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Summary

The present research unveils a post-translational modification that mediates gated zinc release from the
endoplasmic reticulum.

Abstract

The transition element zinc, which has recently been identified as an intracellular second messenger, has been
implicated in various signaling pathways, including those leading to cell proliferation. Zinc channels of the ZIP
protein family (Solute Carrier Family 39A, SLC39A) transiently increase the cytosolic free zinc (Zn®")
concentration in response to extracellular signals. Here, we show that phosphorylation of evolutionarily
conserved residues in zinc transporter ZIP7 is associated with the gated release of Zn®* from intracellular stores,
leading to activation of tyrosine kinases and the phosphorylation of AKT and extracellular signal-regulated
kinases 1 and 2 (ERK1/2). Through pharmacological manipulation, proximity assay, and mutagenesis, we
identified CK2 as the kinase responsible for ZIP7 activation. Together, the present results show that eukaryotic
transition element channels can be activated post-translationally by phosphorylation eliciting a cell signaling
cascade. Our study links the regulated release of zinc from intracellular stores to phosphorylation of kinases
involved in proliferative responses and cell migration, suggesting a functional role for ZIP7 and zinc signals for
these events which are characteristic of cancerous cells. Furthermore, the interaction of ZIP7 with CK2, a
kinase that is antiapoptotoc and promotes cell division, highlights the potential for ZIP7 as a target for anti-
cancer drug development.

Introduction

The essential role of zinc * is demonstrated by the deleterious effects of zinc deficiency  and by the link
between zinc regulatory dysfunction and the pathophysiology of various disease states, including
neurodegeneration 3, inflammation *, diabetes °, cancer °, and others ’. Recent data reinforces zinc’s essential
role, confirming its widespread involvement in development, immunity, reproduction, endocrinology, and
neurotransmission > * 81°. Zinc acts as a cofactor for an estimated 3,000 human proteins **, representing 10% of
the genome, and has a well-established role in regulation of gene expression through metal-responsive
transcription-factor-1 (MTF1) > *3, However, the true extent of zinc’s participation in cellular processes is only
now emerging and suggests a complexity and importance comparable to that attributed to calcium. This is
emphasized by zinc’s role as a second messenger ** involved in a regulating various pathways > ® °, often by
inhibiting protein tyrosine phosphatases (PTPs) °. Transient increases in the cytosolic free zinc ion (Zn?*) can
occur through the release of zinc from zinc-binding proteins driven by changes in cellular redox potential *°, and
by flux of Zn?* into the cytosol ® ***" through zinc channels.

The concentration of cytosolic Zn** must be tightly controlled to prevent cell death due to zinc insufficiency or
toxicity 1. This requirement, together with the fact that zinc cannot traverse biological membranes unaided, is
addressed through two families of proteins dedicated to mediating zinc movement across membranes. These are
the ZnT (Official name: Solute Carrier Family 30A, SLC30A) family of zinc transporters that remove zinc from
the cytosol into organelles or out of the cell and the ZIP (Official name: Solute carrier Family 39A, SLC39A)
family of zinc channels that increase cytosolic zinc by mediating influx across the plasma membrane or from
organelles. There are a total of 10 ZnT and 14 ZIP gene loci in humans allowing for fine-tuning of zinc
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distribution among tissues and intracellular compartments *® 1°. A study of the prokaryotic homologue, ZIPB,
which translocates zinc in a non-saturable fashion, indicates that the ZIP proteins function as Zn*" ion channels
22 However, the mechanisms whereby zinc transport is regulated have been unclear.

Zinc channel ZIP7, which resides in the membrane of the endoplasmic reticulum (ER), the Golgi, or both ** %
2 has orthologs in many species, including Drosophila (CATSUP) and Arabidopsis (IAR1) *°?* that are also
found in the ER %. At least in some cells, human ZIP7 # is essential for zinc release from the ER, a process that
results in activation of downstream signaling pathways ° that promote cell proliferation 2°. Activation of these
pathways may occur through phosphatase inhibition *°, thereby preventing de-activation of phosphorylated
tyrosine kinases. The apparent role of ZIP7 as a gatekeeper of cytosolic zinc release from the ER °, highlights
the involvement of zinc in rapid signaling, in addition to, and contrasting with, its role in mediating
transcriptional responses 2”2 Studies identifying ZIP7 as essential for zinc release from the ER employed
Tamoxifen-resistant MCF-7 breast cancer cells (TamR), which natively exhibit increased intracellular zinc ® and
ZIP7, but not other ZIP transporters 2°, compared to wild-type MCF-7 cells, and thus provide an excellent
model for investigating the role of ZIP7 in cellular zinc homeostasis. TamR cells are more aggressive than wild-
type MCF-7 cells; they show increased proliferation and increased invasiveness %, both of which are driven by
hyperactivation of the EGFR (epidermal growth factor receptor) and IGF1-R (insulin-like growth factor 1
receptor) signaling pathways and thereby of downstream effectors such as AKT and MAPK (mitogen-activated
protein kinase) ! *2. However, the ubiquitous expression of ZIP7 among organisms and cell types ?* suggests
that it mediates a fundamental role of Zn®* flux from intracellular stores.

