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Abstract

Zinc has been known to be essential for cell division for over 40 years but the molecular pathways involved remain elusive.
Cellular zinc import across biological membranes necessitates the help of zinc transporters such as the SLC39A family of
ZIP transporters. We have discovered a molecular process that explains why zinc is required for cell division, involving two
highly regulated zinc transporters, as a heteromer of ZIP6 and ZIP10, providing the means of cellular zinc entry at a specific
time of the cell cycle that initiates a pathway resulting in the onset of mitosis. Crucially, when the zinc influx across this
heteromer is blocked by ZIP6 or ZIP10 specific antibodies, there is no evidence of mitosis, confirming the requirement for
zinc influx as a trigger of mitosis. The zinc that influxes into cells to trigger mitosis additionally changes the phosphorylation
state of STAT3 converting it from a transcription factor to a protein that complexes with this heteromer and pS**Stathmin,
the form allowing microtubule rearrangement as required in mitosis. This discovery now explains the specific cellular role
of ZIP6 and ZIP10 and how they have special importance in the mitosis process compared to other ZIP transporter family
members. This finding offers new therapeutic opportunities for inhibition of cell division in the many proliferative diseases
that exist, such as cancer.

Keywords SLC39A6 - SLC39A10 - Zinc transport - Cell division - pSer’?’STAT3 - Cell cycle progression - Cell growth

Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00018-020-03616-6) contains

> o : g Zinc is essential for life [1] and as such has indispensable
supplementary material, which is available to authorized users.

roles in most biological systems. At least 10% of the human

D4 Kathryn M. Taylor proteome are zinc-binding proteins [2], and more than 3% of

Taylorkm @cardiff.ac.uk all genes encode proteins with zinc finger domains. Accord-

) ingly, zinc plays a vital role in processes that are essential for
Department of Pathology, Phramongkutklao College . . . . . .

of Medicine, 315 Ratchawithi Road, Thung Phayathai, cell. su.rV1val, %ncludmg 51gna.l transduction, gene express19n,

Ratchathewi, Bangkok 10400, Thailand meiosis [3], immune functions [4], control of apoptosis,

and cell cycle progression [5]. Zinc is vital during different

cell cycle stages [6—8] as well as indispensable for passage

through G2/M [8], suggestive of a regulatory role for zinc

Breast Cancer Molecular Pharmacology Group, School
of Pharmacy and Pharmaceutical Sciences, Redwood
Building, Cardiff University, King Edward VII Avenue,

Cardiff CF10 3NB, UK

Departments of Biochemistry and Molecular Biology,
Kansas City, USA

Anatomy and Cell Biology, Medical Center, University
of Kansas, Kansas City, KS 66106, USA

School of Biosciences, Cardiff University, Sir Martin Evans
Building, Museum Avenue, Cardiff CF10 3AT, UK

Metal Metabolism Group, Diabetes and Nutritional Sciences
Division, Faculty of Life Sciences and Medicine, King’s

College London, 150 Stamford Street, London SE1 9NH, UK

Published online: 14 August 2020

in mitotic entry. Furthermore, zinc has been known for over
40 years to be crucial for cell division, as established by
demonstration of a zinc-dependent step in the G2 stage of
the cell cycle [9] and how zinc was essential for progression
from G2 to mitosis [10], confirming the ability of zinc to
reverse a divalent cation chelating agent induced suppression
of cell cycle progression [11], although the exact molecular
mechanism is still unknown.
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Despite many years of study of the role of zinc in
enzymes and transcription factors, it has more recently been
classified as an intracellular second messenger, transducing
an extracellular stimulus into intracellular fluctuations of
zinc ions that affect signalling cascades [12]. One pathway
involves the release of zinc from a store in the endoplasmic
reticulum [13] which activates multiple downstream path-
ways required to promote cell survival and growth.

Due to its role in cell proliferation, zinc has been inves-
tigated in cancer for many years. Serum zinc can decrease
in cancer [14—17] whereas zinc within the cancer tissue is
often elevated compared to normal tissue perhaps reflecting
the higher requirement for growth [18-20]. One exception
to this is prostate cancer where the zinc is decreased [21].
Accordingly, chelating zinc has been explored as a means
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to stop proliferative growth of cancer tissues [22]. The addi-
tional zinc seen in cancers is usually supplied by various
zinc transporters from the SLC39A family [23] [24-26].
Two close homologues within this family, ZIP6 (SLC39A6,
also known as LIV-1) and ZIP10 (SLC39A10) [27, 28],
with a 43.5% sequence identity, are on the same clade of
the ZIP family phylogenetic tree [29] and have both been
independently implicated in cancer [23, 29]. ZIP6 was first
discovered as an oestrogen-regulated gene [30] present in
breast cancers with lymph node involvement [31] and more
recently used as a biomarker of oestrogen-receptor-positive
luminal-type-A breast cancer [32, 33], a relationship con-
firmed both in cell lines and clinical material [34]. ZIP10
has also been connected to cancer progression as a marker of
metastatic breast cancer [35], an indicator of aggressiveness
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«Fig.1 The ZIP6/ZIP10 heteromer is increased in mitosis. a Non-
permeabilised Mitotic MCF-7 cells (arrow) have increased staining
for ZIP6 (red, ZIP6-Y antibody) and ZIP10 (green, ZIP10B anti-
body) on the plasma membrane in contrast to the non-mitotic cells.
Nuclei stained blue with DAPI. b, ¢ FACS cell cycle analysis con-
firms the increase compared to control in the G2/M population in
nocodazole-treated cells (b) as well as the increase in non-adherent
cells collected after mitotic shake-off (c), compared to the adher-
ent cells from the same dishes. Results of three independent experi-
ments are demonstrated as mean=+SD. Statistical significance is
determined by Student’s ¢ test.***p <0.001. d MCF-7 cells treated
with nocodazole for 20 h have increased mitosis as judged by mitotic
marker pS!®HistoneH3 as shown from a representative blot of more
than three experiments. ZIP6 is significantly increased in mitotic
cells and the active N-terminal-cleaved form of ZIP6 as a 68 kDa
band is recognised by both ZIP6 antibodies (ZIP6-Y recognises
N-terminus and ZIP6-SC recognises the cytoplasmic loop between
TM3-4). ZIP10 undergoes cleavage in mitosis; Using the N-termi-
nal antibody ZIP10B the full length protein (105 kDa) decreased in
the nocodazole-treated population and the smaller cleaved fragment
increased significantly (45 kDa). Using the cytoplasmic loop anti-
body ZIP10S, an increase in the 60 kDa band was observed in mito-
sis which corresponded to the remainder of ZIP10 after removal of
some of the N-terminus. Statistics (student ¢ test) were compared to
control. e FACS cell cycle analysis of transfected cells, divided into
adherent and non-adherent populations after mitotic shake off show-
ing that transfection with ZIP6 or ZIP10 increased the cells in G2/M
whether from the adherent on nonadherent populations. Results of at
least three independent experiments are shown as mean+ SD Statisti-
cal significance comparing results to control samples was performed
using ANOVA with Dunnett post-hoc and is shown as ***(p <0.01)
or ***(p<0.001). f Proximity ligation assay (PLA) using ZIP6-Y
and ZIP10B antibodies in nocodazole-treated MCF-7 cells, produces
significantly increased dots (red) in mitotic cells (white arrows) com-
pared to non-mitotic cells. Nuclei stained with DAPI (blue). Repre-
sentative picture of quantitative measurements from at least 6 images
of 25 stacks taken 0.3 pm apart from 3 independent experiments are
demonstrated as mean+standard error. Statistical significance was
compared between mitotic and non—mitotic cells using ANOVA
with Dunnett post-hoc and is shown as ***p<0.001. Scale bar,
25 pm

