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Abstract Zinc (Zn) is required for numerous metabolic
processes serving both a structural and catalytic role. The
mammary gland has a unique Zn requirement resulting
from the need to also transfer an extraordinary amount
of Zn into milk (~0.5-1 mg Zn/day) during lactation.
Impairments in this process can result in severe Zn defi-
ciency in the nursing offspring which has adverse
consequences with respect to growth and development.
Moreover, dysregulated mammary gland Zn metabolism
has recently been implicated in breast cancer transition,
progression and metastasis, thus there is a critical need to
understand the molecular mechanisms which underlie these
observations. Tight regulation of Zn transporting mecha-
nisms is critical to providing an extraordinary amount of
Zn for secretion into milk as well as maintaining optimal
cellular function. Expression of numerous Zn transporters
has been detected in mammary gland or cultured breast
cells; however, understanding the molecular mechanisms
which regulate mammary Zn metabolism as well as the
etiology and downstream consequences resulting from their
dysregulation is largely not understood. In this review, we
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Introduction

Zinc (Zn) is the second most abundant trace element in the
human body [105]. As an essential mineral, Zn is required
for numerous metabolic processes including the regulation
of many proteins involved in DNA and protein synthesis,
mitosis and cell division serving both a structural and
catalytic role. In addition to regulating basic cellular
function, tight regulation of Zn transport in the mammary
gland is critical for optimal Zn transfer into milk during
lactation. Adequate Zn transfer into milk is particularly
important as neonatal Zn requirements are high during
this period of rapid growth and development and Zn defi-
ciency in infants results in impaired immune function and
decreased growth. In addition, dysregulation of mammary
gland Zn metabolism has recently been associated with
breast cancer. Recent epidemiological studies have illus-
trated a relationship between high breast tissue Zn levels
and breast cancer [19]. Unfortunately, the link between
the regulation of Zn homeostasis and breast cancer has
been thus far indirect; however, the limited information
available supports the postulate that dysregulation of Zn
metabolism may be associated with aberrant cellular
function and cancer progression. Thus, tight regulation of
Zn transporting mechanisms is critical to providing an
extraordinary amount of Zn for secretion into milk as well
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Fig. 1 Zinc transporting proteins expressed in mammary epithelial
cells. Members of the SLC39A family (Zipl-14) import Zn into the
cytoplasm, either across the plasma membrane or out of an
intracellular compartment. Members of the SLC30A family (ZnT1-
10) are responsible for Zn export from the cytoplasm, either across the
plasma membrane into the extracellular milieu or into intracellular
compartments or organelles

as maintaining optimal cellular function in the mammary
gland.

Tremendous progress has been made over the past
decade with respect to improving our understanding of how
Zn transport is regulated at the cellular and physiological
level. Currently, 24 Zn transporters have been identified
and many have been at least preliminarily characterized as
to their role in Zn transport across membranes [25, 47, 75].
Zinc transporters are divided into two distinct gene families
(SLC30A and SLC39A) and expression of numerous Zn
transporters has been detected in the mammary gland or in
cultured mammary cells (Fig. 1). Unfortunately, there is a
paucity of information regarding their functional role in
mammary gland Zn metabolism or their regulation in this
unique tissue. Members of the ZnT family (ZnT1-10), with
the exception of ZnT5 [46], are predicted to be structurally
similar, having six transmembrane domains with a histi-
dine-rich domain that is believed to play a key role in Zn
binding [88]. ZnT proteins function to transport Zn from
the cytosol, either into the exoplasmic space or into intra-
cellular vesicles. Expression of ZnT1, ZnT2, and ZnT4 has
been detected in mammary tissue. ZnT1 is a ubiquitously
expressed Zn exporter and expression is positively regu-
lated by Zn exposure [56, 60]. ZnT1 has been localized to
both intracellular compartment(s) and the plasma mem-
brane [61]. It is presumed that this reflects intracellular
trafficking of ZnT1 to multiple sub-cellular compartments;
however, evidence suggests that ZnT1 isoforms may exist
as tissue-specific expression of two ZnT1 mRNAs have
been identified [60]. ZnT2 was first identified by Palmiter
et al. [87]. Few studies have focused on its role in Zn
transport which may reflect the restricted distribution to
unique secretory tissues such as mammary gland [49, 50],
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prostate [40], and pancreas [62] under normal physiologi-
cal conditions. Intracellular localization and a positive
correlation between cellular Zn level and ZnT?2 abundance
has led to the suggestion that ZnT?2 participates in vesicular
Zn sequestration and perhaps export or secretion [62].
Similar to ZnT1, ZnT4 is also ubiquitously expressed but is
localized to an intracellular, vesicular compartment [82].
Despite the fact that a truncation mutation in ZnT4 results
in low milk Zn levels [38], ZnT4 may not co-localize with
labile Zn pools [78] thus its contribution to maintaining
milk Zn level is not understood. To our knowledge,
expression of the remaining members of the ZnT family in
the mammary gland has not yet been identified.

