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Abstract

Zinc is a trace metal essential for many cellular processes, including its recently described role as a signaling mediator. Zinc transporters regulate intracellular zinc
homeostasis, control numerous physiological cell functions involved in zinc signaling, and play a role in the progression of several diseases. In breast cancer, zinc
transporters are significantly involved in the epithelial mesenchymal transition and in resistance to anti-hormonal therapies, which are critical factors associated with
a poor prognosis. In a previous study, we showed that the promotion of cell migration was strongly dependent on both the extracellular glucose concentration and
the transport of zinc ions by zinc transporters, which play an essential role in the glucose-induced cell migration. These findings suggest that zinc transporters are key
molecules involved in cellular adaptation to the extracellular environment, which has been linked to malignant progression in breast cancer. In this review, we discuss

the latest findings on the pathophysiological role of zinc transporters in breast cancer and their potential as targets in breast cancer therapy.

Introduction

More than 300 molecules are required for the proper functioning
of biological processes. These molecules include zinc, a trace element
that acts as both a catalytic and metabolic cofactor [1]. Zinc is also
required by >2000 transcription factors to maintain their structural
integrity and regulate gene expression [1]. On the other hand, zinc
was shown to play a role as a second messenger in signaling pathways
linked to important physiological functions such as cell differentiation,
proliferation, survival, and migration (Figure 1) [2-5]. Intracellular
zinc levels are tightly regulated by zinc-binding proteins and zinc
transporters [6-8]. The bi-directional transport of zinc across cell
membranes is maintained by two families of proteins: ZRT IRT-like
proteins (ZIPs, SLC39A) facilitate the influx of zinc into the cytosol,
while zinc transporters (ZnT, SLC30A) mediate zinc efflux from the
cytosol. The mammalian ZIP family contains 14 members that are
divided into 4 subgroups based on the extent of sequence conservation:
ZIP subfamily I (ZIP9), ZIP subfamily II (ZIP1, ZIP2, ZIP3), LIV-1
subfamily (ZIP4, ZIP5, ZIP6, ZIP7, ZIP8, ZIP10, ZIP12, ZIP13, ZIP14),
and the GufA subfamily (ZIP11) [9,10]. These zinc transporters play
crucial roles not only in maintaining the cellular zinc balance but also
in mediating intracellular signaling pathways. Aberrations in zinc
transport have been linked to diseases such as Alzheimer’s disease [11],
diabetes [12-14], cancer [5], and other pathologic processes [4,15,16].

The intracellular and extracellular zinc levels and distributions,
controlled by zinc transporters, mediate many cell functions in disease
processes. The mechanism of action of zinc in cancer depends on
cancer type. In prostate cancer, low levels of zinc have been measured
in serum and tumor samples, and decreased expression of ZIP1, 2, and
3 has been demonstrated [17-20]. However, in breast cancer, zinc levels
are low in serum and high in tumor samples [21-24]. In addition, both
clinical and in vitro findings have provided evidence of the importance
of LIV-1 subfamily such as ZIP6, 7, and 10 in breast cancer progression.
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These results suggest that a better understanding of the functions of
zinc and ZIPs in breast cancer will aid in developing more effective
therapeutic strategies [9,10,25-29]. In this review, we discuss current
research on the role of ZIPs in breast cancer development.

ZIPs and breast cancer

ZIP6 expression and the malignant progression of breast
cancer

ZIP6is present in the plasma membrane of mammary epithelial cells
and imports zinc into the cytoplasm [22]. Previous studies described an
association between ZIP6, which is encoded by an estrogen-regulated
gene, and breast cancer, in which estrogen plays a critical role [9,30].
Moreover, ZIP6 expression is tightly regulated according to the
breast cancer stage. In a study on zebrafish embryos, ZIP6 expression
was dependent on expression of signal transducer and activator of
transcription 3 (STAT3) [31], and Hogstrand et al. [32] showed
that epidermal growth factor (EGF) induces epithelial mesenchymal
transition (EMT) by increasing ZIP6 expression dependency on
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Figure 1. Cell functions and pathogenesis regulated by zinc transporters.Strategies
for subtypes--dealing with the diversity of breast cancer: highlights of 19 the St. Gallen
International Expert Consensus on the Primary Therapy of Early Breast Cancer.

STAT3. The EMT is considered to be an essential feature of malignancy,
and during this transition, cellular adhesion is lost, allowing cells to
migrate. ZIP6 mediates cell detachment, which allows cells to migrate
and become metastatic. This result corroborates with the high levels
of ZIP6 found in estrogen receptor-positive breast cancer patients
with lymph node metastasis [9,10,26]. While these findings signify
pathological roles for ZIP6, in some settings ZIP6 can have protective
(i.e., tumor-constraining) roles; the knockdown of ZIP6 in adherent
estrogen-receptor positive breast cancer cells, MCF-7 cells and in T47D
human ductal breast epithelial tumor cells, causes apoptosis resistance
and tumorigenesis and promotes the EMT [33,34]. Furthermore, there
is an association of LIV-1 expression with less aggressive tumours
due to high E-cadherin expression [32,35]. Taken together, these data
support previous clinical reports on the negative correlation between
ZIP6 expression and tumor grade, size, and stage [30]. They also
demonstrate that the role of ZIP6 differs in metastatic foci compared
with that in the primary tumor. A detailed understanding of cellular
zinc dynamics and the signaling pathways involved in the response to
Z1P6 expression is needed to fully understand the role played by ZIP6
in breast cancer.