We hypothesised that exposure of cells to exogenous stimuli, such as application of extracellular zinc, results in
ZIP7-dependant release of zinc from the ER without a prior rise in cytosolic Zn** concentration. Here, we
investigated the molecular mechanism underlying gated zinc release by ZIP7 and showed that extracellular
stimulation activates ZIP7 through phosphorylation at specific residues by the protein kinase CK2 (formerly
casein kinase 2). Protein kinase CK2 is a ubiquitously expressed tetrameric threonine/serine kinase composed
of two catalytic a subunits and two regulatory B subunits *%. Although CK2 has numerous cellular targets and
has not been previously thought to be regulated, it has been particularly implicated in cell survival and
proliferation, participating in such processes as apoptosis and mitosis **. CK2 shuttles between the cytosol and
nuclei of cells in order to support apoptosis or mitosis, respectively. ZIP7 phosphorylation by CK2 results in
ZIP7-mediated zinc release from the ER and the subsequent activation of multiple downstream pathways that
enhance cell proliferation and migration.

Results

In silico analyses identify ZIP7 as a putative target for phosphorylation by CK2

Three independent genome-wide phosphorylation screens have revealed phosphorylation of two adjacent serine
residues on ZIP7 ***", Ser?” and Ser?’, suggesting involvement of these residues in channel activity. We have
discovered that both Ser’”® and Ser® are predicted *® to be phosphorylated by CK2 fitting the consensus
sequence [S/TXXE, where S is Ser, T is Thr, E is Glu and X is any amino acid]. The presence of additional
acidic residues surrounding this sequence (Table 1) enhance the likelihood of phosphorylation by CK2. Ser?”
and Ser’’® are located cytosolically and juxtamembrane to ZIP7 transmembrane domain IV, the region
implicated in zinc transport '°. CK2 promotes cell growth, proliferation, and progression through the cell cycle
% and, because ZIP7 also increases cell proliferation °, we investigated whether CK2 was involved in ZIP7
activation.

Exogenous zinc stimulates the association of CK2 and ZIP7, leading to Zn?* release into the cytoplasm
and tyrosine kinase activation

Zinc promotes activation of receptor tyrosine kinases, and thereby of downstream pathways that promote cell
proliferation ®. We have previously established an experimental method ® whereby application of exogenous
zinc leads to ZIP7 mediated Zn®* release resulting in tyrosine kinase activation. We dissected the time course of
these events to investigate the underlying process., We then probed cell lysateswith a phospho-tyrosine
antibody, observed that zinc treatment led to activation of unspecified tyrosine kinases, with significant (P <
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0.001) tyrosine phosphorylation apparent after 10 minutes and a maximal effect after 15 min (Fig. 1A-B),
suggesting that molecules involved in ZIP7 activation had associated with it earlier than 10 min.

To determine whether CK2 associated with ZIP7, we immunoprecipitated zinc-treated cells with ZIP7 antibody
® and probed the precipitates for CK2a (Fig. 1C-D); this revealed a zinc-dependent association of CK2 with
ZIP7, which preceded tyrosine kinase activation (Fig. 1A-B). We next deployed a proximity ligation assay
(Duolink), in which a fluorescent dot appears wherever two molecules are within 40 nm, indicative of their
physical interaction, using ZIP7 and CK2a antibodies (Fig. 1 E, see also fig. S1 for pictorial data giving detailed
time course). Quantification of these interactions (Fig. 1E) revealed a significant (P < 0.001) increase in
association of ZIP7 and CK2a at 2 min, with their association returning to pre-stimulation levels after 10 min
and showing a significant (P <0.05) decrease in their association compared to the starting value by 20 min.
CK2 inhibition decreases ZIP7-dependent zinc signals

We next investigated the effect of inhibiting CK2 activity pharmacologically, using the CK2 inhibitor
dimehtylamino-4,5,6,7-tetrabromo-1H-benzamidazole (DMAT) (Fig. 2A), or decreasing its abundance with
CK2-specific siRNAs, on association of phospho-serine (pSer) with ZIP7 in TamR cells after zinc treatment
(Fig. 2B). Using FACS (fluorescence activated cell sorting) analysis to assess increases in pSer while also
probing for ZIP7, we were able to limit the investigation to the increased serine phosphorylation observed in
those cells that were positive for ZIP7. These experiments established a maximal and significant (P < 0.001)
increase in pSer in the ZIP7-positive cell population at 2 min post zinc treatment (Fig. 2A), a time that
coincided with the maximal association of ZIP7 and CK2 (Fig. 1E). This increase in pSer was suppressed by
DMAT (Fig. 2A). The presence of siRNA to ZIP7 or CK2 significantly (P < 0.001) decreased ZIP7-associated
serine phosphorylation (Fig. 2B), reinforcing the hypothesis of a link between CK2 and phosphorylation of
ZIP7. Consistent with previous observations, 5-20 min of zinc treatment elicited an increase in green
fluorescence in TamR cells grown on coverslips and loaded with the zinc-specific dye FluoZin-3 (Fig. 2C),
indicative of Zn?* release into the cytosol °. Pre-treatment with 1uM DMAT (Fig. 2C) substantially attenuated
the increase in fluorescence, emphasizing the involvement of CK2. AKT and ERK1/2 (extracellular signal-
regulated kinases 1 and 2), which are activated downstream of zinc release ®, were phosphorylated following the
external zinc stimulus; prior transfection with ZIP7 siRNA significantly reduced the increase in AKT
phosphorylation (P <0.05, Fig 2D and fig. S2), and inhibition of CK2 by DMAT eliminated the significant zinc
effect on pAKT and pERK1/2 (P <0.05 and P <0.001, respectively Fig. 2E and fig S2).