The second family of mammalian Zn transporters
(Zip1-14) has been identified as a result of gene sequence
homology with known Zn transporters (ZRT1, IRTI-like
protein) found in plants and yeast [29]. Zip proteins have
been shown to facilitate cellular Zn uptake in transfected
cell models [24, 106]. Members of this family can be sub-
divided into four sub-families based on sequence similarity
[101] and share a 12 amino acid signature sequence
(HSVFEGLAVGLQ) present in the putative fourth trans-
membrane domain. Thus far, expression of all Zip proteins
with the exception of Zip4, Zip9 and Zip11 has been doc-
umented in mammary tissue or cultured mammary cells;
however, their specific contribution to mammary gland Zn
metabolism is not well understood. Zipl is ubiquitously
expressed and localized to the plasma membrane [22] or to
intracellular compartments in a cell-specific manner [79]. In
prostate Zipl localizes primarily to the luminal (apical)
membrane [20], which suggests its role in Zn import from
systemic circulation is limited. Like several Zip proteins,
Zipl1 is rapidly endocytosed in response to Zn exposure [22]
illustrating the reliance on post-translational regulation.
Targeted deletion of the mouse ZIP1 gene illustrates that
Zipl1 is not biologically essential but does result in increased
sensitivity to Zn deficiency [24]. Targeted deletion of the
mouse ZIP3 gene revealed that it is not essential for via-
bility and fertility and under normal growth conditions
homozygous ZIP3 knockout mice exhibited no obvious
phenotypic effect [23]. However, mice lacking Zip3 during
pregnancy or at weaning showed impaired adaptation to Zn
deficiency, suggesting that like Zipl, Zip3 plays an ancil-
lary role during Zn deficiency and may transport several
trace minerals other than Zn [24]. Zip5 expression has been
detected in cultured human breast cells [102] although Zip5
function in this cell type has not been characterized. In
enterocytes, Zip5 is localized to the basolateral membrane
[107], where it likely imports Zn from systemic circulation.
A novel aspect of Zip5 regulation is the documentation that
while Zip5 transcription is not regulated by Zn exposure,
Zip5 protein translation is Zn-responsive [107]. Zip6
(LIV-1) is primarily expressed in hormonally controlled
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tissues including the mammary gland, prostate and brain
[14, 101, 102]. Zip6 was first identified as a putative marker
for breast cancer although this relationship is not well
understood. Immunohistochemistry of human breast biop-
sies indicates that Zip6 is localized to the plasma membrane
and within an intracellular compartment [48]; however,
the relevance of this observation to mammary gland Zn
metabolism is not understood. Zip7 is a ubiquitously
expressed transporter that exports Zn from the Golgi into
the cytoplasm [39]. Similar to Zip5, Zip7 translation
appears to be regulated by Zn exposure as opposed to
transcriptional or post-translational mechanisms [39]. Zip8
expression has been documented in breast cancer cells and
similar to Zip3, Zip8 is capable of importing other minerals
including cadmium and manganese [37]. Zip8 expression
and localization are responsive to TNF-a suggesting a role
in modulating inflammatory response [7]. Although
expression of Zip10 and Zip12 has been detected in cultured
breast cancer cells, little is known regarding their function
or regulation. Studies indicate that Zip10 is positively reg-
ulated by thyroid hormones in intestine and kidney [90] and
expression is positively correlated with invasive breast
carcinomas [45]. Zipl2 localization or function has not
been delineated. Zip14 expression has also been detected in
breast cancer cells [102]. Zipl4 is alternatively spliced,
giving rise to two isoforms Zip14A (primarily expressed in
liver, duodenum, kidney, and testis) and Zip14B (primarily
expressed in liver, duodenum, brain, and testis) [34]. Sim-
ilar to Zip8, Zip14 transports iron [31] and cadmium as well
as Zn and expression is upregulated by inflammation and
LPS [59]. Similar to Zipl2, Zipl4 expression has been
detected in MCF-7 human breast cancer cells [102]
although the distinction between Zip14 isoform expression
and function in the mammary gland has not yet been
investigated.

