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Abstract

“Oh, Jerusalem of gold, and of light, and of bronze...” goes the popular song. But it was another
metal that towered above the Jerusalem landscape during the meeting of the International Society
for Zinc Biology (ISZB; http://www.iszb.org/), held at Mishkenot Sha’ananim, a whisper away
from the Old City walls. More than 100 scientists gathered on 1 to 5 December 2009 to discuss
their research on the biology of this metal. Zinc is a double-edged sword. Zinc supplementation
accelerates wound healing and growth and promotes an effective immune response. On the other
hand, zinc deficiency leads to growth retardation and impaired learning and memory function, and
has been linked to mood disorders. At the cellular level, however, uncontrolled increases in zinc
concentrations can lead to neuronal cell death and may be involved in neurodegenerative
disorders. Through regulation of various intracellular signaling pathways, zinc can accelerate cell
growth and possibly contribute to cancer. However, despite the physiological and clinical
importance of this metal, research on the molecular basis of these effects is still in its infancy. The
2009 1SZB meeting provided a venue for investigators working on various zinc-related issues to
share their thoughts and ideas and to promote the growth of this field.

Introduction

After welcoming remarks by 1SZB president Glen Andrews (University of Kansas Medical
Center, USA), the meeting began with a short overview of the zinc field by Israel Sekler
(Ben Gurion University, Israel) highlighting the major recent discoveries and unsolved
questions and challenges that lie ahead. In the first plenary lecture, Ilana Gozes (Tel Aviv
University, Israel) described the properties of the zinc-binding peptide NAP, an 8-amino-
acid fragment of the activity-dependent neuroprotective protein (ADNP), which is currently
undergoing clinical trials for treating Alzheimer’s disease (1). In the second plenary lecture,
Bruce Pitt (University of Pittsburgh, USA) focused on the role of zinc and nitric oxide
signaling in endothelial cells. He showed that release of zinc from metallothioneins during
hypoxia leads to protein kinase C (PKC)-dependent formation of stress fibers that are
associated with vascular pulmonary constriction (2).
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Zinc Effects on Mood Disorders and Disease States

The meeting continued with talks on the behavioral effects of zinc deficiency, with a focus
on depression and depression-related disorders such as anorexia, anxiety, and anhedonia,
and the use of zinc as an adjunct to antidepressant therapy. Behavioral effects of zinc have
been characterized in humans and experimental animal models (3). Although the potential
effects of zinc supplementation in antidepressant treatment has been tested in humans (4),
the cellular and molecular mechanisms responsible for the metal’s therapeutic effects are not
well understood. Gabriel Nowak (Polish Academy of Sciences, Poland) described the
interaction of zinc with serotonin and glutamate receptors, which may cause antidepressant
effects (5). John Beattie (Rowett Research Institute, Scotland) described a connection
between zinc status, metallothioneins, and secretion of leptin, a hormone that is linked to
appetite and metabolism (6). Finally, Cathy Levenson (Florida State University College of
Medicine, USA) described how dietary zinc deficiency leads to a p53-dependent decrease in
neuronal stem cells proliferation that is associated with depression (7). The role of zinc in
cognitive impairment was addressed by Allan Rofe (Hanson Institute, Australia), who
showed that the administration of the bacterial endotoxin lipopolysaccharide to pregnant rats
caused fetal zinc deficiency, resulting in neuronal cell death and long-term behavioral
changes that could be reversed by zinc supplementation (8).