Mutation of ZIP7 (S275A:S276A) prevents its association with CK2 and cytosolic zinc signals

We generated a mutant form of ZIP7 (in which Ser?”® and Ser?”® were substituted with Ala, S275A, S276A, (fig.
S3) containing a C-terminal V5-tag that does not compromise channel function 2*; this mutant ZIP7 was
expressed robustly in MCF-7 cells (fig. S3B). Western blot (Fig. 3A and fig. S4A for densitometry
quantification) or FACS analysis (Fig. 3B) revealed that zinc treatment of MCF-7 cells expressing recombinant
wild-type ZIP7 produced a significantly increased pSer profile (P <0.05 and P < 0.001, respectively, fig S4)
similar to that observed in TamR cells, whereas cells expressing mutant ZIP7 did not. Although zinc stimulation
failed to induce serine phosphorylation of mutant ZIP7, we observed, by Western Blot, increased serine
phosphorylation of mutant ZIP7, compared to that of wild-type ZIP7, at time zero but this was not apparent on
FACS analysis (Fig. 3B). Zinc stimulated an increase in pSer in cells transfected with mutant ZIP7 that was
smaller than that in cells transfected with wild-type ZIP7, but still significant (P <0.05), which we attributed to
phosphorylation of endogenous ZIP7 (Fig. 3B). Immunoprecipitation with antibodies directed against the C-
terminal V5-tag confirmed a significant association (P < 0.05, fig S4) of wild-type but not mutant ZIP7 with
CK2 after zinc stimulation (Fig. 3C and fig. S4B for quantification of blot). Furthermore, cells transfected with
the mutant ZIP7 did not generate the Zn>* signal observed in those transfected with the wild-type ZIP7 (Fig.
3D). pERK1/2 was below the detectable limits of our assay following zinc treatment of cells expressing mutant
ZIP7, and pAKT, although detectable, possibly due to endogenous ZIP7, was significantly decreased (P <0.05,
fig. S4) compared to that in cells expressing wild-type ZIP7 (Fig. 3E and fig. S4C-D for quantification of blots).
To determine whether interfering with ZIP7 signaling caused any phenotypic changes, we investigated the
migratory behaviour of transfected cells on fibronectin-coated membranes, a measure of their metastatic
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potential *°. We found significantly increased (P<0.001) migration of cells transfected with wild-type ZIP7
increased compared to untransfected controls, whereas that of cells transfected with mutant ZIP7 was decreased
(Fig. 3F). Together, these results identify a functional mutation of ZIP7 that interferes with CK2
phosphorylation of ZIP7, prevents ZIP7-mediated zinc signals, decreases downstream signalling events, and
interferes with ZIP7-mediated cell migration.

Zinc release from stores can be stimulated without exogenous zinc treatment

We tested the ability of ZIP7 to elicit a Zn** signal in the absence of external zinc using epidermal growth factor
(EGF) or the calcium ionophore ionomycin, both of which trigger cytosolic Zn?* waves originating from the ER
14 either separately or together. Cytosolic [Zn®*] was assessed at 20 minutes using Zinquin (Fig. 4A). Although
we observed only a minor increase in [Zn?*] in cells treated with EGF or ionomycin individually, the
combination induced a cytosolic [Zn®*] increase comparable to that induced by treatment with zinc plus zinc
ionophore (Fig. 4A). Given that no external zinc was added during this experiment, this zinc signal was likely a
result of zinc release from an intracellular store. The proximity ligation assay indicated that treatment with the
combination of EGF and ionomycin also produced CK2 association with ZIP7 (Fig. 4B and fig. S5A). The
time-course of ZIP7-CK2 interactions was identical to that observed with exogenous zinc (Fig. 4B) and, as with
exogenous zinc, was coupled to the phosphorylation of AKT and ERK1/2 (Fig. 4C and D) °.

CK2 is essential for ZIP7 activation

Using the Duolink proximity ligation assay in TamR cells, we found that EGF alone increased the ZIP7- CK2
interaction slightly at 2 minutes after treatment, and that the combination of EGF+ionomycin induced a
response equivalent to that produced by treatment with exogenous zinc plus zinc ionophore (Fig. 5A). Pre-
treatment with the CK2 inhibitors DMAT or TBB (4,5,6,7-tetrabromobenzotriazole) prevented the increase in
ZIP7-CK2 association after zinc stimulation (Fig. 5A) whereas the siRNAs attenuated the increase but didn’t
actually prevent it (Fig. 5B), presumably due to the incomplete knockdown and reinforcing our observation
here that the ZIP7-CK2 association could be induced by external stimuli and inhibited by blocking CK2’s
catalytic activity.

