Chapter 5
Zinc Signaling by “Zinc Wave”

Keigo Nishida and Satoru Yamasaki

Abstract Zinc (Zn) is an essential heavy metal for all organisms. Zn homeostasis
is maintained in mammalian cells through the activity of Zn transporters and
Zn-permeable channels and through metallothionein expression levels. Zn is impor-
tant in nucleic acid metabolism, cell replication, and tissue growth and repair. Zn
deficiency is associated with a wide range of pathological conditions, such as
impaired immunity, growth retardation, disorders in brain development, and
delayed wound healing. Zn binds and affects the activity of several signaling
molecules and of transcription factors that have a Zn-binding motif. However,
whether Zn itself, as does calcium, acts as an intracellular signaling molecule has
been a point of speculation. Recently, we and other groups have demonstrated that
Zn does indeed act as an intracellular signaling molecule, converting extracellular
stimuli to intracellular signals and controlling various cell functions. This chapter
summarizes our current understanding of Zn signaling, especially with regard to the
Zn wave and the role of Zn signaling in immune cells, and discusses how these
processes contribute to allergic responses.
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5.1 Introduction

Zinc (Zn), an essential trace element, is an important structural component in a
great number of proteins, including intracellular signaling enzymes and transcrip-
tion factors (Prasad 1995; Vallee and Auld 1993). The wide-ranging effects of Zn in
the immune and nervous systems have been demonstrated both in vivo and in vitro,
and these effects mainly depend on Zn concentration (Frederickson et al. 2005;
Rink and Gabriel 2000). Many researchers have reported that Zn depletion
decreases immune function. Natural Kkiller cell-mediated cytotoxic activity,
antibody-mediated responses, and host defenses against pathogens and tumors are
all reduced in Zn-deficient mice (Fernandes et al. 1979; Fraker et al. 1982; Keen
and Gershwin 1990).

Zn plays an essential constitutive role in the conformation and activity of many
enzymes, transcription factors, signaling molecules, and other components
involved in cellular processes. However, high concentrations of Zn can be cyto-
toxic, and can induce apoptosis in T and B cells (Ibs and Rink 2003; Telford and
Fraker 1995). Zn concentration and distribution within and between cells are
controlled by Zn transporters, such as those in the Slc39/ZIP and Slc30/ZnT
families, which increase and decrease intracellular Zn levels, respectively (Fukada
and Kambe 2011; Kambe et al. 2004; Lichten and Cousins 2009), and Zn is
buffered by Zn-binding molecules (Palmiter 2004; Vallee 1995).

We recently showed that Fc epsilon receptor I (FceRI) stimulation induces an
increase in intracellular free Zn, and we named this phenomenon the “Zn wave”
(Yamasaki et al. 2007). The Zn wave occurs within several minutes after FceRI
stimulation and originates from the endoplasmic reticulum (ER). Thus, extracellu-
lar stimuli can affect intracellular Zn levels through Zn transporters and
Zn-permeable channels, and Zn acts as an intracellular signaling molecule (Taylor
etal. 2012; Yamasaki et al. 2012). We have proposed that intracellular Zn signaling
can be classified into at least two categories: late Zn signaling, which depends on
transcriptional changes in Zn-transporter expression, and early Zn signaling, which
involves the Zn wave, in which Zn is directly released from the cell organelle by an
extracellular stimulus such as FceRI (Fukada et al. 2011; Hirano et al. 2008;
Murakami and Hirano 2008; Nishida et al. 2011).

Many studies have shown that Zn is important in the immune system and that
imbalances in Zn homeostasis lead to various disorders, but several questions
remain as to how Zn homeostasis and signaling are regulated in mast and other
immune cells, and whether Zn transporters are involved in immune cell function. In
this chapter, we briefly describe aspects of the Zn-wave phenomenon and discuss
the role of Zn signaling in allergic responses.
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5.2 Cellular Zn Homeostasis by Zn Transporters
and Metallothioneins

Computational analysis suggests that approximately 10 % of the genes in the human
genome may contain Zn-binding motifs (Andreini et al. 2006), reflecting the
physiological relevance of Zn and Zn-binding proteins for life in general. In fact,
Zn has wide-ranging effects on cellular functions (Vallee and Falchuk 1993), and
imbalances in Zn homeostasis can impair growth and cause hair loss, thickening
and hyperkeratinization of the epidermis, and testicular atrophy in humans and
animal models (Prasad 1991). The concentration and distribution of both intracel-
lular and extracellular Zn are controlled via buffering by Zn-binding molecules,
such as metallothioneins, and by Zn transporters, including Slc39/ZIP and Slc30/
ZnT family members, which increase or decrease the intracellular Zn levels,
respectively (Fig. 5.1).