Ananda Prasad (Wayne State University, USA) emphasized in his presentation that subacute
zinc deficiencies lead to decreased binding of the transcription factor nuclear factor xB (NF-
kB) to DNA as well as decreased interleukin 2 (IL-2) concentrations and IL-2 receptor o
abundance in T helper cells (9,10), thereby accounting for decreased Th1 cytokine function.
Besides its effect on cell-mediated immunity, zinc also functions as an antioxidant and anti-
inflammatory agent. Fred Askari (University of Michigan, USA) compared studies using
zinc homeostasis as maintenance therapy in Wilson’s disease patients. These studies provide
insight into the molecular basis of Wilson’s disease, which is caused by a mutation in the
gene encoding the copper transporting ATPase, ATP7B (11). Zinc induces production of
metallothioneins in the intestine, which bind copper and prevent absorption. Robert Black
(Johns Hopkins University, USA) described the success of zinc supplementation in the
treatment of childhood diarrheas, a leading cause of death in Third World countries (12). At
the cellular level, David Soybel (Harvard Medical School, USA) presented data
demonstrating that zinc transport in the stomach is regulated by acid secretion (13),
suggesting that inhibition of acid secretion with conventional proton-pump inhibitors may
affect zinc homeostasis in the stomach and downstream digestive activities of the
gastrointestinal tract. Impaired zinc homeostasis also plays a role in retinal pathologies. Imre
Lengyel (University College London, UK) explained that accumulation of zinc in age-
related macular degeneration results in aggregation and inhibition of complement factor H,
leading to enhanced complement activation and inflammation and ultimately to retinal
damage (14).

Zinc Transporters and Their Role in Normal and Disease States

Identification of zinc transporters and investigation into their function and regulation
provides insight into the molecular link between these transporters and diseases. Two major
zinc transporter families have been described, ZIP (Zrt/Irt-like protein, also known as the
SLC39 protein family) and ZnT (zinc transporter, also known as SLC30) (Fig. 1). The ZIP
family mediates zinc influx into cells and out of intracellular organelles. Of the 10 ZnT
family members that have been identified, all except ZnT1 are found primarily on
intracellular membranes, where they control cytoplasmic and organellar zinc concentrations.
These transporters promote cell survival as well as regulate zinc availability to zinc-binding
proteins (15-17). The distribution and function of the zinc transporter proteins is regulated,
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as was described in several presentations during this meeting, and changes in their
distribution pattern or function have been linked to multiple diseases. ZnT8 is localized to
insulin-containing vesicles, and a polymorphism in ZnT8 (Arg32°>—Trp; R325W) has been
linked to susceptibility to type 2 diabetes (18). Guy Rutter (Imperial College, UK) described
packaging of pancreatic insulin and glucose and insulin homeostasis in ZnT8 knockout (KO)
mice. Intriguingly, glucose resistance was found in the ZnT8 KO mice. He also provided
data showing that the R325W polymorphism increases zinc transport activity (19). Giuditta
Perozzi (National Research Institute for Food and Nutrition, Italy) discussed
homodimerization of ZnT8 and demonstrated that murine ZnT8 is found not only in
pancreatic 3 cells but also in other secretory cell types (20). Christian Sheline (Louisiana
State University Health Sciences Center, USA) discussed mechanisms by which impaired
zinc homeostasis is associated with both type 1 and type 2 diabetes. He further presented
data from in vivo studies indicating that high ZnT8 abundance enhances susceptibility of
mice developing streptozotocin- and high-fat diet-induced diabetes. Finally, Irina
Korichneva (New Jersey—Robert Wood Johnson Medical School, USA) provided data
indicating that zinc excess or deficiency promotes proteolysis of ZnT5 in cardiomyocytes
from diabetic rats, which induces alterations in intracellular zinc concentrations and leads to
increased PKCg abundance and decreased PKCs abundance (21). Liping Huang (Western
Human Nutrition Research Center, USA) showed that ablation of ZnT7 in mice caused
reduced food intake and poor growth, leading to a prediabetic state (22). Furthermore, ZnT7
is also present in B cells in the islets of Langerhans, where it may regulate zinc accumulation
and insulin biosynthesis. Insulin secretion may also be indirectly affected by a feedback
mechanism in which zinc ions, which are cosecreted with insulin, enter  cells and inhibit
cyclic adenosine monophosphate (CAMP) synthesis in 3 cells (23).