Exogenous treatment does not alter ZIP7 intracellular location but does change quaternary structure
Fluorescent microscopy of TamR cells transfected with wild-type ZIP7 confirmed its localization to the ER
(Fig. 6A), as observed in other cell lines ®#, and showed that it did not re-locate in response to treatment with
either zinc or EGF+ionomycin. Furthermore, we used antibodies directed against the VV5-tag engineered into the
recombinant proteins to confirm localization of both wild-type and mutant recombinant ZIP7 in MCF-7 cells to
the ER (fig. S3B), a location mirrored by our ZIP7 antibody (fig. S3C). We compared Western blots probed
with a ZIP7 antibody under reducing or non-reducing conditions to investigate the ability of zinc to change the
conformation of ZIP7 (Fig. 6B). In reducing conditions, ZIP7 was identified in a band close to the predicted
molecular mass of 50kDa ** %!, as well as in two bands of higher mass, suggestive of post-translational
modifications. However, in non-reducing conditions, we observed a ZIP7 band at approximately 120kDa,
suggestive of a possible dimer (Fig. 6B) that changed to a larger high-molecular weight band with 5min of zinc
treatment, a time course consistent with the onset of ZIP7-mediated zinc transport, suggestive of the formation
of a protein multimer incorporating ZIP7.

Discussion

The Ca?* ion has been recognized as a second messenger since the early 1970°s “°. Compelling evidence now
exists that the Zn** ion also fulfils the necessary criteria to be classified as a second messenger **. Although
cytosolic Zn** signals may arise from changes in abundance of zinc transporters® there is at least one instance
where an extracellular stimulus gives rise to a cytosolic Zn?* wave, originating from the ER, within minutes *.
Furthermore, activation of proliferative tyrosine kinase pathways in breast cancer cells (MCF-7 and TamR)
depends on the release into the cytosol of Zn?* from the ER, mediated by the zinc channel ZIP7 ° °. Here, we
have demonstrated that treatment of TamR or MCF-7 cells with external zinc plus zinc ionophore, or with the
combination of EGF and the calcium ionophore ionomycin, elicits a physical association between the protein
kinase CK2 and the zinc channel ZIP7 that peaks within two minutes. These results strongly suggest that CK2
then phosphorylates ZIP7 at Ser’” and Ser?’®, and this is followed by an increase in cytosolic free [Zn*'],
phosphorylation of ERK1/2 and AKT, and cell migration. Therefore, we propose a model whereby
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phosphorylation of ZIP7 by CK2 mediates the gated release of Zn?* from ER stores into the cytosol (Fig. 6),
producing a transient intracellular pool of Zn** that subsequently activates cellular signaling pathways. No
cytosolic ‘free’ zinc was apparent in these cells until after zinc release from the ER (Figs. 2 and 3), as was also
the case with EGF and ionomycin stimulation (Fig. 4). Thus we do not believe that the added exogenous zinc
and ionophore cause a rise in cytosolic zinc before it is released from the ER by ZIP7. This is consistent with
the belief that there is nofree zinc in cells but that it is mopped up by a ‘muffler’ (9).

There are two alternative explanations for our data: phosphorylation of ZIP7 could lead to its association with
another ion channel, which then releases zinc from the ER; or could promote its relocation to the plasma
membrane, enabling the influx of extracellular zinc. We consider both of these scenarios unlikely because ZIP7
was not observed in the plasma membrane and because treatment with EGF and ionomycin generated a Zn?*
signal, which was dependent on CK2 phosphorylation of ZIP7, in the absence of externally added zinc. Thus,
although we cannot entirely reject either of these alternative explanations, we contend that the gated release of
Zn** from the ER through ZIP7 following ZIP7 phosphorylation is more probable.

The zinc importer, SLC39A4 (Zip4) is functional in the apical membrane of several transporting epithelia *%,
and are internalised and degraded in response to zinc excess. Transporters for copper and iron are regulated by
trafficking in response to cellular metal levels. These include the divalent metal transporter-1 (DMT1) which
relocates to lysosomes in high iron conditions **, the copper importer, CTR1 which shuttles between the plasma
membrane and internal vesicles depending on cellular copper status ** and two P-type copper ATPases, ATP7A
and ATP7B, which translocate to post-Golgi vesicles or plasma membrane ** during high copper and traffic
back to trans-Golgi network during copper depletion, a process that can involve modification by
phosphorylation or glutathionylation *°. Thus, post-translational regulation of transition metal transporters
involve cellular location changes and there is clear precedent for involvement of phosphorylation as a
mechanism for transition metal trafficking, but the present study is the first to demonstrate activation of a
eukaryotic transition metal channel resulting in a rapid influx of the solute. The requirement for such a
mechanism may be explained by the action of the Zn?* ion as a second messenger and in this respect, cellular
roles of zinc much resemble those of Ca®*, which is also released into the cytosol by gated mechanisms “.

ZIP7 abundance is increased in tumors being one of the top 10% of genes overexpressed in many poor
prognostic cancer states ° and shows a statistically significant positive correlation of mRNA expression with
known indicators of poor outcome in breast cancer, such as the proliferation marker Ki67 2°. This, together with
current thinking that CK2 is essential for the neoplastic phenotype and can also act as an oncogene when
overexpressed %/, suggests that these two molecules may have a common role in cell survival. The fact that
CK2 inhibitors decrease the viability of various cancer cells, including prostate cancer cells and tamoxifen-
resistant MCF-7 breast cancer cells * adds further weight to this view,, supporting the possibility that CK2 and
ZIP7 may function together to mediate Zn* signals.