Metallothioneins (MTs), small cysteine-rich proteins that bind Zn and other
metal ions, are thought to be responsible for regulating intracellular Zn concentra-
tions and detoxifying nonessential heavy metals. When intracellular free Zn reaches
a threshold concentration, activation of the Zn sensor MTF-1 induces the expres-
sion of MTs, which sequester Zn ions (Andrews 2001). Thus, MTs serve as a
biochemical device that controls free Zn concentrations by sequestering or releas-
ing Zn in response to oxidative signaling and other biochemical events.

5.3 Zn Signaling

Cytosolic and cellular concentrations of free Zn change dynamically in many cells
in response to various stimuli. Three major sources for cytosolic free Zn have been
identified: uptake from the extracellular environment, reversible storage in vesicles,
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and oxidative release from storage proteins. Thus, Zn is increasingly recognized as
a potential signaling molecule (Frederickson and Bush 2001; Haase and Rink 2009;
Hirano et al. 2008; Sensi et al. 2009).

5.3.1 Zn Acts as a Neurotransmitter

Zn is highly concentrated in synaptic vesicles and is released with glutamate in an
activity-dependent manner (Assaf and Chung 1984). Recently, Zn imaging tech-
niques that allow the real-time analysis of Zn concentration and distribution using
fluorescent sensor molecules have been widely applied (Kikuchi 2010).
Microfluorescence imaging of Zn secretions in rodents showed that exocytotic
presynaptic stimulation prompts the release of Zn from hippocampal mossy fiber
terminal vesicles into the surrounding milieu (Li et al. 2001; Qian and Noebels
2005; Ueno et al. 2002), where it is taken up into the cytoplasm of neighboring cells
through gated Zn channels. A rapid influx of Zn through calcium ion-permeable
AMPA /kainate (Ca-A/K) channels triggers the generation of reactive oxygen spe-
cies (ROS) and is potentially neurotoxic (Weiss and Sensi 2000).

In the foregoing scenario, Zn activity is similar to that of neurotransmitters,
which are stored in membrane-enclosed synaptic vesicles, are released by exocy-
tosis, and activate postsynaptic cells through transmitter-gated ion channels (Colvin
et al. 2003; Hershfinkel et al. 2001; Xie and Smart 1994). Because Zn modulates
both the current response (mediated by excitatory and inhibitory neurotransmitter
receptors) and the efficacy of transporter-driven neurotransmitter re-uptake (Smart
et al. 2004), synaptically released Zn has been proposed to function as an important
regulator of synaptic transmission and plasticity (Lu et al. 2000; Vogt et al. 2000).

ZnT3/SIc30a3, which is highly expressed on synaptic vesicle membranes, is
essential for Zn uptake into the vesicles. Although ZnT3-KO mice show a loss of
stainable Zn in synapses (Cole et al. 1999), they are behaviorally normal except for
an enhanced susceptibility to kainite-induced seizures (Lopantsev et al. 2003). In
the Tg2576 transgenic mouse model for Alzheimer’s disease (AD), Zn release
during synaptic transmission induces cerebral p-amyloid (AP) deposits. When
these mice are crossed with the ZnT3-KO mice, which lack synaptic Zn, the
cerebral AP deposition is nearly abolished in the Tg2576/ZnT3 '~ progeny (Lee
et al. 2002). A recent study by Tamaki et al. provides evidence that Zn is
co-secreted with insulin in a ZnT8-dependent manner, and that the secreted Zn
not only affects neighboring endocrine cells, but also plays an important role in
hepatic insulin clearance by inhibiting clathrin-dependent insulin endocytosis
(Tamaki et al. 2013). This finding suggests that Zn release is involved in various
pathologies, such as AD and diabetes.

Recent studies have shown that Zn is an endogenous agonist for GPR39, an
orphan receptor that is structurally and functionally related to G protein-coupled
receptors. The concept of GPR39 as a Zn-sensing receptor in the brain is consistent
with the role of Zn as a neurotransmitter (Besser et al. 2009; Yasuda et al. 2007).
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Fig. 5.2 Zn acts as a neurotransmitter. Zn behaves as a neurotransmitter in neuronal cell
communication. a Zn is released from vesicles into the surrounding milieu upon exocytotic
presynaptic stimulation, and is then taken up into the cytoplasm of neighboring cells through
gated Zn channels. The rapid influx of Zn through calcium (Ca) ion-permeable AMPA/kainate
(Ca-A/K) channels triggers the generation of reactive oxygen species (ROS) and is potentially
neurotoxic. b Zn released from glutamatergic synaptic vesicles can bind to the Zn-binding sites of
GlyR and NMDAR on postsynaptic neurons to modulate neurotransmission