Changes in cytoplasmic or organellar zinc concentrations mediated by zinc transporters
affect major cellular signaling pathways and diverse physiological activities (Fig. 2). A
presentation by Hajo Haase (Aachen University Hospital, Germany) addressed the diverse
effects of zinc signaling on the immune system. Distinct types of zinc signals can regulate
the activity of different subsets of signaling proteins (24), which in turn control processes
such as cell maturation and development, or the response to pathogens (25,26). Lothar Rink
(Aachen University Hospital, Germany) discussed measurements of labile zinc pools in
immune cells and the effects of zinc on signaling pathways such as regulation of cCAMP
generation, which is involved in immune cell differentiation and function (24). Prathiba
Joshi (Emory University School of Medicine, USA) showed that chronic alcohol ingestion
or HIV-1 infection reduces zinc concentrations as well as the abundance of ZIP1 and ZnT4
in alveolar macrophages, leading to impaired phagocytosis and increased lung infections
(27). Another intriguing aspect of zinc signaling is the link to inflammatory responses.
Using in vitro and in vivo sepsis models, Daren Knoell (Davis Heart and Lung Research
Institute, USA) showed that Zip8 expression is regulated by the transcription factor NF-xB
and is vital in cell survival and innate immune defense (28).

A link between intracellular zinc, cancer, and cell growth was presented by Kathryn Taylor
(Tenovus Centre, Wales), who showed that phosphorylation of ZIP family members
increases zinc release from stores, which in turn enhances the proliferation and survival of
estrogen-resistant breast cancer cells (29). Furthermore, zinc homeostasis in these breast
cancer cells is determined by the ability of ZIP7 to shift zinc from the endoplasmic
reticulum (ER) to other cell compartments (16,30). Christer Hogstrand (King’s College,
UK) demonstrated that ZIP7-mediated zinc release from the ER is essential for activation of
tyrosine kinases that promote proliferation, such as Src, epidermal growth factor receptor
(EGFR), and insulin-like growth factor 1 (IGF1) receptor (30). Silencing of ZIP7 results in
blocked growth factor responses and decreased cell growth, suggesting that ZIP7 may
control intracellular zinc-dependent activation of cellular biochemical pathways related to
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cancer. Furthermore, the plasma membrane zinc importers, ZIP6 and ZIP10, whose
abundance is increased in breast cancers, mediate cell detachment and migration through
activation of AKT and glycogen synthase-kinase-3f (GSK-3p). This in turn leads to
decreased E-cadherin abundance and enhanced metastasis (31). Jung Hwang (University of
Ulsan College of Medicine, South Korea) demonstrated that tamoxifen-induced zinc
accumulation in lysosomes can cause cell death in breast cancer cells by initiating
autophagy. Similarly, oxidative stress triggers lysosomal zinc accumulation in neurons and
leads to cell death (32). Veronica Lopez (Pennsylvania State University, USA) described
zinc-dependent survival of breast tumor cells, which show increased abundance of ZIP6 and
ZnT2 in these cells, although only attenuation of ZnT2 reduced tumor colony formation
(31). Rosa Puca (National Cancer Institute of Rome, Italy) demonstrated a previously
unknown role of zinc in regulating the activity of p53 and the homeodomain-interacting
protein kinase 2 (HIPK2), which in turn altered cell sensitivity to chemotherapy and tumor
growth (33). Zinc signaling was also directly linked to the clinical setting by the use of zinc
ionophores. Daren Magda (Pharmacyclics, USA) showed that several versions of the water-
soluble zinc ionophore 1-hydroxypyridine-2-thione (ZnHPT) inhibited growth of lung and
prostate cancer cells in xenografted mice (34). The role of ZIP1 and zinc permeation in
prostate cancer cells was also discussed by Vladimir Kolenko (Fox Chase Cancer Center,
USA), who showed that concentrations of zinc and abundance of ZIP1, ZIP2, and ZIP3
decline during progression of prostate cancer, leading to increased activity of NF-«kB.
Furthermore, ZIP1 overexpression suppressed NF-«xB activity and sensitized cultured
prostate cancer cells to apoptosis (35,36).