of renal cell carcinoma [36] and associated with the expres-
sion of oestrogen receptor, ERBB3 and STAT?3 in clinical
breast cancer [34]. Interestingly, STAT3 is also known to
increase the expression of ZIP6, a protein promoting cell
migration [23, 37].

The observed similarity between ZIP6 and ZIP10 is rein-
forced by our recent demonstration of a ZIP6/ZIP10 heter-
omer [29]. This ZIP6/ZIP10 heteromer has a functional role
in epithelial-mesenchymal transition (EMT), a fundamental
event during gastrulation and cancer metastasis enabling
individual cells to lose their cell-cell adherence, allowing
cell rounding and detachment. Removal of either the ZIP10
gene [29] or the ZIP6 gene [38] produces an identical phe-
notype in zebrafish gastrulation, causing EMT by removal
of the adherence protein E cadherin (CDH1).

Grouping together the fact that no mechanism exists to
explain the obligatory zinc required for mitosis and that
both ZIP6 and ZIP10 cause cell rounding, the first step in

the mitotic pathway, we examined whether these transport-
ers have any function in mitosis. Here we reveal how the
zinc influx across the ZIP6/ZIP10 heteromer has a crucial
purpose to initiate mitosis. Furthermore, we demonstrate
the essential role of the ZIP6/ZIP10 heteromer in driving
mitosis by the ability of our ZIP6/ZIP10 blocking antibod-
ies to completely prevent mitotic entry, even in the presence
of agents that cause mitosis. Additionally, we determine
important interacting proteins in this pathway by dem-
onstrating that the ZIP6/ZIP10 heteromer interacts with
both pS’>’STAT3, the phosphorylation of which is zinc-
dependant, and pS3SStathmin, a known regulator of mitotic
entry [39]. These data together define how zinc initiates the
mitotic pathway and opens a new research avenue for novel
therapeutic targets for diseases whose phenotypes include
increased cell proliferation, such as cancer.

Results
The requirement of ZIP6 and ZIP10 for mitosis

The ZIP6 protein is not only highly regulated in cells but also
responsible for causing cell rounding [23], an essential early
component of mitosis. Using antibodies with epitopes on the
extracellular N-terminus, both ZIP6 (red) and ZIP10 (green)
are visible preferentially on the outside of non-permeabilised
mitotic cells (Fig. 1a, white arrows) while generally absent
from non-mitotic cells. Interestingly, all the ZIP6 and ZIP10
positive cells are in the prophase stage of mitosis with the
exception of one of the ZIP10 positive cells (Fig. la, top
right) which is in metaphase, consistent with the presence of
the relevant N-terminal sections at this stage of mitosis. The
number of mitotic cells is enhanced by 20 h of nocodazole
treatment, an agent that blocks microtubule polymerisation,
as judged by FACS cell cycle analysis, which demonstrates
an increased number of cells in G2/M in the whole popula-
tion (Fig. 1b) and in the non-adherent cells after mitotic
shake off (Fig. 1c). Using these conditions we saw signifi-
cantly increased levels of both ZIP6 and ZIP10 in mitosis, as
judged by increased pS!'°HistoneH3 (Fig. 1d) in nocodazole
treated samples compared to untreated control conditions.
The 68 kDa band represents the N-terminally cleaved and
active form of ZIP6 located on the plasma membrane [23],
as recognised by the N-terminal directed antibody, ZIP6-Y
(with epitope downstream of this cleavage site), and also the
ZIP6-SC antibody, which recognises the cytoplasmic loop
between TM3-4 [23]. ZIP10 undergoes N-terminal ectodo-
main shedding in the presence of nocodazole, represented
by a decrease in the full-length protein and an increase in
a 45 kDa fragment, corresponding to a large portion of the
N-terminus, as recognised by the N-terminal ZIP10B anti-
body. The epitope of the ZIP10S antibody recognises the
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cytoplasmic loop between TM3-4 and therefore was able to
recognise an increase in the 60 kDa band which represents
the full length ZIP10 after part of the N-terminus has been
cleaved. Furthermore, as we had previously discovered that
transfecting cells with ZIP6 or ZIP10 increased the pop-
ulation of mitotic cells twofold [29], we expanded this to
incorporate a mitotic shake off, enabling enrichment of the
non-adherent, loosely attached population of mitotic cells.
Examining the adherent cell populations, we demonstrate
an increase in mitotic cell number in cells transfected with
Z1IP6 or ZIP10 (Fig. le) compared to LacZ control or ZIP7,
used as a control ZIP protein. This increase in mitotic cell
number was also seen in non-adherent cells after transfection
with ZIP6 or ZIP10 (Fig. 1e) compared to controls, with the
non-adherent ZIP6 transfected cells increasing their mitotic
cell number fourfold. This data confirms the role of ZIP6
and ZIP10 in initiating mitosis.