Role of ZIP 10 in the migration of breast cancer cells

An association between ZIP10, the family member closest to ZIP6,
and the invasion and metastasis of human breast cancer cells was
reported by Kagara et al. [29], who quantified the expression of ZIP10
mRNA in 177 surgical samples derived from breast cancer patients.
Using real-time quantitative PCR, the authors demonstrated that the
mRNA expression of ZIP10 in the breast cancer tissues of patients with
lymph node metastasis was significantly higher than that in patients
without metastasis [29].

Similarly, ZIP10 mRNA was more highly expressed in a metastatic
than in a non-metastatic breast cancer cell line. ZIP10-knockdown in
the metastatic cell line decreased both zinc intake and cell migration.
These findings support essential roles for zinc and ZIP10 in the
migratory activity of highly metastatic breast cancer cells.

Role of ZIP7 in tamoxifen-resistant breast cancer

Upon stimulation, normal cells exhibit “early” and “late” events
[22]. Early zinc signaling originates from the endoplasmic reticulum
(ER) and is observed several minutes after stimulation. Then the
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released zinc can modulates the activities of intracellular signaling
molecules. ZIP7, which is located in the ER membrane, mediates
this early zinc influx. Phosphorylation by casein kinase II (CK2), an
enzyme that promotes cell division, is required for ZIP7 activation
and results in the release of zinc ions from the ER into the cytoplasm.
The released zinc ions inhibit protein phosphatases and enhance the
activity of tyrosine kinases as well as the Akt survival and ERK1/2
growth signaling pathways, which together increase cancer progression
(Figure 2) [26]. ZIP7 is abundantly expressed in tamoxifen-resistant
MCE-7 breast cancer cells, where it is located in the ER [28]. Since ZIP7
activation by CK2 enhances the proliferation and migration of breast
cancer cells, it may be a promising and novel molecular target for breast
cancer chemotherapy [25,26]. However, several questions remain to be
answered: are the above-described observations limited to tamoxifen-
resistant breast cancer cells? Are these results mimicked in vivo? Are
other zinc transporters besides ZIP7 involved? Is the release of zinc ion
from the ER dependent on ZIP7 activity? One challenge in answering
these questions is that free zinc levels in the ER and elsewhere in the
cell vary greatly depending on the detection assay used (zinc small-
molecule sensors, genetically encoded fluorescence resonance energy
transfer [FRET] sensors), although consistent results have generally
been reported for cytosolic levels [36].

High glucose levels contribute to the essential roles of ZIP6
and ZIP10 in the promotion of cell motility

Breast cancer patients who are also diabetic have an even higher
risk of mortality, and both the therapeutic regimen and its observed
effects differ between patients with and without diabetes [37-40].
These findings suggest that the currently established strategies for
breast cancer therapy may not be suitable for diabetic patients. A
better understanding of the relationship between breast cancer and
diabetes would improve clinical approaches and methodologies. The
extracellular environment of cancer cells influences their growth
and behavior, with effects documented for invasion, metastasis, and
tumor development [41]. In previous work, we demonstrated that
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Figure 2. ZIP7-mediated zinc signaling in tamoxifen-resistant breast cancer cells.
ZIP7 is located in the endoplasmic reticulum and is highly expressed in tamoxifen-resistant
breast cancer cells. ZIP7-mediated zinc signaling contributes to cell proliferation and
migration; these are characteristic features of anti-hormone-resistant cancers.
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MCEF-7 breast cancer cells cultured in medium containing glucose
levels corresponding to a hyperglycemic state have a significantly
higher motility than cells exposed to physiological glucose levels
[42]. Moreover, ZIP6 and ZIP10 expression levels are elevated in cells
exposed to high versus physiological glucose levels. The depletion of
intracellular zinc ions by zinc chelation and the knockdown of ZIP6 or
ZIP10 prevents the enhancement of cell migration, indicating that the
transport of zinc ions by ZIP6 and ZIP10 plays an essential role in cell
motility stimulated by high glucose levels [43].

In cancer cells, both the molecular species and the expression
levels of zinc transporters vary depending on the extracellular
environment. An increase in ZIP6 expression is required for the
metastatic transformation of MCF-7 cells [32], and ZIP10 mRNA
levels are significantly higher in breast cancer patients who have
lymph node metastasis than in those who do not [29]. Together with
the abovementioned observations on the roles of ZIP6 and ZIP10 in
enhancing cancer cell migration in response to high blood glucose [42],
these finding support studies on ZIP6 and ZIP10 as candidate markers
of metastatic spread in breast cancer patients with diabetes-related
hyperglycemia. Taylor et al. [28] showed that in anti-hormone resistant
cells the uptake of intracellular zinc ions plays an essential role in cell
migratory activity, a result confirmed in our laboratory. Since ZIP7 is
expressed in the ER but not in the plasma membrane in MCF-7 cells,
breast cancer cell migration and metastasis may require intracellular
zinc ion uptake by plasma membrane-located ZIP6 and ZIP10 and by
ER-localized ZIP7. However, the relationship between ZIP7 expression
and lymph node metastasis remains to be demonstrated in clinical
studies.