Intercellular Zn communication mediated through the Zn-sensing receptor GPR39
is also involved in regulating epithelial cell repair (Sharir et al. 2010) and endocrine
pancreatic function (Holst et al. 2009). Also supporting the role of Zn as a
neurotransmitter, Hosie et al. identified two Zn-binding sites and characterized a
third in the GABA receptor using site-directed mutagenesis (Hosie et al. 2003).
Hirzel et al. produced knock-in mice carrying a constructed Zn-binding site
(a D80A mutation) in the glycine receptor alpha-1-subunit gene (Glral) and
demonstrated that Zn modulates neurotransmission (Hirzel et al. 2006). Zn is also
known to inhibit N-methyl-p-aspartate receptor (NMDAR) activity through a dual
mechanism: a voltage-dependent channel block, and a voltage-independent reduc-
tion in the probability of the channel opening (Christine and Choi 1990; Legendre
and Westbrook 1990; Mayer and Vyklicky 1989). Thus, Zn appears to act as a
neurotransmitter in addition to its other roles in the neural system (Fig. 5.2).

5.3.2 Zn Acts as a Second Messenger

cAMP was the first intracellular second messenger to be discovered (Berthet
et al. 1957), and calcium was the second. At present, only a limited number of
intracellular signaling effectors are known, including cAMP, calcium, NO, lipid
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mediators, and G proteins (Gomperts et al. 2002). Interestingly, Zn has also been
recognized to have an essential role as a second messenger. Zn itself affects a
variety of signaling molecules, including PKC, Ca/calmodulin-dependent protein
kinase II (CaMKII), Erk1/2, cAMP-dependent protein kinase (PKA), protein tyro-
sine phosphatase, and caspase-3 (Brautigan et al. 1981; Haase and Maret 2005;
Hubbard et al. 1991; Lengyel et al. 2000; Murakami et al. 1987; Park and Koh 1999;
Perry et al. 1997). In addition, Zn activates ion channels such as the transient
receptor potential ankyrin 1 (TRPA1) (Andersson et al. 2009; Hu et al. 2009),
ATP-sensitive K* (Prost et al. 2004), and large-conductance Ca-activated K* (Hou
et al. 2010) channels. Together, these findings suggest that Zn may function as an
intracellular signaling molecule or second messenger if extracellular stimuli, such
as cytokines or growth factors, cause the intracellular Zn status to change, whether
dependently or independently of transcriptional changes in MTs or Zn transporters
(Fig. 5.3).

It is important to determine whether Zn transporters are involved in Zn signaling.
We reported that the ZIP6/SLC39A6 is required for the epithelial-mesenchymal
transition (EMT) in the zebrafish gastrula organizer, as it is essential for nuclear
retention of the E-cadherin-repressor Snail (Yamashita et al. 2004). Because ZIP6/
SLC39A6 expression in the zebrafish organizer is dependent on STAT3 activation,
any extracellular stimulus that regulates STAT3 activation could change the intra-
cellular Zn level by inducing changes in ZIP6/SLC39A6 or other Zn transporters.
TLR4 decreases the intracellular free Zn level by inducing changes in Zn trans-
porter expression in dendritic (Kitamura et al. 2006) and pulmonary endothelial
cells (Thambiayya et al. 2011). These observations support the role of Zn as an
intracellular second messenger, that is, as a molecule whose intracellular status is
altered in response to an extracellular stimulus and that is capable of transducing the
extracellular stimulus into an intracellular signaling event.
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The role of Zn as a second messenger is further supported by our findings that
Z1IP13/SIc39al3 is required for the BMP/TGF-B-induced nuclear localization of
Smad proteins (Fukada et al. 2008), that ZIP14/Slc39al4 is involved in GPCR-
mediated signal transduction through cAMP basal-level regulation (Hojyo
et al. 2011), and that FceRI-stimulation-induced PKC activation is dependent on
ZnT5/SIc30a5 in mast cells (Nishida et al. 2009). Thus, extracellular stimuli can, by
changing the expression of Zn transporters, affect intracellular signaling pathways
by changing the intracellular Zn status.

Besides Zn signaling mediated by Zn transporter expression, Zn signaling is also
exemplified by the Zn wave phenomenon, which is a transcription-independent
increase in intracellular Zn that occurs in mast cells relatively rapidly (several
minutes) after extracellular stimulation (Yamasaki et al. 2007). Zn waves, which
originate from the ER, depend on calcium influx and Erk1/2 activation in mast cells.
Because the Zn wave does not involve extracellular Zn, and is induced within
several minutes of FceRI stimulation, Zn here acts as an intracellular signaling
molecule. Using the Zn probe FluoZin-3, Haase et al. revealed that the intracellular
Zn level is elevated in peripheral blood mononuclear cells (PBMCs) after
polymethyl acrylate (PMA) stimulation (Haase et al. 2006), and in human leuko-
cytes, especially monocytes, after physiological stimulation (Haase et al. 2008). In
addition, ZIP7/SIC39A7 is reported to regulate intracellular Zn at the ER mem-
brane (Taylor et al. 2008). It is also possible that transporters and channels other
than ZIP or ZnT family members generate Zn waves in individual cell types with
various types of stimulation. In any case, the precise molecular mechanisms
generating the Zn wave have not been clarified.