We next examined the binding of ZIP6 and ZIP10 in
mitotic cells using proximity ligation assay, a quantitative
method that generates red fluorescent dots if two molecules
are close enough to be likely to interact [13]. Using this
method, we show that ZIP6 and ZIP10 heteromers exist pref-
erentially in mitotic cells (Fig. 1f, white arrows) compared
to non-mitotic cells and controls (supplementary Fig. A).

We then hypothesised that our ZIP6-Y or ZIP10B anti-
bodies, recognising the extracellular N-termini of ZIP6 or
ZIP10, respectively, are able to block the zinc transport
across the ZIP6/ZIP10 heteromer and thus prevent mitosis
initiation. In order to test this, we first treated cells with noc-
odazole to demonstrate the increased percentage of mitotic
cells, as judged by the number of pS!°HistoneH3 positive
cells (Fig. 2, red). Subsequent treatment of cells with either
our ZIP6-Y (Fig. 2a) or ZIP10B (Fig. 2b) antibody (both
N-terminal epitopes) in addition to nocodazole significantly
reduced the number of cells in mitosis in an antibody con-
centration-dependant manner (Fig. 2a, b, graphs), suggesting
the ability of our antibodies to indeed block ZIP6/ZIP10
heteromer mediated zinc influx. Furthermore, addition of
the relevant IgG at 4 pg/ml (mouse as control for ZIP6-Y)
or 10.5 pg/ml (rabbit as control for ZIP10B) to nocodazole
treated cells (Fig. 2¢) had no effect on the mitotic index
of the cells, confirming a ZIP6/ZIP10-dependant effect.
The role of ZIP6 and ZIP10 in mitosis is also relevant to
non-cancerous cells, as treatment with both the ZIP6-Y
and ZIP10B antibodies inhibits mitosis in NMuMG (nor-
mal mouse mammary gland cells) (Fig. 2d). This result was
also reproduced in two triple negative (ER-, PR- and Her2-)
breast cancer cell lines, MDA-231 (Fig. 3a) and MDA-436
(Fig. 3b).

To confirm that blocking ZIP6 did not work by stabilis-
ing the microtubules and thus helping the cells to overcome
the nocodazole block, we repeated this experiment in the
absence of nocodazole. In order to achieve this, we partially
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synchronised the cells by serum withdrawal for 24 h and
observed that cells entered mitosis 30 h later. Addition of
the ZIP6-Y antibody to these synchronized cells significantly
decreased mitosis (Fig. 3¢) in the absence of nocodazole.
Additional confirmation that nocodazole was not involved
was obtained by cell treatment with ZIP6-Y or ZIP10B anti-
body for 4 days (Fig. 3d) demonstrating the ability of the
Z1P6/ZIP10 heteromer blocking antibodies to significantly
suppress cell growth and confirming the requirement of
Z1P6/Z1P10-mediated zinc influx to trigger mitosis.

We next confirmed an increase of intracellular zinc
ions in mitotic cells (Fig. 3e), by imaging zinc using the
zinc-sensitive fluorescent agent Fluozin-3. White arrows
indicate mitotic cells which all had increased fluorescence
consistent with an increase in available free Zn>* ions. A
significant increase in [Zn>*]; in mitotic cells compared to
non-mitotic cells was confirmed by FACS analysis, separat-
ing the mitotic cells using pS!°HistoneH3 (Fig. 3f). Fur-
thermore, after mitotic shake off, we observed a threefold
increase in Fluozin-3 fluorescence in non-adherent cells
(Fig. 3g) which were enriched with mitotic cells, as 90%
had 4 N DNA content (Fig. 1¢) compared to 48% for adher-
ent cells. We also show an increase of [Zn2+]i in the mitotic
cells of MCF-7 cells that had been treated with nocodazole
for 20 h (Fig. 3h), by imaging zinc using the zinc-sensitive
fluorescent agent Fluozin-3. Similarly, cells treated with
nocodazole and additionally either ZIP6 or ZIP10 antibody
also showed increased green fluorescence in mitotic cells,
although the overall number of mitotic cells present in the
antibody treated samples was much less, consistent with the
results shown in Fig. 2 and suggestive that cells require zinc
influx before they can progress to mitosis.

The ZIP6/ZIP10 heteromer binds phosphorylated
STAT3 (pS’?’STAT3) in mitosis

We observed that when ZIP6 was enriched in rounded
mitotic cells (Fig. 4a), these cells also contained pS’?’STAT3
(Fig. 4a). We confirmed a significantly elevated pS’*’STAT3
in mitosis (Fig. 4b), by Western blot with a concurrent
reduction of pY’®>STAT3 when cells had been treated with
nocodazole. Furthermore, we confirmed that zinc treatment
for 20 min reduces the amount of pY7O5 STAT?3, as observed
by others [40], and additionally increases the amount of
pS7*’STAT3 (Fig. 4c), demonstrating a reciprocal relation-
ship between pY > STAT3 and pS’>’STAT3.

