose-induced cell migratory
activity. Morcover, the activity of intracellular Zn®" uptake
significantly increased in high glucose-treated cells compared with
5.5 mM glucose or 5.5 mM glucose with 19.5 mM mannitol
(Figure 4A). The expression of ZIP zinc transporter, ZIP6 and
ZIP10 mRNA was upregulated in 25 mM glucose-treated cells
(Figure 4B). The osmotic control medium, 5.5 mM glucose with
19.5 mM mannitol had no stimulatory effect on Zn®" uptake and
ZIP6 and ZIP10 mRNA level. To further understand the role of
ZIP6 or ZIP10 in the high glucose-induced cell migratory activity,
we generated ZIP6-, ZIP10- or ZIP6 and ZIP10-knockdown
MCF-7 cells using shRNA for human ZIP6, human ZIP10 and the
control, and investigated the expression of ZIP, activity of Zn**
uptake and migration. RT-PCR analysis of MCF-7 knockdown
cells showed that mRNA expression of ZIP6 and ZIP10 was
specifically depleted by each shRNA treatment (Figure 5A). The
Zn** cellular uptake ability was significantly decreased in MCF-7
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Z1P6, ZIP10, and ZIP6 and ZIP10-knockdown cells by 49.7%,
66.4% and 16.4%, respectively (Figure 5B). In a transwell
migration assay as shown Figure 5C, the control cells showed
high migration activity in 25 mM glucose medium by about 1.7-
fold compared with 5.5 mM glucose or 19.5 mM mannitol,
indicating similar results with wound healing assay. The high
migration activity in 25 mM glucose medium was blocked by
Z1P6, ZIP10, or ZIP6 and ZIP10 knockdown. These results
suggested that Zn?' transported via ZIP6 and ZIP10 play an
essential role in the promotion of cell motility following high
glucose stimulation.

Discussion

In the present study, we demonstrated that the promotion of cell
migratory ability was strongly dependent on glucose concentration
and the Zn®* transported via ZIP6 and ZIP10, which have
essential functions for glucose-induced cell migration. The motility
of breast cancer cells differ in normal physiological glucose level
and hyperglycemic level, so these results highlight the need to
consider the cell kinetics changed by extracellular circumstances
for therapy of breast cancer with hyperglycemia.

Interestingly, the estrogen-receptor-negative breast cancer cell,
MDA-MB-231 did not show enhanced migratory ability in high
glucose level as results of MCF-7 (data not shown). The breast
cancer with hyperglycemia is though to be much estrogen-
receptor-positive breast cancer, because the patients with breast
cancer and diabetes have been reported to be more likely to
receive hormonal therapy than their nondiabetic counterparts
[1,4]. Therefore, there is a possibility of involvement of estrogen
receptor and its pathways in the migratory stimulated high glucose
level. In addition, Hela cells (cervical cancer) and DU-145 cells
(prostatic cancer) also did not show enhanced migratory ability in
high glucose level (data not shown), suggesting specificity of
estrogen-receptor positive breast cancer cell for sensitivity in hyper
glycemia as clinical statistical data. Recently, the mechanism of
enhanced cancer cell motility has been reported to get involved
with the EMT [30,31,32]. However, the reduction of E-cadherin
as EMT marker in MCF-7 cultured with high glucose level for
24 h was not shown (data not shown), and our data indicated that
the dynamic alternations of cytoskeleton and the up-regulation of
intracellular Zn?* are strongly associated with glucose-induced cell
migration. Zinc has been shown to be a novel intracellular second
messenger [5,6], and it is possible that zinc plays an important role
for the signal pathway of the cell motility in high glucose
stimulation, although further studies are required. Intracellular
Zn®" concentrations are regulated by zinc transporters [20], and
we demonstrated that ZIP6 and ZIP10 play a crucial role in the
uptake of Zn®** and migratory promotion in high glucose
stimulation. It has been suggested that the expression of ZIP6
mRNA is positively correlated with the lymph node metastasis in
estrogen-receptor-positive breast cancer [27], therefore, ZIP6 may
be a candidate gene for metastatic spread in estrogen-receptor-
positive breast cancer although it remains to be eclucidated how
ZIP6 mediates the kinetics of zinc and cellular signal pathway.
Our findings showed possibility that the suitable species and
expression of ZIP are changed by the circumstances around breast
cancer cells. Moreover, ZIP10 transcription has been reported to
be higher level in the lymph node metastasis-positive group
compared with the metastasis-negative group, and to play an
essential role in migratory behavior of the invasive and metastatic
breast cancer cell line MDA-MB-231 and MDA-MB-435S [28].
Our present data also showed that ZIP10 is required for high
glucose induced-migration. This is the first demonstration of the
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Figure 1. High glucose level promotes the migration of MCF-7 breast cancer cells. A confluent monolayer of MCF-7 cells was scratched and
then cultured with normal (5.5 mM), high (25 mM) D-glucose concentration, or an osmotic control (5.5 mM D-glucose plus 19.5 mM D-mannitol or D-
fructose) medium as described in the Materials and Methods. After 24 h, the wounded area was observed and photographed by microscopy. (A)
Images at 0 and 24 h after scratching of each experimental condition. Arrowed lines represent cell-free zone in wounded area. Bars: 100 um. (B)
Migratory rates of each experimental condition. The quantity was normalized the wound closure area between 0 and 24 h against the wounded area
at time zero and expressed as percentage of the migratory rate of MCF-7 cells incubated with the normal glucose concentration. Data are presented
as means * SD. ""p<0.001 versus control (5.5 mM D-glucose concentration), n=3-7.