5.3.3 Zn-Signaling Gatekeepers

Recently, three independent groups reported rapid increases in free Zn, as seen in
the Zn wave, in mast cells and lymphocytes upon stimulation with antigens such as
FceRI, B-cell receptors (BCRs), and T-cell receptors (TCRs) (Taniguchi
et al. 2013; Yamasaki et al. 2012; Yu et al. 2011). Interestingly, these studies
reported that the dynamic changes in cytosolic free Zn were regulated by
Zn-permeable channels and Zn transporters.

In this section, we briefly describe gatekeepers of Zn signaling, their regulation,
and their molecular targets.

5.3.3.1 LTCC-Mediated Zn Signaling in Mast Cells

L-type calcium channels (LTCCs) conduct Zn and can act as Zn-permeable chan-
nels on the plasma membrane of neurons and pancreatic j cells (Atar et al. 1995;
Gyulkhandanyan et al. 2006; Sensi et al. 1997). However, whether LTCCs can
function in releasing Zn from intracellular organs has not been clarified. It was
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recently revealed that LTCCs have the potential to act as a gatekeeper for the Zn
wave that occurs when FceRI induces intracellular Zn signaling in mast cells
(Yamasaki et al. 2012).

It is well established that LTCCs function as voltage-gated calcium channels on
the plasma membrane. LTCC complexes include a;-, B-, and o,/8-subunits. The -
subunit functions as the voltage sensor, selective filter, and ion-conducting pore
(Catterall 2000). The o;-subunit on the cell surface is thought to require an
association with the B-subunit, which masks one or more ER retention signals
(Bichet et al. 2000; Cornet et al. 2002).

In bone marrow-derived mast cells (BMMCs), the dominantly expressed o;-
subunit (op) is cacnald, the ay-subunit for the LTCC. The expression of LTCC
B-subunits, which are required for the localization of o;-subunits to the plasma
membrane, is very low in mast cells. Furthermore, mast cells express high levels of
ZnT-1/Slc30al, which interacts with B-subunits on the plasma membrane, reducing
their availability to bind o and inhibiting o;-subunit trafficking to the plasma
membrane (Levy et al. 2009). Therefore, o;p in mast cells localizes to the intra-
cellular area; it co-localizes partially with the ER marker calnexin but not with
F-actin, which accumulates beneath the plasma membrane. These observations
indicate that ayp localizes preferentially to intracellular organelle membranes,
such as the ER membrane, rather than to the plasma membrane. This intracellular
localization of a;p, in BMMCs suggests that it plays a different role in BMMCs than
in other cells, in which it is located on the plasma membrane and acts as a calcium
channel.

Consistent with this idea, treating mast cells with verapamil, an LTCC inhibitor,
reduces their Zn waves compared to control cells, without disturbing cell survival,
FceRI expression, or the FceRI-mediated calcium elevation. Diltiazem, another
type of LTCC antagonist, also inhibits Zn waves without disturbing the calcium
elevation. Not only does verapamil have no effect on the FceRI-mediated calcium
elevation in BMMCs, but calcium-mediated signaling, such as the normal nuclear
translocation of NFAT?2 in response to calcium elevation, is also unaffected
(Yamasaki et al. 2012).

On the other hand, treatment with the LTCC agonist (s)-(-)-BayK8644 without
antigen stimulation elevates the intracellular Zn level but not the calcium level in
mast cells (Yamasaki et al. 2012). These findings indicate that LTCC function in
mast cells differs from its function as a calcium channel in other cell types, such as
neurons and pancreatic § cells. LTCC may have little effect on the intracellular
calcium regulation in mast cells because the main mode of calcium influx in these
cells, as in lymphocytes, is store-operated calcium (SOC) entry (Vig and Kinet
2009). LTCC agonists induce an increase in intracellular Zn even in the absence of
calcium, and this increase is inhibited by verapamil. FceRI induces similar Zn
increases in BMMC:s in the presence or absence of an LTCC agonist, indicating that
the mechanisms responsible for the FceRI-induced Zn wave and the LTCC agonist-
induced Zn elevation are probably similar.

Although the FceRI-induced Zn wave is significantly reduced in a;p-knockdown
BMMCs, the FceRI-induced calcium elevation is intact in these cells, as is the case
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with verapamil-treated cells. Moreover, the ectopic expression of wild-type o;p
rescues the inhibitory effect of a;p siRNA knockdown on the Zn wave. These
results suggest that the LTCC a,p subunit is a gatekeeper for the Zn wave.