A series of presentations described pathophysiologies associated with improper distribution
or function of these transporters. ZnT2 is found in secretory vesicles in the mammary gland
and is responsible for zinc content in milk (37). Studies of ZnT2 function in the mammary
gland were presented by Shannon Kelleher (Pennsylvania State University, USA), who
identified a mutation in the maternal ZnT2 gene that causes transient neonatal zinc
deficiency in humans. She also showed that two isoforms of this protein were localized
either to the endosomal and secretory compartment or to the plasma membrane (38). Studies
on Zip13 were presented by Toshyuki Fukada (RIKEN Research Center for Allergy and
Immunology, Japan), who showed that Zip13 ablation in mice causes reduced maturation of
connective tissue cells, leading to malformation of cartilage, bone, and teeth (39). He further
showed the involvement of this zinc transporter in bone morphogenetic protein (BMP) and
transforming growth factor B (TGF-p) signaling. In addition, mutations in this gene were
found in patients with a unique variant of Ehlers-Danlos syndrome, who exhibit clinical
symptoms similar to those of the KO mice. Among the zinc transporters with a clear clinical
link is Zip4. Humans with acrodermatitis enteropathica have multiple mutations in Zip4
(40,41). Glen Andrews (University of Kansas Medical Center, USA) showed that mice
heterozygous for Zip4 were more sensitive to dietary zinc deficiency. Andrews previously
discovered increased abundance of Zip4 in various cancers, and in this context, ZIP4 may
suppress apoptosis and enhance cell cycle and invasive behavior. Taiho Kambe (Kyoto
University) showed that cell surface mouse ZIP4 was proteolytically cleaved during
conditions of prolonged zinc deficiency (42), a process that required an intact endocytotic
pathway and left the remaining C-terminal half of ZIP4 still functional as a zinc transporter.
Two ZipP4 mutants that block the processing of this transporter are found in Acrodermatitis
enteropathica patients. Zinc deficiency increases Zip4 expression in the gut and decreases
Zip5 expression in the yolk sac (43). Ben Weaver (University of Kansas Medical Center,
USA) identified two candidate zinc-responsive miRNASs that increase Zip5 expression
during zinc repletion. Finally, Bing Zhou (Tsinghua University of Beijing, China) presented
the use of Drosophila as a model system to study the physiological function of zinc transport
proteins. His studies of ZnT1 KO flies revealed a role for this protein in dietary absorption of
zinc (44).
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Zinc in the Nervous System

In the nervous system, zinc is packaged by a specific transporter (ZnT3) into synaptic
vesicles (45). Intracellular zinc that is bound to proteins, such as metallothioneins, is
liberated during injurious conditions (46). John Weiss (University of California Davis, USA)
discussed how impaired zinc homeostasis and mitochondrial dysfunction lead to calcium
deregulation in an in vitro model of brain ischemia (47). A new angle on zinc-triggered
apoptosis and the intersection between zinc homeostasis, potassium efflux, and oxidative
stress (48) was presented by Patrick Redman (University of Pittsburgh School of Medicine,
USA). Redman showed that zinc modulates the insertion of the voltage-dependent K*
channel Kv2.1 into the plasma membrane by coordinating the inactivation of protein
tyrosine phosphatase ¢ with the activation of the kinase p38. Both of these events are
necessary for the increased K* current detected in neurons dying by apoptosis. During
ischemia, increased intracellular zinc concentrations also induce calcineurin-dependent
dephosphorylation of Kv2.1, which causes dispersal of channel clusters on the plasma
membrane. This phenomenon is accompanied by a hyperpolarizing shift in the voltage-
dependent activation of delayed-rectifier potassium currents, which may be neuroprotective
(49). The K*/CI~ cotransporter KCC2 is inhibited by the increased intracellular zinc
concentrations that occur after oxygen-glucose deprivation. This leads to a depolarizing shift
in the GABA reversal potential, which may contribute to neuronal injury (50). A role for
intracellular zinc as a trigger of neuronal and glial autophagy (32) was described by Jae Koh
(University of Ulsan College of Medicine, South Korea). Increased neuronal zinc
concentrations are also associated with cell death during epileptogenesis and may enhance
the severity of seizures (51). This may be caused, as demonstrated by Yoel Yaari (Hebrew
University, Israel), by a zinc-dependent increase in mRNA abundance of and current
mediated by the Ca, 3.2 T-type calcium channel, which is implicated in epileptogenesis (52).
Albert Becker (University of Bonn Medical Center, Germany) further showed that in this
process zinc activates metal-responsive transcription factor-1 (MTF-1), which then interacts
with metal-regulatory elements in the promoter region of Ca,3.2. Increased zinc
concentrations have also been noted during brain ischemia. William Shuttleworth
(University of New Mexico School of Medicine, USA) showed that substantial zinc release
from neurons and astrocytes occurs after episodes of spreading depression and may
contribute to neurodegeneration in the postischemic period (53). Sangwon Suh (University
of California San Francisco, USA) showed that zinc translocation across the synapse
contributes to neuronal cell death after ischemia (54). Jonathan Friedman (D-Pharm, Israel)
presented studies describing how the lipophilic divalent transition metal chelator DP-b99
decreases zinc concentrations and thus zinc-dependent events, such as the activity of matrix
metalloprotease 9 (MMP9) and TNF-o—converting enzyme TACE (55,56).