doi:10.1371/journal.pone.0090136.g001

5.5 mM Glucose +
5.5 mM Glucose 19.5 mM Mannitol

Figure 2. The formation of lamellipodia and morphology in MCF-7 cells cultured with high glucose level. MCF-7 cells plated on
Collargen IV-coated coverslips were cultured with normal (5.5 mM), high (25 mM) D-glucose concentration, or an osmotic control (5.5 mM D-glucose
plus 19.5 mM D-mannitol) medium for 24 h. Cells were fixed with 3.7% formaldehyde, permeabilised with 0.1% Triton X-100 and stained with Alexa
Fluor®546-labelled phalloidin. Upper panels; fluorescence images, lower panels; phase-contrast images. Representative results of 3 independent
experiments are shown. Arrows show representative lamellypodia formations. Bars: 10 um.

doi:10.1371/journal.pone.0090136.g002
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F-actin
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Figure 3. The effect of Zn?*-chelating reagent, TPEN on MCF-7 migration. A confluent monolayer of MCF-7 cells was scratched and then
cultured in normal (5.5 mM), high (25 mM) D-glucose concentration, or an osmotic control (5.5 mM D-glucose plus 19.5 mM D-mannitol or D-
fructose) medium in the absence or presence of 0.5 uM TPEN or 0.5 uM TPEN plus 5 uM ZnCl,. After 24 h, the wounded area was observed and
photographed by microscopy. (A) Images at 24 h after scratching of each experimental condition. Arrowed lines represent cell-free zone in wounded
area. Bars: 100 um. (B) Migratory rates of each experimental condition. The quantity was normalized the wound closure area between 0 and 24 h
against the wounded area at time zero and expressed as percentage of the migratory rate of MCF-7 cells incubated with the normal glucose
concentration in the absence of TPEN. Data are presented as means + SD. “p<0.01, " p<0.001, #p<<0.0001, n=7-18.
doi:10.1371/journal.pone.0090136.9g003

involvement of ZIP10 in estrogen-receptor-positive breast cancer The present study demonstrates that the migratory ability in
cell, MCF-7, although further studies are needed to clear the MCF-7 is promoted in high glucose level, and the Zn**
functional relation ZIP6 and ZIP10 in migratory activities. transported via ZIP6 and ZIP10 is essential function for glucose-

induced cell migration. We suggest that ZIP6 and ZIP10 may be
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Figure 4. High glucose level induces intracellular Zn** uptakes and mRNA expression of ZIP in MCF-7. MCF-7 cells were cultured with
normal (5.5 mM), high (25 mM) D-glucose concentration, or an osmotic control (5.5 mM D-glucose plus 19.5 mM D-mannitol) medium. After 24 h,
uptake of Zn?* in MCF-7 (A) and the changes in ZIP6 and ZIP10 mRNA levels in MCF-7 by RT-PCR (B) were analyzed. Data are presented as means +
SD. *p<0.05 versus control (5.5 mM glucose concentration), n=4-5.

doi:10.1371/journal.pone.0090136.9g004
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and/or ZIP10 shRNA was shown in RT-PCR (A) and Zn?* uptake activity in

MCF-7 (B). (C) In transwell migration assays, MCF-7 cells transfected each with shRNA for ZIP6 and ZIP10 were incubated with high (25 mM) D-
glucose concentration for 24 h, and migrated cells were analyzed as described in Materials and Methods. Data are presented as means * SD.