This finding raises the question of how LTCC regulates the release of Zn from
the ER into the cytoplasm. The o;-subunit of LTCC contains a voltage-sensor
domain, and channel activity is elevated after membrane depolarization. The
plasma-membrane potential in BMMC:s is hyperpolarized after FceRI stimulation
(Shumilina et al. 2008; Vennekens et al. 2007). However, inhibiting the FceRI-
mediated plasma-membrane hyperpolarization by high KCI treatment does not
impair the induction of the Zn wave. Treatment with bongkrekic acid, which
inhibits ADP/ATP transport, inhibits FceRI-mediated intracellular membrane
depolarization but does not inhibit the induction of the Zn wave. These observations
suggest that regulation of the membrane potential might not affect the Zn wave
generation.

Phosphorylation of the pore-forming o;-subunit has an additional effect on
channel activity; in fact, cAMP-mediated channel activity is reduced by site-
directed mutagenesis of the PKA consensus sites of a;p (Ramadan et al. 2009).
However, a PKA inhibitor did not inhibit the Zn wave. Therefore, PKA might not
assist in regulating the Zn wave, at least not in mast cells. This event may be
controlled by as yet unidentified regulatory proteins and mechanisms on the ER
membrane.

These results show that the LTCC pore-forming o p-subunit, when expressed on
the ER membrane, functions as a gatekeeper for the Zn wave in mast cells, and that
this LTCC-mediated Zn wave may function as an intracellular Zn signal that can
positively modify signal transduction to produce inflammatory cytokines (Fig. 5.4).

5.3.3.2 ZIP9-Mediated Zn Signaling in B Cells

Taniguchi et al., using the DT40 chicken B-cell line as a model, found that the Zn
transporter ZIP9/SLC39A9 induces an increase in intracellular Zn. In contrast to the
Zn wave, which originates from the ER, the source of intracellular free Zn in these
chicken ZIP9-knockout DT40 (cZip9KO) cells is thought to be the Golgi bodies.
Consistent with this scenario, ZIP9 is thought to function in releasing Zn from the
Golgi bodies to the cytosol (Taniguchi et al. 2013).

The BCR-signaling pathway is critical for many cellular events, including cell
growth, cell proliferation, and apoptosis (Dal Porto et al. 2004; Harwood and
Batista 2008, 2010). BCR activation transduces the signal to several cascades,
including the PI-3K/Akt, PLCy2/PKC, and Ras/Raf/ERK cascades (Brazil and
Hemmings 2001; Hashimoto et al. 1998; Kurosaki 2011). These cascades are
important for the differentiation of antibody-producing cells and memory B cells.
ZIP9-mediated Zn signaling affects BCR-mediated Akt and ERK phosphorylations.
In fact, BCR-induced Akt and ERK phosphorylations are significantly decreased,
along with the enzymatic activity of protein tyrosine phosphatase (PTPase), in
¢Zip9KO cells. Consistent with this observation, overexpressing hZIP9 decreases
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Fig. 5.4 The Zn wave in FceRI-mediated mast cell activation. In a phenomenon we named the
Zinc wave, FceRI stimulation induces the rapid elevation of intracellular Zn in mast cells by
releasing Zn from the ER at the perinuclear region. The LTCCa,, subunit expressed on the ER
membrane acts as the Zn-wave gatekeeper in mast cells. LTCC-mediated Zn waves positively
regulate the NF-kB DNA-binding activity and are involved in regulating cytokine production

the PTPase activity in Zn-treated cZip9KO cells (Taniguchi et al. 2013). At present,
it is not known how ZIP9-mediated Zn signaling is regulated by BCR stimulation.
ZIP7 is reported to be activated by its phosphorylation by protein kinase CK2 in a
human breast cancer cell line (Taylor et al. 2012). This finding raises the possibility
that CK2 can phosphorylate ZIP9 and regulate ZIP9-mediated Zn signaling.

This study concluded that ZIP9 on the Golgi body membrane regulates cytosolic
Zn, enhancing the Akt and ERK phosphorylations in B cells (Fig. 5.5). Thus, Zn
signaling in B cells may occur via a mechanism similar to that of the Zn wave in
mast cells.