Targeting ZIP7-mediated release of zinc in breast cancers leads to loss of growth, invasion and signaling ®. The
identification here of a CK2-mediated phosphorylation switch for activating ZIP7 to release zinc opens the door
to the use of CK2 inhibitors, which are well tolerated by cancer patients *°, to treat breast cancer Furthermore,
because intracellular zinc signals inhibit protein tyrosine phosphatases *°, targeting zinc release could prevent
activatiopsé)f multiple tyrosine kinases and their associated signalling pathways, thereby benefiting cancer
patients > >,

CK2, which is a key regulator of many proteins and pathways >* *, has been considered to be constitutively
active °1. Here, we observed that CK2 transiently associated with and serine-phosphorylated ZIP7 following the
appropriate extracellular stimuli, indicating that CK2 must be regulated through changes in its activity, its
physical location, or both. In any event, the involvement of CK2 in promoting zinc flux from the ER is
intriguing, given that each regulatory B-subunit coordinates a zinc atom in a C4 zinc finger and these motifs are
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essential for assembly of the holoprotein °2. Thus, it is tempting to speculate that zinc itself regulates CK2
activity.

There are 14 human ZIP (SLC39) zinc channels and 10 ZnT (SLC30) zinc transporters that may be similarly
activated by cell signaling events. Additionally, several Ca** channels are highly permeable to Zn®** and it is
possible that other ion channels can generate Zn?* signals **. Zinc signals can also occur in response to changes
in the cellular redox state; the zinc-binding protein, metallothionein (MT), which releases Zn** under oxidative
conditions, is at the center of this redox switch *3. . As with calcium, there is now substantial evidence for a role
for cytosolic Zn?* signals in regulating cell functions from the start of life ® through to cell death >* *°.

A zinc signal stimulates exit from meiosis in mouse oocytes >°, zinc influx through Zip6 controls gastrulation in
zebrafish °, and activation of mast cells produces cytosolic zinc release from ER **. The ZIP7 residues that
comprise the CK2 phosphorylation site are strongly conserved between species (Table 1), even in plants,
suggesting that their interaction is fundamental to eukaryotic life. Further investigation of the evidence for
phosphorylation of other zinc transporters from mass spectrometry analysis ° is required to determine the full
extent of the role of phosphorylation in regulation of zinc signals. Our identification of phosphorylation as
responsible for activating regulated zinc release indicates that their interaction may provide a mechanism by
which cells can evoke zinc signals. Further investigation of the evidence for phosphorylation of other zinc
channels and transporters from mass spectrometry analysis °is required to determine the full extent of the role of
phosphorylation in regulation of zinc signals.

Materials and Methods

Cell preparation and treatments

The development of Tamoxifen-resistant (TamR) cells from MCF-7 breast cancer cells has been described °.
CK2 inhibitor dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT at 1uM) or 4,5,6,7-
tetrabromobenzotriazole (TBB at 25uM) were added for 1 hour prior to stimulation with zinc. Zinc stimulation
was with 20uM zinc in the presence of 10puM zinc ionophore (sodium pyrithione) in phenol red-free RPMI + 4-
OH Tamoxifen without serum. Zinc-free stimulation was with EGF (10ng/ml) or 500nM ionomycin (or both) in
phenol red-free RPMI + 4-OH Tamoxifen without serum, with no zinc added °’.

For immunoprecipitations, 1pg of antibody was incubated with 500pg protein and 20pl of EZview  Red
Protein A Affinity Gel (Sigma) beads overnight. Cells were lysed for 1 hour in ice-cold lysis buffer [5.5mm
EDTA, 0.6% Nonidet P40, 1/10 mammalian protease inhibitor cocktail (Sigma) in Krebs-Ringer HEPES buffer
(KRH)] and separated by 10% SDS-PAGE as described previously 2*. Primary antibodies for Western Blot were
as follows: p-ERK1/2™%2¥2%4 (1/1000) and pAKT®*"® (1/1000), New England Biolabs Ltd., UK, pB-actin
(1/10,000) and cell-permeable zinc chelator N,N,N_,N_-tetrakis-(2-pyridylmethyl) ethylenediamine (TPEN),
Sigma-Aldrich (Poole, UK) and pTyr, pSer, and CK2a antibodies from Santa Cruz Biotechnology, Inc.,
Germany. The ZIP7 polyclonal antibody (1/100) has been described previously °. The mouse V5 antibody
(1/1000) was from Invitrogen.

Preparation of cells for fluorescence microscopy has been described ®. Briefly, cells were seeded on coverslips
and harvested when approximately 70% confluent. After appropriate treatment cells were fixed in 3.7%
paraformaldehyde and permeabilised as required using 0.4% saponin in phosphate buffered saline with 1%
albumin. All images, except PLA images, were processed with one level of deconvolution using Openlab
software (Improvision). For imaging zinc, cells were loaded with the cell-permeable zinc specific dye Fluozin-3
(5uM, Invitrogen) or Zinquin (25uM, Cambridge Bioscience, Cambridge, UK) for 30 mins at 37°C prior to zinc
treatment as described °.

Transfections

The recombinant construct for ZIP7 with the C-terminal V5 tag in vector pcDNA3.1/V5-His-TOPO # was
mutated (S275A and S276A) using the Stratagene Quickchange kit and its sequence confirmed by sequencing
(fig. S4). MCF-7 cells were transfected for 18 hours with wild-type or mutant ZIP7 constructs using
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lipofectamine 2000 (Invitrogen) as previously described . TamR cells were transfected for 3 days with SIRNA
pools to ZIP7 or CK2 (Dharmacon) using siRNAMax reagent (Invitrogen) as described °.