The possible roles of zinc in Alzheimer’s disease (AD) and drugs that can alleviate the
associated cognitive impairment by modulating zinc concentrations in distinct neuronal and
brain regions were discussed. Excessive increases in zinc concentrations have been
associated with the onset of AD and neurodegeneration. Jorge Busciglio (University of
California Irvine, USA) demonstrated that the formation of g-amyloid (Ap) oligomers can
be disrupted by the metal chelator clioquinol (CQ), which decreases the amount of zinc that
is synaptically released (57). Irit Sagi (The Weizmann Institute, Israel) described the
structural basis for the toxic, aggregate-promoting effect of zinc on A peptides (58). David
Finkelstein (The Mental Health Research Institute, Australia) further showed that CQ also
reverses the hyperphosphorylation of tau and increases the abundance of the synaptic protein
synaptophysin (59). These changes were associated with improvements in spatial learning
and memory retention in mouse AD models. Kevin Barnham (University of Melbourne,
Australia) provided surprising evidence that AD-associated brain damage is not simply
caused by excessive concentrations of zinc and copper in the plaques, but is also associated
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with zinc deficiency within neurons (59). He further showed that a CQ-based compound,
PTB2, acts as a metal carrier and supplements neurons with zinc and copper, which inhibits
GSK-3p, thereby attenuating hyperphosphorylation of tau and activating metal-dependent
proteases to enhance Ap degradation. Because zinc deficiency is associated with impaired
learning and memory, the previous finding that ZnT3 KO mice, which are deficient in
synaptic zinc, have no learning or memory deficits, was surprising. However, Paul Adlard
(The Mental Health Research Institute, Australia) showed that older ZnT3 KO mice do
manifest cognitive impairments associated with synaptic dysfunction (60), indicating that
synaptic zinc may be required to prevent aging-related learning deficits.

Synaptic zinc is released from glutamatergic nerve terminals in an activity- and Ca-
dependent manner (61). There is an ongoing debate on how synaptically released zinc
affects synaptic transmission and plasticity (62,63). This ISZB meeting provided an
opportunity for investigators to describe advances in our understanding of the role of
synaptic zinc in the normal brain. Richard Dyck (University of Calgary, Canada) provided
evidence of dynamic, experience-dependent modulation of zinc concentrations within
synaptic terminals and vesicles of cerebral cortical neurons (64). Using mice with a mutant
NR2A subunit that renders NMDA receptors insensitive to zinc modulation, Angela
Vergnano (Ecole Normale Supérieure, France) provided evidence that zinc blocks
postsynaptic NMDA receptors in the CAL region of the hippocampus (65,66). Arnaud Ruiz
(University of London, UK) discussed a different pathway in which zinc released from the
dentate gyrus mossy fibers can indirectly modulate GABAergic neuronal function through a
pathway involving interneurons in the hippocampus (67) and thereby modulate feedback
inhibition to the dentate granule cells. A metabotropic pathway activated by synaptic zinc
through a zinc-sensing G protein—coupled receptor activates postsynaptic neuronal signaling
pathways, in particular those mediated by mitogen-activated protein kinases (MAPK) and
Ca?*/calmodulin-dependent protein kinase (CAMKII) (68). Atsushi Takeda (University of
Shizuoka, Japan) provided additional evidence of a modulatory role for zinc in the
hippocampus with his data indicating a role for zinc in the development of long-term
potentiation in the hippocampus (69).