Together the integration of Zn import, Zn sequestration
and Zn export mechanisms in the mammary gland coor-
dinates not only the secretion of optimal amounts of Zn
into milk during lactation but also tightly controls intra-
cellular Zn pools thus regulating cellular function.
Understanding the mechanisms which regulate mammary
gland Zn transport as well as the etiology and conse-
quences of dysregulated Zn metabolism in breast tissue
will provide critical knowledge regarding the complex
regulation of Zn metabolism in highly specialized, hor-
monally responsive tissues and may ultimately yield
important therapeutic interventions.

Mammary gland zinc metabolism and lactation

To provide optimal Zn to the offspring, the mammary
gland must import a substantial amount of Zn from

maternal circulation and then secrete it into milk (0.5-1 mg
Zn/day). This process facilitates the movement of almost
twice the amount of Zn that is transferred daily across the
placenta to the fetus during the third trimester of pregnancy
[53] which illustrates the extraordinary capacity of the
mammary gland for Zn transport. Moreover, milk Zn
concentration is maintained over a wide range of dietary Zn
intake [54, 81], which further suggests that mammary
gland Zn import and export are tightly regulated in order to
provide adequate Zn to the nursing infant. The essentiality
of optimal Zn intake during the neonatal period is evi-
denced by observations of early neonatal death associated
with low milk Zn levels in “lethal milk” (Im) mice [38].
Dysregulation of this process in humans also results in a
condition referred to as “transient neonatal Zn deficiency”
which results in severe Zn deficiency in the nursing infant.
How the mammary gland is able to transport and regulate
such extraordinary Zn transfer into milk to provide optimal
Zn for neonatal growth and development is not well
understood.

Emerging data suggests that this process is dependent
upon the tight integration of Zn transporting mechanisms
thus ensuring adequate Zn uptake into the mammary gland
is coupled with optimal Zn secretion into milk. Studies
exploring the role of several Zn transporters (Zipl, Zip3,
ZnT1, ZnT2, and ZnT4) have provided preliminary infor-
mation regarding the mechanisms that regulate milk Zn
levels. Most of our understanding comes from studies
conducted in lactating rodents or mammary cell models.
Zipl is expressed in the lactating mouse mammary gland,
although it appears to primarily mediate Zn import across
the luminal membrane from milk pooled within the alve-
olar lumen (Fig. 2), as has been observed in prostate [20].
This observation may reflect the lack of a Zn deficient
phenotype in pups nursed from Zipl-null mice [23]. Our
research group has used the mouse mammary epithelial cell
line HC11 as a model system. HC11 cells, a clonal deriv-
ative of the mammary epithelial COMMA-1D cell line, are
an excellent model for studying processes which are reg-
ulated by lactogenic hormones such as prolactin as they
endogenously express prolactin receptors [21]. Studies in
the mammary gland of the lactating rat and cultured HC11
cells, have detected expression of Zip3 and verified that it
imports Zn [51, 52]. Interestingly, Zip3 is localized intra-
cellularly in mammary cells but traffics to the plasma
membrane in response to the lactogenic hormone prolactin
to increase Zn uptake [51, 52]. The mechanisms respon-
sible for prolactin-stimulated Zip3 trafficking have yet to
be been delineated. The declining expression of Zip3
throughout lactation [50] in combination with a lack of
phenotype noted in mice nursed from Zip3-null dams
suggests Zip3 plays a minor role in mammary gland Zn
uptake during lactation and illustrates that other Zip
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Fig. 2 Zipl is primarily localized to the luminal membrane in
lactating mouse mammary gland. Mouse mammary gland was fixed,
embedded in paraffin and sectioned (4 pm). Localization of Zip1 was
detected using affinity purified Zip1 antibody and counterstained with

proteins likely play a role in Zn import from maternal
circulation. While other Zip proteins are expressed in
mammary cells [101, 102] little is known regarding their
contribution to Zn accumulation in the mammary gland
during lactation. Taken together, it is clear that our
understanding of the mechanisms that regulate Zn import
from maternal circulation is incomplete.