Proximity Ligation Assay

Cells on 8-well chamber slides (Lab-Tek, Fisher) were fixed in 3.7% formaldehyde in PBS for 15 minutes
followed by a Proximity Ligation Assay (PLA) using the Duolink red kit (Cambridge Bioscience) according to
manufacturer’s instructions. Wells were removed from the chamber slides before blocking (DUOLInk kit) and
incubation with ZIP7 (1/200) or CK2a. antibodies (1/200, Santa Cruz) for 1 hour, followed by rabbit PLA plus
and mouse PLA minus probes (containing oligonucleotides) at 37°C for 1 hour, ligase for 30 minutes at 37°C to
hybridize PLA probes and generate a closed circle before DNA amplification (rolling circle amplification), and
conjugation to Alexa Fluor 594 for 100 minutes at 37°C. Coverslips, mounted on slides with Vectashield with
DAPI, were viewed on a Leica RPE automatic microscope using ax63 oil immersion lens acquired using a
multiple band pass filter set appropriate for 4,6-diamidino-2-phenylindole (DAPI) and Texas Red and presented
as maximal projections of 25 stacks taken 0.3um apart. Numbers of dots per cell were determined using image
tool software from Olink and presented as average values £SD.

FACS analysis

Cells for FACS analysis were dislodged using 3mM EDTA in PBS and resuspended in Phenol red-free RPMI
medium before treatment with zinc plus ionophore at 37°C and incubation with antibodies directed against ZIP7
(1/50) or pSer (1/50) antibodies for 1 hour on ice followed by secondary antibodies to Alexa-Fluor 488 and
phycoerythrin PE for 30 minutes on ice. Results were expressed as a two parameter dot plot displaying FITC
detection channel (FL1) on x-axis and PE detection channel (FL2) on y-axis. Values were adjusted for
compensation of overlapping fluorescence using manufacturer’s instructions.

Migration Assay

Cells expressing wild-type or mutant ZIP7 were seeded onto fibronectin-coated (100ug/ml) microporous
membranes (8mm pore size, Costar Ltd) at 50,000 cells/membrane + 20uM zinc without ionophore and cultured
for a period of 48hrs. The migratory cells, those which passed across the porous membrane from the inside of
the insert to the outside of the membrane, were fixed, stained and counted. Cell migration was quantified as the
mean number of cells observed in each of 6 random fields of view per sample, in duplicate. Differences
between groups were statistically compared using the paired t-test.

Statistical analysis

Statistical analysis was performed on all data using ANOVA with post hoc Dunnett and Tamhane tests with the
exception of the migration assay. Significance was assumed with P <0.05. Error bars shown represent standard
deviations calculated from a minimum of n=3 different experiments.
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Figure Legends

Figure 1. Zinc release activates tyrosine kinases downstream of CK2 binding ZIP7.

(A-B) TamR cells were treated with 20 uM zinc plus sodium pyrithione and lysates probed by Western analysis
with a phosphotyrosine (pTyr) antibody (A). pTyr, quantified by densitometry on blots from three independent
experiments was normalized to B-actin and displayed as mean = SD with significant (P < 0.001) changes over
time O indicated by ** (B). (C-D) TamR cells, treated with zinc for 5 minutes, were immunoprecipitated with
antibody directed against ZIP7. Western Blot was probed with antibodies directed against CK2a (C) or ZIP7 (as
loading control); mean values £ SD calculated from N=3 experiments and normalized to ZIP7 (D) showed a
significant change (P < 0.001 indicated by **) in the association of CK2a and ZIP7. (E) Proximity ligation
assay was performed with anti-ZIP7 and anti-CK2a antibodies in TamR cells treated with zinc. Fluorescent dots
in inserts demonstrate ZIP7 and CK2a in close proximity (<40nm). Complete time course and antibody-free
controls shown in fig. S2. Pooled results as 25 stacks taken 0.3um apart from at least 6 representative fields of
view in 3 experiments are expressed as mean dots/cell £ SD. Significant changes compared to time O are
indicated by * (P <0.05) and ** (P <0.001). Scale bar=10um.

Figure 2. CK2 inhibition decreases ZIP7-dependent zinc transport.

(A) FACS analysis of TamR cells treated with zinc plus sodium pyrithione and probed with antibodies directed
against pSer and ZIP7. The increased percentage of cells with activated pSer abundance was recorded as
maximum at 2 minutes after zinc treatment (** P <0.001) as a function of ZIP7 and was abolished by DMAT
pretreatment. (B) Parallel FACS analysis demonstrated that CK2 or ZIP7 siRNA attenuated the increase in pSer
as a function of ZIP7 by over 50%. Results displayed in panel B represent cells with increased pSer expressed
as a percentage of control cells with the mean £ SD calculated from n=3 experiments. (C) TamR cells (control),
loaded with Fluozin-3 showed increased green fluorescence after 10 minutes of zinc treatment; pre-treatment
with CK2 inhibitor DMAT largely prevented this increase. Nuclei were counterstained blue with DAPI. Scale
bar=10um. (D-E) ZIP7 siRNA significantly decreased pAKT at 5 minutes (P < 0.05, fig. S2) (D) and the CK2
inhibitor DMAT reduced the significant increase in pAKT at 5, 10 and 15 mins (P < 0.05, Fig. S2) and
pERK1/2 at 5 min (P < 0.001, Fig. S2) and 10 and 15 mins (P < 0.05, Fig. S2) to undetectable levels (E);
representative of N=3 experiments. See fig. S2 for quantification of blots D-E.