In order to identify the relevance of pS’*’STAT3 to
the mechanism of mitosis initiation, we next investigated
whether this form of STAT3 was bound to ZIP6 or ZIP10
during mitosis using proximity ligation assay. We were able
to demonstrate significant binding of pS’?’STAT3 to both
Z1P6 (Fig. 4d) and ZIP10 (Fig. 4e) exclusively in mitotic
cells with no evidence of pY’®STAT3 presence in mitotic
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Fig.2 The ZIP6/ZIP10 heteromer is essential for mitosis. Treatment
of MCF-7 cells with 100 nM nocodazole for 20 h and either ZIP6-
Y (a) or ZIP10B (b) antibodies significantly decreases the number
of mitotic cells (positive for pS'°HistoneH3, red) in a concentration-
dependent manner which was not observed with treatment with the
relevant IgG controls (c¢) for mouse ZIP6-Y and rabbit ZIP10B anti-

cells (Fig. 4d and S3A). In contrast there was no detect-
able interaction between ZIP6 and pY'*>STAT3 in any
cells (Fig. 4d, S1D). Interestingly, there was a reduction of
pS”?’STAT3 bound to ZIP6 after cytokinesis (Fig. 4d, yel-
low arrow) suggesting dissociation of STAT3 from the com-
plex after mitosis (Supplementary Figure S3A). These data
together establish that the ZIP6/ZIP10-mediated zinc influx
at the start of mitosis changes the phosphorylation state of
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number of mitotic cells (d). All experiments were repeated at least
three times. Statistical significance was compared to nocodazole-
treated cells, using ANOVA with Dunnett post-hoc and is shown as
*p<0.05, *#p <0.01, ***p <0.001

STAT3 from pY '®STAT3 to pS’?’STAT3 which then binds
in a complex to ZIP6 and ZIP10 exclusively during mitosis.

Interestingly, STAT3 is already known to bind to
p*®Stathmin [41]. This form of Stathmin is present in mito-
sis not only to enable the microtubule reorganisation that is
required for mitosis [41] but also as an essential requirement
for both mitotic spindle assembly [42] and mitotic entry [39].
Having demonstrated that pS’>’STAT?3 and pS*®Stathmin
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Fig.3 The ZIP6/ZIP10 heteromer is essential for mitosis in differ-
ent cell lines. Treatment of MDA-231 (a) or MDA-436 (b) cells with
ZIP6-Y or ZIP10B antibody with nocodazole for 20 h significantly
decreases the number of mitotic cells (positive for pS'°HistoneH3,
red). ¢. MCF-7 cells, synchronised by 24-h serum withdrawal, were
tested 30 h after serum replacement, the time it takes to enter mito-
sis after synchronisation. Mitotic count, positivity for pS'°HistoneH3
(red), reveals a significant decrease in the number of mitotic cells
due to ZIP6-Y antibody treatment ( 4 pg/ml). d Cell growth is sig-
nificantly suppressed by treatment with either ZIP6-Y (4 pg/ml) or
ZIP10B (10.5 pg/ml) antibody over 96 h. e MCF-7 cells loaded with
5 pM Fluozin-3 have increased green fluorescence only in mitotic
cells (white arrows), as judged by DAPI staining (greyscale). f A
significant increase of green fluorescence in mitotic cells was con-
firmed by FACS analysis of total cell fluorescence of cells stained
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co-localise throughout the different stages of mitosis (Figure
S4A) we also confirmed, by proximity ligation assay, that
pS’?’STAT3 and pS*®Stathmin bind exclusively in mitotic
cells (Fig. 4f, S4B), supporting a role for pS”>’STAT3 in
stabilising Stathmin throughout mitosis and integrating the
ZIP6/ZIP10/pS7*’STAT3/ pS*#Stathmin complex into the
established mitotic cascade.Using the ELM server [43] we
discovered that the ZIP6 protein sequence has a predicted
STAT3-binding site on the cytoplasmic loop (YESQ, resi-
dues 473—476) between transmembrane domains 3—4, which
fits the consensus motif of a STAT3-binding site YxxQ [44]
(Fig. 4g) and is highly conserved in the ZIP6 sequence in
mammals (Fig. 4h). We generated a ZIP6 mutant Y473A to
abolish this binding site and tested this by immunoprecipita-
tion (Fig. 4i, S2A, S2B). Probing for pS’>’STAT3 in cells
immunoprecipitated with V5 in cells transfected with both
wild-type ZIP6 and other ZIP6 mutants showed reduced
presence in the Y473 A mutant (Fig. 4i), consistent with
STATS3 binding to ZIP6 involving residue Y473. Interest-
ingly the nearby S475A mutant also showed an effect sug-
gesting a potential role for phosphorylation in the binding.
ZIP10 also has a well conserved predicted STAT3-binding
site YKQQ (512-524) in the corresponding region (Fig. 4j)
suggesting the potential for ZIP10 binding as well. These
data demonstrate the presence of pS’?’STAT3 in mitotic
cells which binds to both ZIP6 and ZIP10.

To dissect the temporal association of pS’>’STAT3
with the mitotic process, we imaged pS’>’STAT?3 in cells
during mitosis (Fig. 5a). This revealed the presence of
pS’?’STAT3 at all stages of mitosis which was evident
before cells were positive for pS!°HistoneH3 and also in
cytokinesis when cells were still positive for pS’>’STAT3
yet negative for pS!°HistoneH3, indicating the prolonged
presence of pS’’STAT3 throughout mitosis compared to
pSlOHistoneH3 (Figure S3A, middle panel, white arrow). In
contrast, pY7OSSTAT3 was absent in all mitotic cells (Figure
S3A).

Furthermore, we also detected pS727STAT3 staining in
mitotic cells in vivo, as judged by pS!°HistoneH3 in the
same cells using adjacent slices of human breast cancer
(Fig. 5b). Additional in vivo staining of pS7*’STAT3 was
also seen in the mitotic cells of normal mouse intestine
(Fig. 5¢), suggesting a common process during mitosis that
encompasses normal and disease states.