Expression of three Zn transporters which may play a
role in intracellular Zn accumulation or Zn export from the
lactating mammary gland has been characterized. Both
ZnT1 mRNA expression and protein abundance increase
through lactation and ZnT1 is appropriately localized to the
luminal membrane, suggesting a role in Zn secretion into
milk. However, increased ZnT1 expression occurs con-
comitant with a decline in milk Zn concentration [50]. This
may be explained by the observation that ZnT1 associated
with luminal membrane is particularly high during early
lactation and is detected within the mammary cell as lac-
tation continues. Expression of several Zn transporters that
participate in intracellular Zn compartmentalization has
been detected. ZnT2 is localized proximal to the luminal
membrane of the mammary epithelial cell [49, 50, 61].
Association of ZnT2 with the luminal membrane also
declines as lactation continues suggesting that ZnT2 plays
a significant role in mediating the Zn transfer into milk
during early lactation as well. We have recently determined
that there are two functional ZnT2 isoforms which are
localized to either the plasma membrane or exocytotic
vesicles in mammary cells [66]. Similar to Zip3, ZnT2
expression is regulated by lactogenic hormones which we
have recently documented at least in part, results from
transcriptional regulation through prolactin signaling
mechanisms [92]. ZnT4 is expressed ubiquitously, but
abundantly expressed in mammary gland, brain and kidney
[3, 4, 41, 49, 69]. ZnT4 is localized to intracellular vesicles
and to the frans-Golgi network of normal rat kidney cells
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toluene blue; X60. Zipl was not detected in the mammary gland of
Zipl knock-out mice (a) but was clearly visible associated with the
luminal membrane in wild-type mice (b arrow)

[38]. In the mammary gland, ZnT4 was most abundant in
cells surrounding the alveolar ducts [61] and resides in an
intracellular compartment but does not co-localize with
labile Zn pools but perhaps instead with milk-protein
containing vesicles [78]. Currently the role of ZnT4 in milk
Zn secretion is not understood despite the fact that a
mutation in the gene that encodes ZnT4 (SLC30A4) is
responsible for the “lethal milk” (Im™/lm™) phenotype
which is associated with reduced Zn secretion into milk
during lactation [38, 91]. Observations that milk from
Im~/lm~ mice still contains ~50% of normal milk Zn
concentration [1] and that pup survival can be improved
by maternal Zn supplementation illustrate the complex
redundancy in mammary gland Zn secretion mechanisms.
Interestingly, localization might depend upon the stage of
lactation as ZnT4 shifts its relative distribution from the
luminal membrane during early lactation to more of a
homogeneous intracellular distribution during late lactation
possibly reducing its overall contribution to milk Zn
secretion as lactation progresses.

Dysregulation of zinc metabolism during lactation

The importance of optimal mammary gland Zn transfer is
recognized by a condition known as “transient neonatal Zn
deficiency” that results in severe Zn deficiency in nursing
infants [13] and the early death from severe Zn deficiency of
pups suckled from “lethal milk” mice [38]. “Transient
neonatal Zn deficiency” has been documented in both
premature and term newborns [4]. Numerous case reports
have documented this condition [2, 4, 77, 89, 108] as a
consequence of low milk Zn concentration in nursing
mothers, which cannot be corrected by maternal Zn sup-
plementation [89, 108]. Term breast-fed infants with this
condition usually experience severe eczema and decreased
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growth by 2-3 months of age; premature infants experience
eczema and decreased growth earlier due to their lower Zn
stores at birth [4]. “Transient neonatal Zn deficiency”
resembles some aspects of the phenotype observed in
“lethal milk” mice. However, “transient neonatal Zn defi-
ciency” in humans is clinically distinct from symptoms in
Im~/lm~ mice in that no maternal symptoms, other than low
breast milk Zn concentration, have been reported in affected
humans, whereas Im™/Im™ mice develop Zn deficiency with
age and lack utricular otoconia, resulting in abnormalities in
the balance system [27]. The mutation in SLC30A4 which
results in the “lethal milk” phenotype is presumed to result
in early translational termination and truncation of the ZnT4
protein. Interestingly, Murgia et al. [83] determined that
ZnT4 mRNA is absent in “lethal milk” mice, suggesting
nonsense mediated decay as a secondary level of post-
transcriptional control of ZnT4 mRNA in /m™/Im™ mice.
Numerous reports clearly demonstrate that this mutation is
not responsible for “transient neonatal Zn deficiency” in
human infants [63, 95]. Recently we have found a family in
which two exclusively breast-fed infants developed “tran-
sient neonatal Zn deficiency” that was associated with low
milk Zn concentration in both women [13]. This condition
was not associated with mutations in ZnT4 or Zip3 but did
result from a mis-sense mutation in ZnT2 which substitutes
an arginine for a conserved histidine residue (H54R) in the
N-terminal domain resulting in decreased Zn secretion from
the mammary gland during lactation in the mothers of
infants suffering from this condition. The incidence and
penetrance of this mutation are currently unknown. Toge-
ther, observations gleaned from studies documenting
mutations in ZnT4 and ZnT?2 illustrates a role for at least
ZnT2 and ZnT4 in facilitating Zn secretion into milk.