Figure 3. Mutation of ZIP7 (S275A:S276A) prevents its association with CK2 and zinc release

(A) MCEF-7 cells transfected with wild type or mutant ZIP7 were treated with zinc and analysed for pSer by
Western blot. There was significant activation of pSer in cells expressing wild-type ZIP7 at 2 and 5 mins (P <
0.001 and P < 0.05, respectively, see Fig. S4) whereas this was absent in cells expressing ZIP7 mutant.
Representative of n=3 blots. (B) Parallel FACS experiments determined the extent of activated pSer in ZIP7
positive cells in N=3 experiments and expressed as mean = SD. Cells expressing wild-type ZIP7 showed
increased activation of pSer throughout compared to time 0 (indicated by * (P < 0.05) and ** (P < 0.001),
especially at 2 minutes, in contrast to cells expressing mutant ZIP7 which showed a small 10% increase only at
the 2 minute time point. (C) Recombinant ZIP7 proteins immunoprecipitated with V5 antibody after 5 minutes
of zinc treatment and probed for CK2a. Cells transfected with wild-type ZIP7 showed a significant increase in
CK2a when treated with zinc (P < 0.05, see Fig S4). Representative of N=3 experiments.(D) Cells expressing
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mutant ZIP7 did not show increased green Fluozin-3 fluorescence after zinc treatment, indicative of no
cytosolic Zn** release. Nuclei were counterstained blue with DAPI. Representative of N =3 experiments Scale
bar=10um. (E) Cells expressing mutant ZIP7, in contrast to wild-type ZIP7, did not show a significant ERK1/2
phosphorylation in response to zinc treatment (P < 0.05, Fig. S4) and showed a significantly decreased
phosphorylation of AKT (see Fig.S4). Representative of N=3 experiments (F) Mutant ZIP7 transfected cells
showed significantly decreased migratory potential over 48 hours in the presence of zinc compared to cells
transfected with wild-type ZIP7 (P<0.001 using an independent t-test, indicated by **) N=3 experiments. See
Fig. S4 for quantification of Western blots in this figure.

Figure 4. Zinc release from stores can be stimulated without exogenous zinc treatment.

(A) TamR cells were loaded with zinquin, exposed to different stimuli, and imaged 20 minutes later to assess
intracellular zinc. Fluorescence with EGF+ionomycin was comparable to that with zinc plus sodium pyrithione,
indicating that EGF+ionomycin stimulated zinc release into the cytosol in the absence of extracellular zinc.
Representative of N= 3 experiments. Scale bar=10um. (B) Proximity ligation assay performed in TamR cells
with anti-ZIP7 and anti-CK2a antibodies demonstrates that EGF + ionomycin generate a transient association
between ZIP7 and CK2, with a maximal increase compared to time 0 (* P < 0.05) at 2 minutes. Overlaid with
effects of zinc treatment to aid comparison. Fluorescent dots in inserts demonstrate ZIP7 and CK2a in close
proximity (<40nm). Complete time course and validation of CK2 antibody shown in Fig. S5. Pooled results
from over 3 representative fields from each of N=3 experiments are expressed as mean + SD dots/cell. Scale
bar=10um. (C-D) Western blot analysis of pAKT and pERK1/2 confirmed that treatment with EGF and
ionomycin showed phosphorylation consistent with cytosolic Zn®* release. Densitometry of n=3 blots
normalized to B-actin demonstrate a significant increase compared to time 0 (** P <0.001), results are given as
mean + SD.

Figure 5. CK2 is essential for ZIP7 activation (A-B) Duolink proximity assay performed with rabbit anti-
ZIP7 and mouse anti-CK2 antibodies to assess the association of these molecules within TamR cells under
various conditions. Pooled results from at least 3 representative fields of view from each of N=3 experiments
are expressed as mean £ SD dots/cell. Significant changes compared to control cells with no treatment are
indicated by * (P < 0.05) and ** (P < 0.001). (A) TamR cells stimulated with: 20uM zinc with 10uM zinc
ionophore (sodium pyrithione), EGF (10ng/ml), or EGF (10ng/ml) and ionomycin (500nM). generated a
significant increase in the association of ZIP7 with CK2a. The zinc-induced association was abolished by pre-
treatment with the CK2 inhibitors DMAT or TBB. (B) Transfection of TamR cells for 3 days with siRNA
directed toward either ZIP7 or CK2 suppressed the zinc stimulated increase in association observed between
these molecules.

Figure 6. Intracellular location and quaternary structure of ZIP7 during zinc treatment.

(A) Imaging of recombinant wild-type ZIP7 in TamR cells after treatment with zinc or EGF + ionomycin in
permeabilized cells probed with V5 antibody which was conjugated to Alexa-Fluor 594 (red). The nuclei were
counterstained blue with DAPI. Representative of N= 3 experiments. Scale bar=10um. (B) TamR cells treated
with zinc were probed for ZIP7 under reducing or non-reducing conditions. Under non-reducing conditions the
ZIP7 band approximating 50kDa, increased to100kDa, a size consistent with its dimerization. Under reducing
conditions, zinc treatment increased the two bands between 50-75kDa that were replaced under non-reducing
conditions with a high molecular mass band greater than 250kDa. The lower bands indicative of cellular
processing were evident in both reducing and non-reducing conditions. Representative of N= 3 blots.