We have also gained some novel insight into how the
S727 phosphorylation of STAT3, required during mitosis,
is eliminated efficiently at the end of mitosis by removal
of the C-terminus of STAT3, containing residue S727, by
proteolytic cleavage. We examined the effect of zinc on
mitotic progression by treatment with either a zinc chelator
or zinc and also treatment with a STAT3 inhibitor for the
last hour of nocodazole treatment. The treatment with zinc
chelator or STAT3 inhibitor after treatment with nocodazole

had no effect on pS'°HistoneH3 or STAT3 phosphorylation
status (Fig. 5d and S3B for densitometry) once the cells
had achieved mitosis, establishing that both STAT3 and
zinc were required before cells reached mitosis. However,
1-h incubation with 50 pM or 100 pM zinc after nocoda-
zole treatment had effects consistent with cells no longer
in mitosis, as judged by loss of pS'°HistoneH3 and also
the reversion of pS’?’STAT3 to pY > STAT3 (Fig. 5d). We
then confirmed that these zinc-treated cells had progressed
quicker through mitosis using a reduced zinc exposure time
(Fig. 5e), noticing a loss of mitotic cell number as soon as
15 min after zinc treatment. Importantly, these zinc-treated
cells which had exited mitosis had lost the usual full length
STAT3 band (Fig. 5d), showing only the C-terminally
cleaved form of STAT3, thus removing a peptide contain-
ing residue S727 which is near the C-terminus [45]. This
data demonstrates how C-terminal cleavage of STAT3 at the
end of mitosis can efficiently stop S727 phosphorylation of
STAT?3 by removal of this residue and allow residue Y705
to be available for phosphorylation, enabling the active tran-
scription factor form of STAT3 to be re-instated.

Cells require both ZIP6 and ZIP10 for maximal
growth rate

In order to further examine the relationship between ZIP6
and ZIP10 in the process of mitosis initiation, we compared
NMuMg mouse breast cells to those that had ZIP6 removed
by crispr/Cas9 technology [46]. Specifically, we show that
NMuMg cells with ZIP6 knockout grow slower than wild-
type cells (Fig. 6a) and have considerably increased ZIP10
levels compared to the wild-type cells (Fig. 6b), suggesting
that the cells are able to some degree to compensate for the
loss of ZIP6 by upregulating ZIP10. Additional confirmation
of this mechanism is provided by the fact that it was possi-
ble to inhibit mitosis in wild-type NMuMg cells with either
ZIP6 or ZIP10 antibody (Fig. 6¢) whereas ZIP6 antibody
failed to prevent mitosis in the ZIP6 knockout cells while
the ZIP10 antibody treatment inhibited mitosis as expected
(Fig. 6d). This adds further weight to the argument that
ZIP10 can compensate for loss of ZIP6 to initiate mitosis,
allowing the cells to divide, albeit at a lower rate than in the
presence of ZIP6.

In order to examine whether any other ZIP family mem-
bers could be involved in this mitosis mechanism, especially
when ZIP6 has been removed, we investigated whether ZIP5
was involved as both ZIP6 and ZIP10 have been previously
demonstrated by mass spectrometry screens to bind ZIP5
[47] but no other ZIP transporters. Furthermore, ZIP5 is
the only other LIV-1 family member present on the same
arm of the SLC39A family phylogenetic tree as ZIP6 and
ZIP10 [27] and therefore the prime candidate. We analysed
the levels of ZIP5 in these wild-type NMuMg mouse cells to
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«Fig.4 Both ZIP6 and ZIP10 bind pS’>’STAT3 in mitosis. a Mitotic
MCF-7 cells, positive for ZIP6-SC (red), pS’>’STAT3 (green) and
DAPI (blue), and above the plain of adherent cells, are enriched for
ZIP6 and pS727STAT3 (inset). b There was a Significant increase
in pS"”’STAT3 and decrease in pY'%STAT3 when mitosis was
increased by nocodazole treatment (student t-test statistics). ¢ A
significant zinc-dependent increase in pS’?’STAT3 in MCF-7 cells
treated with 20 pM zinc (Zn) and 10 pM pyrithione (P) in serum-
free medium (SF) for 20 min and a corresponding decrease in
pY’®STAT3. d PLA using ZIP6-SC and pS’?’STAT3 antibodies in
nocodazole-treated MCF-7 cells produces a significantly increased
number of dots only in mitotic cells (white arrows), in contrast
to ZIP6-SC and pY’®>STAT3 antibodies which show negligible
dots. Yellow arrow indicates less dots in cytokinesis. e PLA using
pS’?’STAT3 and ZIP10 cytoplasmic loop antibodies in nocodazole-
treated MCF-7 cells produces a significant increase in dots in mitotic
cells (white arrows). f PLA using pS*®Stathmin and pS’>’STAT3 anti-
bodies in nocodazole-treated MCF-7 cells produces increased dots
only in mitotic cells (white arrows). g Schematic of residues around
the STAT3-binding site in ZIP6 (Y473) showing potential phospho-
rylation sites. h The predicted STAT3-binding site YESQ, residues
473-476, in ZIP6 (green box) is conserved in different species. i
Immunoprecipitation with V5 antibody in cells transfected with ZIP6
wild-type (WT) or sequence-verified mutants (Fig. S2A-B), all with
a C-terminal V5 tag, demonstrates a significant decrease in binding
to pS’?’STAT3 in S475A and Y473A mutants. j Predicted STAT3-
binding site YKQQ, residues 521-524, in ZIP10 (green box) is con-
served in different species. All results in this figure represent at least
three independent experiments and graphs are mean+ SD. Statistical
significance was performed using ANOVA with Dunnett post-hoc
and is shown as *(p<0.05), **(p<0.01) or ***(p<0.001). Scale
bar=10 pm

examine whether ZIP5 increased when the cells were treated
with nocodazole suggesting that ZIPS may play a role during
mitosis when either ZIP6 and ZIP10 are not available. We
discovered that there was no difference between ZIP5 levels
in mitotic or non-mitotic conditions. However, analysis of
the ZIPS5 levels in the ZIP6 knockout cells showed a sig-
nificant decrease of ZIP5 levels compared to wild-type cells
(Fig. 6e) suggesting that ZIPS5 is not involved in the growth
of these cells and therefore unlikely to be partnering with
ZIP10 to drive mitosis.