5.3.3.3 ZIP6-Mediated Zn Signaling in T Cells

Yu et al. found Zn signaling in T cells; TCR stimulation triggers an increase in
cytoplasmic Zn concentration within 1 min (Yu et al. 2011). This increase is
dependent on extracellular Zn concentration, suggesting that TCR stimulation
induces an influx of extracellular Zn into the T cell. Moreover, this influx of Zn is
inhibited by silencing the Zn transporter ZIP6, which is expressed on the cytoplas-
mic membrane.
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Fig. 5.5 Proposed action sites of intracellular Zn release by ZIP9 in the activation of B-cell
receptor signaling in DT40 cells. An illustration of the proposed mechanism by which Zn induces
the inhibition of protein tyrosine phosphatase (PTPase) by ZIP9 in DT40 cells, leading to the
activation of B-cell receptor (BCR) signaling. Intracellular Zn is incorporated into Golgi bodies by
ZnT5/6/7, and ZIP9 induces its release from the Golgi back into the cytosol. This Zn inhibits
PTPase activity and induces tyrosine kinase activation probably indirectly by regulating upstream
components of the signal transduction

Early TCR signaling events include the tyrosine phosphorylation of several
signaling molecules. The Src protein kinase Lck is primarily responsible for the
early phosphorylation of tyrosines within the ITAM motifs of CD3( and ZAP70
(Palacios and Weiss 2004). Extracellular Zn influences ZAP70 phosphorylation and
inhibits negative regulatory feedback loops, accounting at least in part for the
increase in ZAP70 phosphorylation. SHP-1, which dephosphorylates tyrosines
within the ITAM motifs of ZAP70 and other signaling molecules after being
recruited to Lck (Altan-Bonnet and Germain 2005), is a prime candidate target
for the ZIP6-mediated Zn signaling. In fact, an increase in Zn influx reduces SHP-1
recruitment to the TCR activation complex, augments ZAP70 phosphorylation, and
sustains calcium influx. Thus, Yu et al. proposed that the influx of Zn after TCR
stimulation leads to a local increase in cytoplasmic Zn that modifies early TCR
signaling events (Fig. 5.6).

5.4 Zn and Zn Signaling in Allergies

Many studies have reported that Zn depletion decreases immune function, indicat-
ing that Zn acts as a positive regulator in immune responses. However, the precise
roles of Zn and the molecular mechanism(s) of its function in allergic responses
have not been clarified. Here, we describe the effect of Zn and Zn homeostasis on
biological events, especially those of mast cell-mediated allergy responses, and
outline our current understanding of the physiological role of the Zn wave.
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Fig. 5.6 Zn functions as an ionic signaling molecule after T-cell activation. Cytoplasmic Zn
concentrations increase within 1 min after T-cell receptor (TCR) triggering as a result of Zn influx
via the transporter ZIP6. This increase, which is most pronounced in the immediate subsynaptic
area, enhances TCR signaling, at least partly by inhibiting the recruitment of SHP-1

5.4.1 The role of Zn in Mast Cell-Mediated
Allergic Responses

Allergy-related cells, such as mast cells, eosinophils, and basophils, are involved in
allergic reactions such as anaphylaxis, asthma, and atopic dermatitis (Galli
et al. 2008; Kawakami et al. 2009; Metz et al. 2007). Mast cell activation leads to
the secretion of two classes of mediators. The first consists of preformed mediators
that are stored in granules and can be quickly secreted in activated cells. The second
class of mediators, the cytokines and chemokines, must be newly synthesized and
are secreted more slowly. These released molecules play pivotal roles in the
inflammatory reactions observed in patients with allergies.

Intracellular Zn levels and distribution can be analyzed using the Zn probe
Zinquin, which allows the imaging of distinct pools of Zn in allergy-related cells.
Granules in mast cells, for instance, fluoresce intensely with Zinquin
(Ho et al. 2004). Airway epithelial cells are also rich in Zn (Truong-Tran
et al. 2000). Furthermore, Zn deficiency is reported to increase allergic eosinophilic
inflammation, whereas dietary Zn supplementation attenuates its intensity (Richter
et al. 2003a). Interestingly, Zn deficiency is a risk factor for asthma development
(Riccioni and D’Orazio 2005; Zalewski et al. 2005). These reports suggest that Zn
is involved in the development of allergic disease. In addition, high levels of ZIP2
are observed in the leukocytes of asthmatic infants (Xu et al. 2009). However, the
precise role of Zn and Zn transporters in allergy-related cells is poorly understood.

We showed that Zn is required for both degranulation and cytokine production in
mast cells. The Zn chelator TPEN [N,N,N,N-tetrakis (2-pyridylmethyl)
ethylenediamine] inhibits histamine release, cytokine production, and lipid media-
tor secretion. The inhibitory effects of TPEN are rescued by Zn supplement, and
chelators of other metals do not affect mast cell function (Kabu et al. 2006). These
observations indicate that Zn is crucial for degranulation and cytokine production in
mast cells. Similarly, it has been reported that Zn depletion by TPEN or by the
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clinically used heavy metal chelator DMPS (Torres-Alanis et al. 1995) inhibits the
mRNA expression of eotaxin and other chemokines in human lung cell lines
(Richter et al. 2003b). All together, these reports suggest that Zn chelators and
their derivatives are a promising source of anti-allergy drugs that may act differ-
ently from histamine antagonists and other currently available allergy treatments.