Figure 7. Schematic showing the temporal relationship of CK2 association with ZIP7 and zinc release
Schematic illustrating the time course of the effect of zinc treatment on phosphorylation of ZIP7 by CK2 and
the subsequent zinc release from the endoplasmic reticulum. The ticks represent relative abundance where 3
ticks represents maximum.

Supporting online material

Figure S1

Proximity Ligation assay images and control results.(A) Representative figures of proximity ligation assay of
ZIP7 and CK2a stimulated with zinc in Fig 1E Scale bar = 10um. (B) Representative figures of no antibody
controls for proximity ligation assay in Figs 1E and 4B. Scale bar = 10um. (C) Control results for proximity
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ligation assay lacking single and both antibodies and representative of n=3 experiments and expressed as mean
+SD

Figure S2,

Densitometry analysis of pooled Western Blot results for Fig. 2. (A) Densitometry analysis of pooled Western
Blot results from Fig 2D from n=3 experiments and expressed as mean £SD. * denotes significance from time
zero (P < 0.05) . (B) Densitometry analysis of pooled Western Blot results from Fig 2E from n=3 experiments
and expressed as mean +£SD. * denotes significance from time zero (P < 0.05) and ** denotes P < 0.001. (C)
Densitometry analysis of pooled Western Blot results from Fig 2E from n=3 experiments and expressed as
mean +SD. * denotes significance from time zero (P < 0.05) .

Figure S3

Characterisation of ZIP7 mutants and ZIP7 antibody.(A) Sequencing demonstration of S275 and S276 mutated
to A275 and A276 in ZIP7 sequence. (B) MCF-7 cells transfected with either wild-type or mutant ZIP7 and
probed with V5 antibody conjugated to Alexa-Fluor 488 (green). Nuclei stained blue with DAPI. Scale bar =
10pum. (C) MCF-7 cells transfected with wild-type ZIP7 and probed with ZIP7 antibody conjugated to Alexa-
Fluor 488 (green), V5 antibody conjugated to Alexa-Fluor 594 (red) and nuclei stained blue with DAPI. Scale
bar = 10pum.

Figure S4,

Densitometry analysis of pooled Western Blot results for Fig.3.(A) Densitometry analysis of pooled Western
Blot results from Fig 3A from n=3 experiments and expressed as mean £SD. * denotes significance from time
zero (P <0.05) and ** denotes (P <0.001). (B) Densitometry analysis of pooled Western Blot results from Fig
3C from n=3 experiments and expressed as mean +SD. * denotes significance from time zero (P < 0.05) . (C)
Densitometry analysis of pooled Western Blot results from Fig 3E from n=3 experiments and expressed as
mean £SD. * denotes significance from time zero (P < 0.05) and ** denotes (P < 0.001) . (D) Densitometry
analysis of pooled Western Blot results from Fig 3E from n=3 experiments and expressed as mean £SD. *
denotes significance from time zero (P < 0.05) .

Figure S5,

Proximity ligation assay images and CK2a antibody control. (A) Representative figures of proximity ligation
assay of ZIP7 and CK2a stimulated with EGF and ionomycin in Fig 4B Scale bar = 10um. (B) CK2a antibody
recognises a single band on Western Blot of appropriate size in TamR cells
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Table 1. Conservation of residues equivalent to Ser?” and Ser?”® in human ZIP7

Species Common name No. Alignment

Homo sapiens human 270 TKEKQSSEEEEKE
Pan troglodytes chimpanzee 364 TKEKQSSEEEEKE
Bosctaurus cow 270 TKEKQSSEEEEKE
Pongo abelii orangutan 270 TKEKQSSEEEEKE
Ovis aries sheep 270 SKEKQSSEEEEKE
Mus musculus mouse 278 SKEKPSTEEE-KE
Canis familiaris dog 270 SKEKQSSEEEEKE
Sus scrofa pig 270 SKEKQSSEEEEKE
Ailuropoda melanoleuca panda 273 SKEKQSSEEEEKE
Rattus norvegicus rat 270 SKGKPSSEDE-KE
Danio rerio zebrafish 257 PKSKDSDEEDDKK
Deosophila melanogaster fruit fly 257 PAKKKSSDKEDSG
Oncorhynchus mykiss trout 265 PKAKESDGEKKKK
Oriza sativa rice 334 PNKALSSEDSSVS
Zea mays maize 265 LNYQKSDTDGKDI
Anopheles gambiae mosquito 313 EAPTKSKKEEAKA
Xenopus laevis frog 276 IVDDATEKEEEKD

275 276

Alignment of conserved residues equivalent to Ser®™ and Ser®”™ in human ZIP7 around the consensus CK2
phosphorylation site and in a wide range of different species. The consensus motif for CK2 phosphorylation is
S/TXXE where S is Ser, T is Thr, X is any amino acid and E is Glu. Residues fitting the CK2 phosphorylation
motif are coloured red. Residues coloured blue have a complementary D for Asp residue in place of Glu