Inhibition of ZIP6/ZIP10 heteromer-induced mitosis
leaves cells in G2

Demonstrating that ZIP6-Y antibody and ZIP10 antibody
treatments could inhibit cell growth we next investigated
what happens to the antibody-treated cells that do not enter
mitosis. FACS cell cycle analysis revealed a significant
decrease in the G2/M population in MCF-7 cells treated with
either the ZIP6-Y antibody (1:20 or 4 pg/ml) or the ZIP10B
antibody (1:20 or 10 pg/ml) (Fig. 7a). The previously
observed decrease in mitosis in this population would sug-
gest an increase of cells in G2. We assessed this by imaging
for cyclin B1, a marker of mitosis and G2, in cells that had
been treated with these antibodies using single cell fluores-
cence analysis (Fig. 7b). There was no statistical difference

between the groups, neither was there any increase in apop-
tosis as judged by Western Blot of cleaved PARP on the
same gel (Fig. 7c). We conclude from this data that cells
treated with nocodazole and the ZIP6 or ZIP10 antibody
have not become apoptotic but have remained in the G2
stage of the cell cycle.

All this data together demonstrates a novel mechanism
explaining the role of zinc in triggering mitosis. Influx of
zinc into cells through the ZIP6/ZIP10 heteromer changes
the phosphorylation of STAT3 and sets in motion the assem-
bly of a complex of proteins leading to microtubule reor-
ganisation and chromosome condensation, two key elements
required for successful mitosis progression.

Discussion

Over fifty years after the original discovery that zinc deple-
tion arrests the cell cycle [48], we propose a molecular
role of zinc in mitosis (Fig. 8). There is the formation of a
zinc-dependant mitotic complex consisting of ZIP6, ZIP10,
pS7*’STAT3 and pS**Stathmin that feeds into known
mitotic pathways such as Stathmin-dependant microtubule
reorganisation and HistoneH3-mediated chromosome con-
densation. Initially, STAT3 serves as a transcription fac-
tor (Fig. 8, stage 1) driving the gene expression of ZIP6
and ZIP10 [49] [23], which forms a heteromer with ZIP10
in the endoplasmic reticulum [29]. The N-terminal cleav-
age of ZIP6 is required for the ZIP6/ZIP10 heteromer to
move to the plasma membrane (Fig. 8, stage 2) to initiate
cell rounding [23] and import zinc into cells to start mitosis
(Fig. 8, stage 3). This imported zinc triggers the formation
of pS’*’STAT3 from pY’*>STAT3 (Fig. 8, stage 4), which
remains bound to the ZIP6/ZIP10 heteromer throughout
mitosis, preventing STAT3 transcriptional activity which is
known to be turned off during mitosis [50]. Thus, STAT3
in addition to being a transcription factor can moonlight
as an effector of this heteromer and stabilise pS**Stathmin
throughout mitosis (Fig. 8, stage 5) which is critical for the
formation of normal mitotic spindles [42]. The binding of
pS™?’STAT3 and pS>#Stathmin, confirmed by others [41],
with the ZIP6/ZIP10 heteromer in a complex in mitosis,
links pS7>’STAT3 to the p*®Stathmin-driven microtubule
re-organisation that is needed during mitosis (Fig. 8, stage
6) and the pS'°HistoneH3 activation (Fig. 8, stage 7) that
leads to chromosome condensation essential for mitosis
(Fig. 8, stage 8).

The complex of ZIP6/ZIP10/pS’>’STAT3/pS*8Stath-
min remains until the end of mitosis (Fig. 8, stage 9) when
STATS3 is cleaved at the C-terminus, physically removing
residue Ser727 (Fig. 8, stage 10), allowing STAT3 to revert
to Tyr705 phosphorylation, the active transcription fac-
tor form of STAT3. This discovery therefore provides the

@ Springer



T.Nimmanon et al.

A Interphase Prophase Metaphase Anaphase Telophase B pS'®HistoneH3
s A
Merge n . ‘ g :
.
DAPI & g
e -.-.
c - [pS™HistoneH3 A /.'/r pSiHistoneH3 | ¢ 4 e
i , 2 M Y ‘ ‘. : S\
Yy ; : ' '.:," x B . - y o .“g
' : o, {9 L We
. § e ) .‘ ' A\~ ~
\ . \i a2 Yy - .
; > s N "X
e ! ot Fas 2 oy
W o L
\¢ L "o .
3 = of \x_ N e .' Y "]
7 N\ A% s » ¥ -
- - e -
SSTTSTAT3 « » [pSZ’STAT3 ’ ’
r/ - ” -
v
i : P
,-»"f .-
-
~
\
- - ’ o
’ - >4 ¢
— i Y
D 19-hr Nocodazole treatment + 1-hr treatment E
Nocodazole + o+ + + + + i
TPEN - 25M50M - - - @ Size 60
STAT3 inhibitor | - - - + - — (kDa) 2 50
Zinc - - - - 504100 S .0 *
PSTCHISIONEHS | e s s —15 E 30 | *% kkk
GAPDH —_— e ——— 37 5 20
pS72’STAT3 — e o e - 100 3 10 } - -
=—100 EE ; . : .
Total STATS e —— 75 Con 60min 45min 30min 15min
PY'SSTAT3 5 W TS S U w—75 Zinc treatment (min)
GAPDH D S EE5 oS0 @b S 37

mechanism of how zinc is the essential trigger for mitosis
and the ability of our antibodies to prevent this crucial zinc
influx now provides novel new targets for proliferative dis-
eases such as cancer.

Our data confirm previous observations that zinc can
bind to STAT3 resulting in decreased pY’%>STAT3 [40] yet

@ Springer

we also show a reciprocal increase in pS’>’STAT3. This
is the first time that pS’>’STAT3 has been coupled to a
mechanism for driving mitosis. Interestingly, the presence
of pS’”’STAT3 in mitosis has been observed by a whole
genome mass spectrometry screen [51] of protein phos-
phorylation events during mitosis, consistent with the data
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«Fig.5 pS7*’STAT3 is present throughout mitosis and is cleaved for
mitosis exit. a pS’>’STAT3 (green) is increased in all stages of mito-
sis in cells stained with DAPI (blue) and o-tubulin (red) compared
to interphase. Scale bar=10 pm. b Adjacent slices of breast can-
cer tissue show both pS!°HistoneH3 and pS’?’STAT3 in the same
mitotic cells (red staining). ¢ Both pS!°HistoneH3 and pS’>’STAT3
are present in mitotic cells within the crypts of normal mouse intes-
tine (brown staining). d Reduction of zinc (zinc chelator TPEN) or
STATS3 inhibition for 1 h after cells were pre-treated with nocodazole
for 19 h has no effect on mitosis whereas zinc—treated samples move
through mitosis faster, loosing pS!'°HistoneH3 and pS’>’STAT3. Full-
length STAT3 is C-terminally cleaved when cells move out of mito-
sis (zinc-treated lanes), physically removing residue S727. e Mitotic
count (positive for pS'°HistoneH3) was performed in cells treated
with nocodazole for 19 h plus 100 pM zinc and 10 pM pyrithione for
0-60mins. Cells begin to progress through mitosis after only 15 min
zinc treatment. Results are from at least three experiments. Statistical
significance comparing the zinc treatment to the non- treated samples
(CON) was performed using ANOVA with Dunnett post-hoc and is
shown as *(p <0.05) or **(p <0.01)