It is not clear exactly how Zn chelators inhibit mast cell function. We reported
that the degranulation of mast cells can be divided into two processes. First, FceRI
stimulation triggers microtubule polymerization and granule translocation to the
plasma membrane in a calcium-independent manner. Fyn/Gab2/RhoA signaling,
but not Lyn/SLP-76 signaling, is critical in this calcium-independent microtubule-
dependent pathway (Nishida et al. 2005). Second, the granules fuse with the plasma
membrane in a well-characterized calcium-dependent manner. To clarify the mech-
anisms behind the effect of Zn chelators, we first examined whether TPEN inter-
fered with either of these two processes. Although TPEN had little effect on
calcium mobilization or the early FceRI-induced tyrosine phosphorylation of var-
ious signaling molecules, it suppressed the FceRI-induced granule translocation.
Given that granule translocation depends on cytoskeletal proteins such as tubulin
and actin (Goode et al. 2000), and that microtubules are critical for granule
translocation and vesicle transport (Nishida et al. 2005; Smith et al. 2003), we
speculated that TPEN might affect microtubule assembly. However, such an effect
by TPEN on FceRI-induced microtubule formation has not been found, suggesting
the existence of Zn-regulated molecule(s) that are directly linked to microtubules
and granules. Kinesin receptors, or linker-cargo proteins, have been identified as
key molecules for microtubule-dependent vesicle trafficking (Schnapp 2003); thus,
the TPEN target might have a kinesin-interacting region through which it links
kinesin to vesicles. In addition, TPEN suppresses FceRI-mediated cytokine pro-
duction and the transcription of interleukin (IL)-6 and tumor necrosis factor (TNF)-
o mRNAs. PKC is activated upon FceRI stimulation and is involved in cytokine
production through NF-kB activation (Klemm et al. 2006; Nechushtan et al. 2000),
and TPEN inhibits the FceRI-mediated plasma membrane translocation of PKC
(Kabu et al. 2006). These results suggest PKC as one of the TPEN targets in
regulating cytokine production. This hypothesis is supported by findings from
other groups showing that the Zn-binding domain of PKC is required for PKC
translocation to the plasma membrane after stimulation (Oancea et al. 1998).

We demonstrated that ZnT5 is crucial in mast cell activation and mast cell-
mediated allergic reactions. Znt5 is expressed at high levels in mast cells, and its
transcription is enhanced by FceRI stimulation, suggesting that Znt5 is involved in
mast cell-mediated allergic reactions. ZnT5-KO mice have defects in mast cell-
mediated, delayed-type allergic reactions such as contact hypersensitivity, but not
in immediate-type reactions such as anaphylaxis (Nishida et al. 2009). Consistent
with this in vivo analysis, ZnT5 is required for FceRI-mediated cytokine produc-
tion, but not for degranulation, in mast cells. In ZnT5-KO mast cells, the FceRI-
induced IL-6 and TNF-a mRNAs are reduced. Finally, we showed that ZnT5 is
required for the FceRI-induced translocation of PKC to the plasma membrane and
for the nuclear translocation of NF-kB. Thus, ZnTS5 is selectively required for mast
cell-mediated, delayed-type allergic responses, and is a novel player in PKC/NF-xB



102 K. Nishida and S. Yamasaki

Antigen
II II FceRlI
—-> > +@
Fyn -— II II
| A
Gab2 Membrafie E
| translogation |
RhoA 2+ / v
. Zn v
: IKK
: ' | NF-kB signaling
Zn-dependent v 1B pathway
[_Granule translocation ] I
' NF-xB
[ Granule-membrane fusion | ZnTs
1 Golgi/ ER
Degranulation Cytokine production

Fig. 5.7 Zn and Zn transporters are involved in FceRI-mediated mast cell activation. Zn is
required in multiple steps of FceRI-induced mastcell activation, including degranulation and
cytokine production. Zn levels depend on FceRI-induced granule translocation, regulated by the
Fyn/Gab2/RhoA-mediated signaling pathway. Zn and ZnT5 are also required for PKC transloca-
tion to the plasma membrane and NF-kBs subsequent nuclear translocation, leading to the
production of cytokines such as interleukin (IL)-6 and tumor necrosis factor (TNF)-a

signaling. How ZnT5 regulates PKC translocation to the plasma membrane is still
unknown. PKC contains a Zn-binding motif, and Zn is essential for maintaining the
structure of PKC (Corbalan-Garcia and Gomez-Fernandez 2006). Mutational anal-
ysis showed that the Zn-binding domain of PKC is essential for the plasma
membrane translocation of PKC. Furthermore, in experiments utilizing ZnT5-KO
DT40 cells, Suzuki and colleagues showed that ZnT5 expressed on the ER—Golgi
membrane is required for the enzymatic activity of the Zn-dependent alkaline
phosphatases (ALPs), which are processed from apoALPs to holoALPs in the
ER-Golgi (Suzuki et al. 2005a, b). Together, these findings indicate that ZnT5
may be involved in supplying Zn to the Zn finger-like domain in PKC and ALP.
All these findings suggest that Zn and Zn transporters are involved in mast cell-
mediated allergic responses by regulating degranulation and cytokine production,
and that Zn transporters modulate the PKC/NF-kB signaling pathway, which
regulates the gene expression levels of cytokine and chemokines (Fig. 5.7).