Regulation by the lactogenic hormone prolactin

The mammary gland is comprised of numerous cell types
including mammary epithelial cells which are highly spe-
cialized secretory cells that line an alveolar lumen and are
responsible for the synthesis and/or secretion of milk
components. These cells tightly coordinate the accumula-
tion, production and secretion of milk components in a
vectorial manner. This process requires both continuous
and episodic stimulation in response to the hormone pro-
lactin following binding of prolactin to prolactin receptors
on the mammary epithelial cell [76]. Initial differentiation
of proliferating mammary epithelial cells to a fully func-
tional, secreting cell-type is regulated by prolactin and is
essential for lactogenesis (initiation of lactation) [21] to
occur. Moreover, galactopoiesis (maintenance of estab-
lished lactation) requires both continuous as well as
episodic prolactin signaling [84]. During lactation,

prolactin is primarily secreted by the anterior pituitary
gland [41, 63, 64], and is responsible for maintaining a
secretory phenotype [5, 76], increasing nutrient transport
into the mammary gland [95] and ultimately regulating
milk protein production and secretion [65, 85].

Circulating prolactin levels are very high during early
lactation then decline as lactation proceeds. This pattern is
positively associated with declining milk Zn concentrations
throughout lactation [50], suggesting prolactin is involved
in the secretion of Zn from the mammary gland. In fact,
several studies directly implicate prolactin in the stimula-
tion of Zn transport in mammary [51, 52] and prostate cells
[18]. The mechanisms through which prolactin regulates
Zn transport or Zn transporters are not currently under-
stood. Zinc deficiency has been associated with
hyperprolactinemia in men [3, 10, 69] and several in vitro
studies have documented the inhibitory effects of physio-
logical Zn concentrations on the synthesis and secretion of
prolactin from the pituitary gland [9]. Zinc deficiency
during lactation increases production and secretion of
prolactin in rodents [12]. These observations may be at
least partially responsible for the inverse relationship
between low plasma Zn concentration and high milk Zn
levels in women from developing countries as a reflection
of restricted food intake [74] or malnutrition [67]. Taken
together, data suggest that Zn itself may have a role in the
in vivo regulation of prolactin release and thus play an
indirect role in regulating Zn transporting mechanisms in
hormonally responsive tissues.

The mechanisms through which prolactin exerts its
biological activity are complex. During lactation, prolactin
is secreted primarily by the pituitary gland and binds to the
prolactin receptor hormonally responsive tissues such as
the mammary gland initiating the Jak2/Stat5 [42, 109],
ERK1/2 and p38 MAPK [35, 55] and protein kinase C [80]
signaling cascades. The prolactin receptor-null mouse
model has also identified phosphatidylinositol 3-kinase as
another potential signaling mediator [8]. The prolactin
receptor is expressed in numerous tissues, including the
pituitary gland itself, where it may serve as the receiving
end of a negative feedback loop [99]. The most well-
established regulatory pathway involves Jak2 tyrosine
kinase and the signal transducers and activators of tran-
scription (Stats). Prolactin signaling can activate StatS
protein homo-or heterodimerization and translocation into
the nucleus whereby they bind to specific response ele-
ments (GAS sites) in the promoters of many genes. We
have recently determined that one mechanism through
which prolactin regulates Zn transporting mechanisms in
the mammary gland results from the transcriptional control
of ZnT?2 through the Jak2/Stat5 signaling pathway through
activation of two GAS elements in the ZnT2 promoter [92].
This may assist in increasing Zn secretion into milk. In
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Fig. 3 Prolactin stimulates the
movement of ZnT?2 from a
peri-nuclear localization to an
intracellularly dispersed
compartment and Zn secretion
in normal breast (HC11) cells.
Cells were left untreated (a) or
treated with prolactin (b, 1 pg/
mL) for 30 min then fixed and
permeabilized with Triton
X-100. ZnT2 was detected with
affinity purified ZnT2 antibody
and visualized with anti-rabbit
IgG conjugated to Alexa 488
(green). Nuclei were stained
with TOPRO-3 (red). Images
were collected at x 100 under
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addition to the transcriptional regulation of ZnT2 by pro-
lactin, it is conceivable that prolactin stimulation may
transiently activate Zn transporting mechanisms as tran-
sient increases in prolactin secretion are responsible for the
activation of acute secretory processes [84]. In fact, pro-
lactin appears to post-translationally alter the sub-cellular
localization of ZnT2 from a peri-nuclear compartment to
the exocytotic vesicles of the secretory pathway (Fig. 3a,
b) which is ultimately associated with increased Zn
secretion (Fig. 3c). Understanding the mechanisms through
which prolactin-stimulation affects Zn transporting pro-
cesses is fundamental to our understanding of the complex
integration of Zn transport regulation in hormonally
responsive tissues such as the mammary and prostate
glands.