presented here. We also detected an inverse association of
pY79STAT3 and pS’>’STAT3, which has been previously
reported by others [52], although mitosis was not exam-
ined. Interestingly, transcription ceases during mitosis [53]
and loss of pY’®STAT3, as mediated by zinc in mitosis,
will terminate STAT3 transcriptional activities, preventing
downstream signalling effects on multiple pathways for the
duration of mitosis.

Most focus on STAT3 signalling is centred on
pY7%>STAT3, the transcription-promoting form of the pro-
tein [54-56], which drives many adverse cancer features
such as epithelial-mesenchymal transition in HER2-posi-
tive breast tumours [57]. In contrast, pS727STAT3 has been
widely overlooked [58] despite having an essential role in
mouse embryonic and perinatal growth [59] and in prolifera-
tion, optimal pluripotency and transition to neural commit-
ment of mouse embryonic stem cells [60]. Recently, how-
ever, pS’*’STAT3 was discovered to promote prostate cancer
[61] and chronic lymphoid leukaemia [62] independently of
pY7%STAT3 and together with pY’STAT3, pS’*’STAT3
associates with poor clinical outcome in glioblastoma [63].
Furthermore, the appearance of pS’?’STAT3 at the start of
mitosis suppresses the expression of G1 cell cycle nega-
tive regulators p21“TPYWAFL and p27%iPL maintaining CDK 1
activity during mitosis and providing evidence for a role
in mitotic onset and progression [64]. Recently, the level
of pS’>’STAT3 in glioblastoma has been positively cor-
related with poor outcome [63], consistent with a role for
pS’?’STAT3 in mitosis. Despite these data and the knowl-
edge that most cancers have increased expression of STAT3,
no molecular mechanism has previously linked STAT3 to
involvement in the onset of mitosis.

The discovery of the role of the ZIP6/ZIP10 heter-
omer in triggering mitosis has enabled us to use ZIP6 or
ZIP10 blocking antibodies to prevent mitosis, an important

discovery to help target cell division in diseases of aberrant
proliferation, including cancer. These antibodies bind to the
extracellular portion of the ZIP6/ZIP10 heteromer on the
plasma membrane and each of them alone was able to block
the mitosis-triggering zinc influx in a concentration-depend-
ent manner confirming the vital nature of this zinc influx to
mitosis initiation. Importantly, the IgG isotype control did
not have any effect on mitosis, confirming a ZIP6/ZIP10
specific effect. The new crystal structure of a ZIP transporter
[65], has produced a predicted structure for the extracellular
region of the ZIP4 dimer [66] which confirmed the essen-
tial nature of this extracellular region for full zinc transport
activity and explains how the ZIP6 or ZIP10 antibodies can
potentially inhibit the ZIP6/ZIP10 heteromer by binding the
N-terminus and either blocking the zinc influx or interfer-
ing with activation such as protease cleavage. Since prion
proteins have descended from ZIP6 and ZIP10 [67] and as a
result show much similarity to the N-terminus of ZIP6 and
ZIP10, including the ability to influx zinc into cells [68], it
is likely that protease cleavage plays a role in the function of
Z1IP6 and ZIP10. Interestingly, ZIP6 and ZIP10 antibodies
to different epitopes have also been demonstrated to inhibit
meiosis [69] showing a mutual need for zinc influx in both
cell division processes. We have additionally established
that ZIP6/ZIP10 antibody treatment inhibits mitosis in tri-
ple negative breast cancer cell lines (Fig. 2), a form of breast
cancer with poor treatment and prognosis, offering potential
for a new treatment.

Both ZIP6 and ZIP10 independently have been associ-
ated with cancers, especially those with poor prognosis,
which is consistent with this newly discovered role for ZIP6
and ZIP10 in driving mitosis. ZIP6 has been implicated in
oesophageal cancer [70, 71], breast cancers [23] prostate
cancer [72], consistently being associated with more aggres-
sive forms of the diseases. Similarly, ZIP10 over-expression
has been correlated to aggressiveness in renal cell carcinoma
[36], metastatic breast cancer [35], gastric cancer [73] and
it is one of the 7 zinc transporter genes upregulated in acti-
vated colon tumour cells [24], compatible with our proposed
role for ZIP10 in cell division.

Our newly discovered mechanism requires zinc influx
specifically through the ZIP6/ZIP10 heteromer into cells
to trigger mitosis. We have demonstrated increased fluores-
cence of the zinc-dependant Fluozin-3 dye in mitotic cells
consistent with observations by others using synchrotron
x-ray fluorescence microscopy [74] demonstrating a three-
fold zinc increase in mitotic versus interphase cells. Further-
more, zinc accumulates in the tail tip of zebrafish embryos,
the key area contributing to embryonic growth [75], a pro-
cess that requires much cell division and a further example
of the zinc requirement for cell division.