5.4.2 Role of the Zn Wave in Mast Cell-Mediated
Allergic Responses

As already mentioned, we found that the pore-forming o;p-subunit of LTCC on the
ER membrane is involved in generating the Zn wave in mast cells. Using siRNA or
an LTCC antagonist, we found that the Zn wave can regulate cytokine gene
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induction. LTCC antagonist-treated mast cells cannot increase the intracellular
concentration of free Zn, either through a Zn wave or through the mRNA induction
and protein synthesis of IL-6 and TNF-a. Furthermore, both FceRI-induced Zn
waves and cytokine gene induction are inhibited in mast cells treated with siRNA
against the LTCC a;p-subunit. These results suggest that the Zn wave is required
for the FceRI-induced cytokine production in mast cells.

It is not certain how the Zn wave acts to induce cytokine genes. We found that
the LTCC-mediated intracellular Zn signal upregulates NF-kB DNA-binding activ-
ity and transactivation of inflammatory cytokines. This NF-kB-mediated
transactivation can be divided into three steps: NF-kB first dissociates from IkB
after IxB phosphorylation and degradation, then translocates from the cytosol to
the nucleus, and finally binds to its target sequences. We found that the frequency
of NF-xB p65 nuclear translocation is reduced in LTCC antagonist-treated cells,
even though upstream regulators are unaffected. Treatment with the exportin
inhibitor LMB enhances the amount of NF-kB in nuclei in both LTCC
antagonist-treated and LMB-treated cells, suggesting that the Zn wave is not
involved in NF-xB nuclear translocation. However, our evidence indicates that
the Zn wave is required for NF-xB DNA-binding activity. In further support of this
scenario, LTCC antagonist treatment reduces NF-xB DNA-binding activity,
whereas supplementing cell lysates with Zn enhances it. These findings suggest
that Zn wave-induced increases in intracellular Zn positively regulate NF-xB
DNA-binding activity (Fig. 5.4).

Finally, we evaluated the role of the Zn wave in allergic reactions in vivo using
an LTCC antagonist. Mast cells are effector cells for allergic responses in vivo, and
mast cell-derived cytokines, which are induced by the FceRI-mediated activation of
the PKC/Bcl10/Maltl/NF-kB signaling pathway, are involved in delayed-type
allergic responses such as contact hypersensitivity (CHS) (Klemm et al. 2006;
Nishida et al. 2009). Mast cell-derived TNF is required for a maximum CHS
response; it induces leukocyte infiltration at the inflammation site (Biedermann
et al. 2000), enhances the elongation of cutaneous nerves (Kakurai et al. 2006), and
enhances the dendritic cell migration to draining lymph nodes (Suto et al. 2006). In
this study, we revealed that treating mice with the LTCC antagonist verapamil
inhibits CHS, which is a delayed-type immune response, without affecting passive
cutaneous anaphylaxis (PCA), which is an immediate-type response. Consistent
with these results, we showed that verapamil treatment inhibits the FceRI-mediated
activation of NF-kB DNA-binding activity and cytokine gene induction, but not
calcium elevation or degranulation in BMMCs. Thus, the inhibitory effect of
verapamil on CHS might depend at least partly on the reduction of mast cell-
derived cytokine production and be independent of histamine and other mediators.

In future studies, knocking out the LTCCap-subunit in mice will further clarify
Zn wave in vivo roles in allergic and other immune responses.



104 K. Nishida and S. Yamasaki
5.5 Perspective

We have discussed new insights into the relevance of Zn, its channels, and its
transporters in immune cell responses, particularly focusing on the role of Zn as a
signaling molecule. Our studies and those of other researchers indicate that Zn
signals affect a variety of immune-signaling pathways to produce biological out-
puts. Thus, we propose that Zn functions as a signaling molecule (Fukada
et al. 2011; Hirano et al. 2008; Murakami and Hirano 2008; Nishida et al. 2011).
Many questions about the role of Zn in signaling remain to be answered. We do not
yet know the other targets, the biological significance in vivo, or the regulatory
mechanisms of Zn signaling, particularly in the Zn wave. As with calcium, it is
likely that Zn is an important intracellular signaling molecule in various systems
including immune system. We hope that recognition of the importance of Zn
signaling and Zn biology will open new avenues for future research.
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