Mammary gland zinc metabolism and breast cancer

Breast cancer is one of the leading causes of death among
women with ductal carcinomas representing ~30% of all
diagnoses. The etiology of breast cancer is multifactorial
and generally not understood; however, compelling evi-
dence implicates dysregulated Zn homeostasis in breast
cancer development [11, 17, 58, 73, 93]. While little is
known regarding the relevance of dysregulated mammary
gland Zn metabolism in breast cancer, biopsies taken from
mastectomies or lumpectomies have revealed significantly
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higher Zn levels compared with normal breast tissue [32,
33, 73, 93]. Moreover, recent studies have found a corre-
lation between high levels of Zn in breast tissue and the
onset of carcinogenesis [19]. As previously mentioned, Zn
homeostasis is a coordinated effort between members of
the SLC39A and SLC30A gene families. The significance of
dysregulated Zn transporting processes may reflect the fact
that tight regulation of cellular Zn metabolism plays a
regulatory role in modulating cell proliferation [68] and
programmed cell death [15], processes which are uncou-
pled in cancer. Thus understanding the relationship
between dysregulated Zn homeostasis and cellular function
in breast cancer may provide important clues with respect
to the prevention, diagnosis and management of breast
cancer.

Dysregulation in zinc transporting mechanisms

Thus far, mounting evidence has linked dysregulation of
Zn transporter abundance with the transition or progression
of breast cancer. This postulate is evidenced by aberrant
expression of proteins in breast cancer biopsies or cultured
cells that are responsible for maintaining Zn homeostasis,
such as metallothionein (MT) [43, 44], Zip6 [100], Zip7
[103], Zip8 [102] and ZiplO [45]. While these data
implicate the importance of tight regulation of Zn transport
in mammary gland function, we still lack specific
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information linking breast cancer etiology directly with
either (1) abnormal Zn transport regulation; or (2) aberrant
cellular functions resulting from dysregulated Zn trans-
porter function.

Studies in animal models have begun to delineate the
expression pattern and function of Zn homeostatic mech-
anisms on tumor growth. Studies using N-methyl-N-
nitrosourea-induced mammary tumors in rats revealed that
Zn concentrations in mammary tumors were [2-times
higher than in normal mammary gland tissue, similar to
what has been reported in biopsies of breast tissue from
humans [57]. As a consequence MT mRNA and protein
levels were significantly increased, similar to observations
from breast biopsies from cancer patients [44, 48, 94].
Interestingly, MT mRNA expression has also been posi-
tively correlated with more aggressive and higher-grade
tumors [30, 44]. This suggests that the severity of excess
cellular Zn accumulation, perhaps as a consequence of
decreased expression of critical Zn exporting or seques-
tering mechanisms such as ZnT1 [57] may exacerbate
cellular dysfunction.

Most of our knowledge regarding the dysregulation of
Zn transporters associated with breast cancer comes from
studies in cultured cell models. Zip6 has been suggested to
be prognostic marker for breast cancer [48, 98]. Studies in
ZR-75-1 and MCF-7 human breast cancer cell lines [22,
26, 70] and in normal mammary cells (Lopez and Kelleher,
unpublished data) have demonstrated that Zip6 is posi-
tively regulated by estrogen suggesting that aberrant
estrogen receptor signaling may play a modulating role in
Zn metabolism dysregulation. Somewhat counter intui-
tively, studies have detected a negative correlation between
Zip6 protein abundance and tumor size, grade and stage,
implicating high Zip6 protein levels with less aggressive
tumors [48]. In conjunction with these observations are
reports demonstrating that Zip6 attenuation in breast cancer
cells significantly increased cell growth and reduced cell-
cell interaction through reduced E-cadherin expression [96]
further implicating Zip6 in “tumor suppression”. Interest-
ingly, elevated Zip6 mRNA levels have been associated
with lymph node involvement and potentially metastatic
spread [71, 72], illustrating the disconnect often observed
between Zn transporter mRNA and protein abundance and
the complex regulation of Zn transport regulation. Taken
together, these data suggest that Zip6 plays a role in
modulating breast cancer transition and/or metastasis;
however, direct mechanisms through which this occurs
requires further delineation.