"p<0.01, ""p<0.001, n=3.
doi:10.1371/journal.pone.0090136.9g005

candidate markers for metastatic spread in hyperglycemia with
diabetes, although molecular mechanisms of studies will be
required further, and it is proposed that analyses of high
glucose-induced cell migration provide novel strategies for the
diagnosis and therapy of breast cancer with hyperglycemia.

Acknowledgments

We thank Ms. Ayaka Ueda, Kasumi Ueta, Yoshiko Maeda, Keiko
Matsumoto and Rina Tsuboi (Department of Pharmaceutics, School of

References
1. Peairs KS, Barone BB, Snyder CF, Yeh HC, Stein KB, et al. (2011) Diabetes

mellitus and breast cancer outcomes: a systematic review and meta-analysis.
J Clin Oncol 29: 40-46.

2. Srokowski TP, Fang S, Hortobagyi GN, Giordano SH (2009) Impact of diabetes
mellitus on complications and outcomes of adjuvant chemotherapy in older
patients with breast cancer. J Clin Oncol 27: 2170-2176.

3. Fleming ST, Pursley HG, Newman B, Pavlov D, Chen K (2005) Comorbidity as
a predictor of stage of illness for patients with breast cancer. Med Care 43: 132~
140.

. van de Poll-Franse LV, Houterman S, Janssen-Heijnen ML, Dercksen MW,
Coebergh JW, et al. (2007) Less aggressive treatment and worse overall survival
in cancer patients with diabetes: a large population based analysis. Int J Cancer
120: 1986-1992.

5. Fukada T, Yamasaki S, Nishida K, Murakami M, Hirano T (2011) Zinc
homeostasis and signaling in health and diseases: Zinc signaling. J Biol Inorg
Chem 16: 1123-1134.

. Kambe T, Yamaguchi-Iwai Y, Sasaki R, Nagao M (2004) Overview of
mammalian zinc transporters. Cell Mol Life Sci 61: 49-68.

7. Lyubartseva G, Smith JL, Markesbery WR, Lovell MA (2010) Alterations of zinc
transporter proteins ZnT-1, ZnT-4 and ZnT-6 in preclinical Alzheimer’s disease
brain. Brain Pathol 20: 343-350.

. Sladek R, Rocheleau G, Rung J, Dina C, Shen L, et al. (2007) A genome-wide
association study identifies novel risk loci for type 2 diabetes. Nature 445: 881
885.

. Wenzlau JM, Juhl K, Yu L, Moua O, Sarkar SA, et al. (2007) The cation efflux
transporter ZnT8 (SIc30A8) is a major autoantigen in human type 1 diabetes.
Proc Natl Acad Sci U S A 104: 17040-17045.

PLOS ONE | www.plosone.org

Pharmacy and Pharmaceutical Sciences, Mukogawa Women’s University,
Hyogo, Japan) for helpful technical supports.

Author Contributions

Conceived and designed the experiments: TT-N KT. Performed the
experiments: CM TT-N SK SM. Analyzed the data: CM TT-N SK SM.
Contributed reagents/materials/analysis tools: TT-N KT. Wrote the
paper: TT-N.

. Chimienti F, Devergnas S, Favier A, Seve M (2004) Identification and cloning of
a beta-cell-specific zinc transporter, ZnT-8, localized into insulin secretory
granules. Diabetes 53: 2330-2337.

. Hogstrand C, Kille P, Nicholson RI, Taylor KM (2009) Zinc transporters and
cancer: a potential role for ZIP7 as a hub for tyrosine kinase activation. Trends
Mol Med 15: 101-111.

. Wang K, Zhou B, Kuo YM, Zemansky J, Gitschier J (2002) A novel member of
a zinc transporter family is defective in acrodermatitis enteropathica. Am J] Hum
Genet 71: 66-73.