Tools for the Detection of Zinc in Biological Systems and Modeling of Zinc
Homeostasis

Several methods and applications for detecting “mobile” or “free” zinc (zinc not bound to
proteins) in cells and organisms were introduced. Steve Lippard (Massachusetts Institute of
Technology, USA) described the application of fluorescent sensors that can quantify the
release of mobile zinc (70,71) to study the release of pancreatic or synaptic zinc. Zijan Guo
(Nanjing University, China) then described the use of a ratiometric zinc indicator in
developing zebrafish embryos (72). Elisa Tomat (Massachusetts Institute of Technology,
USA) described the coupling of zinc dyes to proteins targeted to specific organelles (73).
Zhang and Lippard presented the first intracellular MRI sensor for zinc, which can be
imaged in the brains of live rodents. Using two-photon and fluorescence microscopy as well
as x-ray imaging to dynamically monitor the subcellular localization of zinc, Christoph
Fahrni (Georgia Institute of Technology, USA) demonstrated that changes in zinc
concentrations accompany various phases of the cell cycle (74). Finally, Carol Fierke
(University of Maryland School of Medicine, USA) described a new x-ray and fluorescence
microprobe for imaging zinc that revealed the subcellular distribution of zinc in yeast cells
(75).

The large number of zinc proteins and their complex interactions suggests that an
understanding of protein networks will be required to fully understand their physiological
roles. The importance of considering quantitative approaches to understanding cellular zinc
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homeostasis was explored in a talk by Robert Colvin (Ohio University, USA), who reviewed
computational models of zinc homeostasis. He incorporated modeling of metallothionein as
a cellular buffer for zinc (76); similar dynamics of zinc coordination and cellular distribution
(77) are also suggested by work from Wolfgang Maret (King’s College of London, UK).
Wojciech Bal (Polish Academy of Sciences, Poland) described quantitative estimates with
intracellular fluorophores of the impact of small molecules on “free” zinc concentrations,
emphasizing the relevance of zinc-binding proteins to the actual concentrations of
intracellular zinc (78). Hans-Werner Adolph (University of Copenhagen, Denmark)
produced several simulations using available data to illustrate errors that can occur when
using equilibrium-binding constants to describe “shuttling” of zinc between binding proteins
due to conformational changes (79). Finally, Antonio Rosato (University of Florence, Italy)
gave an update of current progress on annotating the cellular zinc proteome and toward
using that information to describe cellular zinc metallomics and evolutionary relationships in
metallomes (80).

Conclusion

The 1SZB 2009 meeting described the growing catalog of roles that zinc plays in cell
signaling. Previously unknown regulatory and catalytic mechanisms for regulation of zinc
homeostasis and detailed characterization of proteins that mediate zinc transport were
reported. New tools for monitoring changes in zinc cellular concentration and its localization
at the subcellular or whole animal level were presented. Empirical descriptions of zinc
deficiency and its symptoms are now being replaced by mechanistic and molecular insights.
Transgenic and knockout models of the zinc homeostatic proteins elucidate the specific roles
of these pathways. Promising drugs have been developed for rectifying impaired zinc
homeostasis and are currently being tested for the treatment of Alzheimer’s disease,
diabetes, diarrhea, and stroke. We are confident that the fruits of the collaborations and
projects emanating from this meeting will be presented at the next meeting of the ISZB in
January 2012 in Melbourne, Australia.
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Fig. 1.
Zinc transporters and buffers. Shown is a generic cell with the major intracellular and

plasma membrane zinc transporters and buffers, which are found on multiple intracellular
organelles and regulate cellular zinc concentrations.
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Fig. 2.

Major signaling pathways regulated by intracellular and extracellular zinc. Arrows indicate
the up-regulation or down-regulation of these pathways after changes in intracellular or
extracellular zinc. The physiological roles of these pathways are also presented. BDNF,
brain-derived neurotrophic factor; ZnR is also known as GPR39.
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