Recently, Zip7 expression has been linked to abnormal
cell growth. It has been observed that tamoxifen-resistant
breast cancer cells have significantly increased intracellular
Zn concentration compared with non-tamoxifen-resistant
cells. This observation coincides with the over-expression

of Zip7 and epidermal growth factor receptor (EGFR)
activation [103]. It is interesting to note that activation of
the EGFR has been implicated in the neoplastic transfor-
mation of solid tumors and over-expression of EGFR
correlates with poor survival [6]. Attenuation of Zip7
expression diminished intracellular Zn levels and signifi-
cantly reduced cell migration presumably through
inactivation EGFR-mediated mechanisms [103]. Based on
these data, the relationship between aberrant Zn influx and
the activation of downstream cell signaling pathways in the
pathogenesis of breast cancer is of critical interest and
requires more examination. Finally, elevated Zipl0 mRNA
expression has been linked with lymph node metastasis and
in highly invasive breast cancer cell lines such as MDA-
MB-231 and MDA-MB-435S [45]. In vitro, Zipl0 gene
attenuation and treatment with the Zn-chelator TPEN
revealed diminished cell motility in MDA-MB-231 cells,
supporting the essentiality of Zipl0 for cell migration in
breast cancer cells [45]. Beyond these cursory observa-
tions, we know little with respect to the underlying
mechanisms or down-stream consequences. With that said,
the significance of these findings begins to elucidate pos-
sible mechanisms by which alterations in cellular Zn
metabolism as a result of dysregulation of Zn importers
modulate oncogenesis. Taken together, these data suggest
that Zn importers may play a significant role in the pro-
gression of breast cancer. More studies are critically
needed to explore effects of anti-hormone therapies on Zn
transporter regulation since these processes are largely
hormonally regulated and anti-hormone therapy is the
conventional breast cancer treatment.

Downstream consequences of Zn dysregulation

Understanding the down-stream effects of dysregulated Zn
transport is critical to our understanding of the cellular
processes that are affected and may provide important
therapeutic interventions. One characteristic of cancerous
cells is their inability to undergo programmed cell death or
apoptosis. Zinc has been long appreciated to play important
roles in cellular function, as both a deficiency and excess in
cellular Zn level result in apoptosis [15]. Alterations in Zn
homeostasis in breast cells likely dysregulates intrinsically
mediated apoptogenic mechanisms. The intrinsic pathway
of apoptosis is typically triggered following fluctuations in
cellular microenvironment resulting in mitochondria dam-
age. In support of the relationship between Zn and intrinsic
apoptosis, recently, it has been shown that Zn chelation
induced apoptosis in MCF-7 and MDA-MB468 breast
cancer cells by promoting mitochondria permeability,
cytochrome C release and activation of caspase-9 activity
[36]. Moreover, these effects were determined to be

@ Springer



90

Genes Nutr (2009) 4:83-94

independent from the death-receptor dependent pathway
[36]. Additionally, understanding effects of dysregulated
Zn homeostasis on signaling events which are initiated
upstream of apoptogenesis may be equally as critical as
constitutive influx and/or the inability to modulate Zn
efflux would activate a plethora of biological pathways. For
example, Zn exposure increases ERK phosphorylation and
cell viability in the breast cancer cell line MCF-7 and pre-
treatment with the ERK inhibitor PD98059 resulted in cell
death through increased mitochondrial permeability [86].
This suggests that the over-expression of Zn importers may
result in hyper-accumulation of Zn pools in breast cells and
may play a role in suppressing apoptotic mechanisms
increasing cell proliferation. An interesting question is
which comes first; does increased cell proliferation
increase cellular Zn requirements and consequently Zn
import or does increased Zn import result in increased
cellular proliferation? There is evidence that in 3T3 cells (a
fibroblast cell line) the initiation of cellular proliferation
results in increased Zn retention, Zipl, ZnT1 and ZnT4
mRNA expression [97], supporting the concept that Zn
transporter expression may be responding to increased
cellular needs but not necessarily potentiating cellular Zn
requirements in cancerous cells.