Potential role for ZIPs in anticancer drug activity

The pathways controlling cell survival and death and the acquisition
of apoptosis resistance are likely to be advantageous targets in breast
cancer therapy. Autophagy, in which autophagosomes form around
misfolded proteins and damaged organelles to induce their degradation,
is crucial for not only maintaining cell homeostasis but also controlling
cell death, it has also been implicated in the development of breast
cancer [43,44]. In MCEF-7 cells, intracellular zinc ions accumulate
in autophagosomes and are required for autophagosome-mediated
tamoxifen-induced cell death [45]. The recent demonstration of the
zinc transporters ZIP4, ZIP14, ZIP8, ZnT10, ZnT4, and ZnT2 in
endosomes, lysosomes, and autolysosomes suggests that zinc is an
essential contributor to autophagy [46,47]. Investigations into the roles
of zinc and zinc transporters in breast cancer have recently began, and
will need to take into account the relationships between the LIV-1
subfamily of zinc transporters and autophagy.

Studies on colorectal cancer have shown that the antipyrimidine
5-fluorouracil (5-FU) increases the intracellular concentration of labile
zing, resulting in growth inhibition through the activation of p53 and
the repression of NF-kB [48]. The addition of zinc enhances growth
inhibition by 5-FU, and zinc re-sensitizes 5-FU-resistant cell lines to
the drug, such that their response is comparable to that of sensitive
cell lines [48]. Moreover, in a xenograft model of wild type p53-
carrying colon cancer, it was reported that low-dose adriamycin did
not induce tumor regression unless it was given in combination with
zinc chloride (ZnCl,), because ZnCI2 activated endogenous wild- type
p53 and transactivated target genes in response to low drug dose [49].
Blanden et al. [50] showed that synthetic zinc metallochaperone-1
(ZMC1) increased the level of intracellular labile zinc ions by shuttling
extracellular zinc across the plasma membrane, ZMC1 rescued the
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mutant p53 phenotype, suggesting that it might be a valuable tool
for in the development of anticancer drugs targeting mutant p53.
These reports show that the addition of zinc has a positive effect on
anticancer therapies. Abnormal p53 expression is the most frequent
genetic alteration in breast cancers (approximately 30%) [51]. To
determine if a combination strategy (zinc and anticancer drugs) would
aid the treatment of breast cancer, additional studies are needed on
the effects of zinc transport into cells, p53 status, and the mechanism
by which ZIPs regulate intracellular labile zinc levels in the context of
chemotherapies.

Conclusion and future challenges

In-depth studies on the role of zinc ions and ZIPs in breast cancer
are likely to reveal novel functions for zinc, as well as promising
strategies to enhance the efficacy of chemotherapy. This review has
discussed several critical roles of zinc and its transporters in breast
cancer.

Breast cancer is a complex and heterogeneous disease. Thus far,
five different types have been recognized based on histology, tumor
grade, growth rate, lymph node metastasis, and the presence of
predictive markers, such as the estrogen and progesterone receptors
and the human epidermal growth factor receptor 2 (HER2) [52-54].
Tumor typing guides the selection of effective anti-cancer therapies
based on the molecular biology of the tumor. A better understanding
of the effects and roles of ZIPs and zinc signaling in breast cancer may
contribute to more accurate diagnoses and more effective therapeutic
strategies.

Several questions remain regarding the mechanisms underlying
the regulation of gene expression by ZIPs, the zinc-sensing mechanism
of cells, the roles of ZIPs and ZnTs in the zinc cellular network and the
control of zinc reservoirs (including intracellular metallothionein or
glutathione), and the reservoirs of other metal ions in breast cancer.
These studies will be aided by the use of ZIP-knockout mice, ZIP-
knockdown breast cancer cell models, and cells with conditional ZIP
expression, and the results will improve our understanding of the
mechanisms underlying breast cancer development. Detailed analyses
of zinc dynamics and zinc signaling require adequate and sensitive
tools, such as the fluorescent chelating probes currently used as zinc
sensors in analyses of intracellular free zinc levels. However, the
applicability of these and many other probes is limited by challenges
in recognizing their subcellular localization, their poor zinc sensitivity,
and their low dynamic range due to proton interference [55]. Recently,
Hessels et al. [36] demonstrated the localization of two FRET-based
Zn** sensors in the cytosol and ER of MCF-7 and tamoxifen-resistant
MCEF-7 cells. In addition to revealing the cellular localization of zinc,
these probes can aid in elucidating novel biochemical functions of zinc
ions and their transporters within the cellular network.
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