. Chakravarty PK, Ghosh A, Chowdhury JR (1986) Zinc in human malignancies.
Neoplasma 33: 85-90.

. Margalioth EJ, Schenker JG, Chevion M (1983) Copper and zinc levels in
normal and malignant tissues. Cancer 52: 868-872.

15. Schwartz AE, Leddicotte GW, Fink RW, Friedman EW (1974) Trace elements
in noraml and malignant human breast tissue. Surgery 76: 325-329.

. Grattan BJ, Freake HC (2012) Zinc and cancer: implications for LIV-1 in breast
cancer. Nutrients 4: 648-675.

. Gumulec J, Masarik M, Krizkova S, Adam V, Hubalek J, et al. (2011) Insight to
physiology and pathology of zinc(II) ions and their actions in breast and prostate
carcinoma. Curr Med Chem 18: 5041-5051.

. Gupta SK, Singh SP, Shukla VK (2005) Copper, zinc, and Cu/Zn ratio in
carcinoma of the gallbladder. J Surg Oncol. 91: 204-208.

. Tashiro H, Kawamoto T, Okubo T, Koide O (2003) Variation in the

distribution of trace elements in hepatoma. Biol Trace Elem Res 95: 49-63.

Eide DJ (2006) Zinc transporters and the cellular trafficking of zinc. Biochim

Biophys Acta 1763: 711-722.

Shen R, Xie F, Shen H, liu Q, Zheng T, et al. (2013) Negative correlation of

LIV-1 and E-cadherin expression in hepatocellular carcinoma cells. PLoS One

8: €56542.

20.

21.

February 2014 | Volume 9 | Issue 2 | €90136



22.

23.

24.

26.

Taylor KM, Hiscox S, Nicholson RI, Hogstrand C, Kille P (2012) Protein kinase
CK2 triggers cytosolic zinc signaling pathways by phosphorylation of zinc
channel ZIP7. Sci Signal 5: rall.

Lopez V, Kelleher SL (2010) Zip6-attenuation promotes epithelial-to-
mesenchymal transition in ductal breast tumor (T47D) cells. Exp Cell Res
316: 366-375.

Unno J, Satoh K, Hirota M, Kanno A, Hamada S, et al. (2009) LIV-1 enhances
the aggressive phenotype through the induction of epithelial to mesenchymal
transition in human pancreatic carcinoma cells. Int J Oncol 35: 813-21.

. Taylor KM, Morgan HE, Smart K, Zahari NM, Pumford S, et al. (2007) The

emerging role of the LIV-1 subfamily of zinc transporters in breast cancer. Mol
Med 13: 396-406.

Kasper G, Weiser AA, Rump A, Sparbier K, Dahl E, et al. (2005) Expression
levels of the putative zinc transporter LIV-1 are associated with a better outcome
of breast cancer patients. Int J Cancer 117: 961-973.

PLOS ONE | www.plosone.org

27.

29.

30.

31

32.

The Migration of MCF-7 in High Glucose Level

Manning DL, Robertson JF, Ellis 10, Elston CW, McClelland RA, et al. (1994)
Oestrogen-regulated genes in breast cancer: association of pLIV1 with lymph
node involvement. Eur J Cancer 30A: 675-678.

. Kagara N, Tanaka N, Noguchi S, Hirano T (2007) Zinc and its transporter

ZIP10 are involved in invasive behavior of breast cancer cells. Cancer Sci 98:
692-697.

Leung KW, Liu M, Xu X, Seiler MJ, Barnstable CJ, et al. (2008) Expression of
ZnT and ZIP zinc transporters in the human RPE and their regulation by
neurotrophic factors. Invest Ophthalmol Vis Sci 49: 1221-1231.

Thiery JP, Acloque H, Huang RY, Nieto MA (2009) Epithelial-mesenchymal
transitions in development and disease. Cell 139: 871-890.

Guarino M, Rubino B, Ballabio G (2007) The role of epithelial-mesenchymal
transition in cancer pathology. Pathology 39: 305-318.

Lee JM, Dedhar S, Kalluri R, Thompson EW (2006) The epithelial-
mesenchymal transition: new insights in signaling, development, and disease.
J Cell Biol 172: 973-981.

February 2014 | Volume 9 | Issue 2 | €90136