Regulatory events

Understanding the etiology of Zn transporter dysregulation
may provide important therapeutic avenues. A relationship
between estrogen and breast cancer has long been
acknowledged and as a result anti-estrogen therapy is the
primary endocrine treatment. Estrogen receptor alpha
(ERux) is essential for estrogen-dependent cell growth, and
its level of expression is a crucial determinant of response
to endocrine therapy and prognosis in ER-positive breast
cancer. Promoter analysis (http://www.cbil.upenn.edu/cgi-
bin/tess/tess) reveals numerous ERa binding sites within
the promoters of Zip1, Zip6, Zip7, Zip8 and Zip10. In fact,
estrogen increased the expression of Zipl, Zip6, Zip8 and
Zip10 in normal mammary cells (Fig. 4). Data indicate a
positive association between Zip8 and Zipl0 expression
and treatment with the estrogen agonists tamoxifen and
fluvestrant in MCF-7, MDA-MB-231 and MDA-MB-435S
cells [45, 102], directly implicating estrogen-responsive-
ness with Zn importer expression. This suggests that the
etiology of some breast cancers may reflect hormonal
regulation of Zn metabolism and that endocrine therapies
may uncouple Zn transporting mechanisms. This line of
reasoning requires further delineation.

In addition to estrogen, several studies have described a
direct correlation between hyperprolactinemia (abnormally
high systemic prolactin level) and breast cancer [104];
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Fig. 4 Expression of Zn transporter mRNA is positively regulated by
estrogen in normal breast cells (HC11). mRNA expression was
measured by real-time PCR in cells treated with estrogen for 24 h and
compared with untreated cells. Expression of Zipl, Zip6, Zip8 and
Zip10 were elevated three- to sixfold relative to untreated cells. Data
represent mean fold-change from untreated cells (n = 5 samples per
group, mean =+ standard deviation)

Mean fold change
(from control)
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Fig. 5 Expression of Zn transporter mRNA is positively regulated by
prolactin (PRL) in normal breast cells (HC11). mRNA expression was
measured by real-time PCR in cells treated with PRL for 12 h and
compared with untreated cells. Expression of Zip6 and Zipl0 were
elevated two- and threefold relative to untreated cells. Data represent
mean fold-change from untreated cells (n = 3 samples per group,
mean =+ standard deviation)

however, the significance of this relationship is unknown.
Prolactin is essential for mammary gland growth, differen-
tiation and lactation [16, 28]. Most studies have focused on
the role of prolactin in the regulation of cell signaling
mechanisms directly associated with cell cycle control and
apoptogenesis. As mentioned previously, prolactin plays a
regulatory role in Zn homeostasis in normal mammary cells
as Zn uptake and Zip3 and ZnT?2 expression and localization
are regulated at the transcriptional and post-translational
level by prolactin [51, 52, 66]. Prolactin treatment of breast
cells also increased the mRNA abundance of Zip6 and Zip10
(Fig. 5), suggesting a multifactorial and perhaps a potenti-
ating effect of prolactin stimulation on Zn importing
mechanisms. This effect is not limited to mammary cells. In
fact, prolactin markedly stimulated the rapid uptake of Zn
presumably by Zipl in LNCaP and PC-3 prostate cancer
cells [18]. A consequence of increased Zn uptake may be
cellular Zn accumulation as prolactin treatment results in the
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Fig. 6 Intracellular Zn pools in
human tumorgenic T47D cells
are increased in response to
prolactin (PRL). Zinc
accumulation was visualized by

immunofluorescence using Control
FluoZin-3 in cells treated with (-prolactin)
PRL (d-f) and compared with
untreated cells (a—c). Prolactin
significantly increased well-
defined cellular Zn pools (d—f),
compared with untreated cells
(a—¢)
Prolactin
(24 h)

accumulation of cellular Zn pools in human tumorgenic
breast (T47D) cells (Fig. 6). Clinical implications of these
data reflect the fact that drugs which are widely prescribed
for treatment of a range of mental and neurodegenerative
illnesses including Parkinson’s and depression (e.g. dopa-
mine antagonists) secondarily increase prolactin levels,
potentially increasing breast cancer risk in an extraordinary
number of individuals. Together this suggests that hyper-
prolactinemia may potentiate the dysregulation of Zn
metabolism observed in breast cancer cells.

Concluding remarks

In summary, the mammary gland is a highly specialized
hormonally responsive tissue that has a unique requirement
for Zn resulting from the need to import, redistribute and
secrete an extraordinary amount of Zn into milk to provide
optimal Zn to the newborn offspring. The uncoupling of
this process during lactation results in severe Zn neonatal
deficiency illustrating the essentiality of tight regulation of
Zn transporting mechanisms in the mammary gland. Fur-
thermore, the dysregulation of Zn transporting mechanisms
in the non-lactating mammary gland may either result from
or precipitate breast cancer transition or progression. The
relationship between dysregulation of Zn transporting
mechanisms and breast cancer may yield interesting ave-
nues of investigation into novel therapeutic targets.
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