Stathmin is prometastatic in colon cancer, a process that
requires pS*¥Stathmin and knockdown of Stathmin was
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Fig.6 Cells require both ZIP6
and ZIP10 for maximal growth
rate. a ZIP6 knockout NMuMg
cells (NMuMg ZIP6 ko) grow
significantly slower than wild-
type cells. b ZIP10 level is sig-
nificantly increased in NMuMg
ZIP6 knockout cells compared
to wild-type by Western Blot. :
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shown to reduce STAT3 [76], confirming an association of
these two proteins. Furthermore, as pS**Stathmin is critical
for the formation of the normal mitotic spindle [42], its bind-
ing to pS’*’STAT3 during mitosis will stabilise the form of
Stathmin that enables microtubule reorganisation [41], an
essential component of the mitosis process. Dephosphoryla-
tion of pS*Stathmin is required before cells can exit mito-
sis [42] which suggests a role for STAT3 C-terminal cleav-
age in dissociating the complex and allowing mitosis exit.
C-terminal cleavage of STAT3 will remove residue S727
[45] enabling STAT3 phosphorylation on Y705, the active
transcription factor form of STAT3, which is required on exit
from mitosis. Furthermore, PP2A, which dephosphorylates
pS727STAT3 [77] and is inhibited by zinc [78], becomes acti-
vated at the end of mitosis when zinc levels decrease [79],
providing a secondary mechanism for pS’*’STAT3 removal
at the end of mitosis.

Knowledge that STAT3 is required for the expres-
sion of both ZIP6 [38] and ZIP10 [29] in the gastrula
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organiser coupled with our discovery of the involvement of
pS’?’STAT3 in mitosis defines the previously unresolved
role for this form of STATS3 in cells and explains why STAT3
is the only STAT gene to be embryonic lethal [80]. Impor-
tantly, not only do these STAT3 knockout cells die before
gastrulation, the stage of embryogenesis that requires ZIP6
[38], STAT3 is expressed in the visceral endoderm, the part
of the embryo that takes part in exchange of nutrients such
as zinc. Our data combines with this to support the crucial
role for ZIP6 as the means to bring zinc into cells to initiate
mitosis in a STAT3-dependant manner. Given that STAT3 is
known to be phosphorylated on residue S727 by many dif-
ferent kinases [52, 81, 82], it is yet to be determined whether
zinc causes pS727 phosphorylation of STAT3 directly or
through activation of one of these kinases. We have however
established that pS”>’STAT3 binds ZIP6 on residue Y473, a
consensus motif of a STAT3-binding site YxxQ [44].

The 3 key molecules in this zinc-driven mitosis pathway,
ZIP6, ZIP10 and pS’?’STAT3, now offer new therapeutic
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opportunities for inhibition of cell division in proliferative
diseases such as cancer.

Materials and methods
Materials, antibodies and treatments

Antibodies used were ZIP6-SC (E-20, SC-84875),
pS’?’STAT3 (SC-8001-R and SC-136193), pY '®STAT3
(SC-7993-R), total STAT3 (SC-8019), normal mouse
IgG (sc-2025), normal rabbit IgG (sc-2027) and GAPDH
(SC-32233) from Santa Cruz Biotechnology; a-tubulin
(DM1A, #3873S), pS!'®HistoneH3 (#9706S and #3377) and
pS*Stathmin (#4191) from Cell Signalling Technology;
mouse V5 from Invitrogen; rabbit V5 (Ab9116), mouse/
rabbit apoptosis cocktail (ab136812) from Abcam; p-actin
(A5316), ZIP10 cytoplasmic loop antibody (SAB1401780)
from Sigma-Aldrich (referred to as ZIP10S antibody). Treat-
ments used were 100 ng/mL nocodazole (Sigma-Aldrich,
M1404) for 20 h, 200 pM STAT3 inhibitor cell-permea-
ble peptide (Calbiochem, 573,096), 5 pM camptothecin
(Sigma- Aldrich) for 20 h and 20-100 pM zinc with 10 pM
sodium pyrithione (Sigma-Aldrich), and 25 or 50 pM TPEN
(Sigma-Aldrich). Mitosis inhibition experiments were per-
formed using mouse monoclonal antibody generated by Bio-
genes to ZIP6 residues 240-253(ZIP6-Y) and rabbit poly-
clonal antibody to ZIP10 residues 46—59 (ZIP10B) which
were added to cells in culture for 20 h in the presence of
nocodazole.

Cell lines and Immunohistochemistry

MCEF-7 cells were cultured as previously described [26].
NMuMG cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (Gibco) containing 4.5 g/L glucose sup-
plemented with 10% foetal calf serum (FCS), 200 mM
L-glutamine, antibiotics (10 IU/mL penicillin, 10 ug/mL
streptomycin) and amphotericin B (2.5 ug/mL) (Gibco). For-
malin-fixed paraffin-embedded breast cancer samples were
dewaxed and rehydrated before incubated with pS’*’STAT3
(SC-8001-R, 1/650) or pS'°HistoneH3 (#3377, 1/30) anti-
bodies for 2 h and detected with Dako Envision #K4011 rea-
gent. Two-minute pressure cooker at pH9 in Tris base plus
EDTA was used for antigen retrieval. The primary breast
cancer material used had correct ethical approval (REC
reference number C2020313). Immunohistochemistry of
mouse intestinal tissue was previously described [83].The
Z1IP6 knockout cells were made from CRISPR-Cas9-edited
mouse mammary NMuMG cells as previously described
[46] and were a kind gift from G. Schmitt-Ulms.

Plasmids and transfections

The generation of recombinant constructs for ZIP6/LIV-1/
SLC39A6 [84], ZIP7/HKE4 [85] and ZIP10 [29] with C-ter-
minal V5 tags using vector pcDNA3.1/V5-His-TOPO has
been previously described. ZIP6 mutants (Y473A, S471A,
S475A and S478A, S479A) were generated from the above
plasmid and confirmed by sequencing (Figure S2A, S2B).
Cells were transfected with Lipofectamine-2000 (Life Tech-
nologies) for 16 h as described [23].

SDS-PAGE, western blotting
and immunoprecipitation

Cells were harvested, washed with PBS, lysed for 1 h at 4 °C
with lysis buffer pH7.6 (50 mM Tris, 150 mM NaCl, 5 mM
EGTA and 1% Triton X-100) with protease inhibitor cock-
tail for mammalian cells (Sigma-Aldrich) and phosphatase
inhibitors (2 mM sodium orthovanadate and 50 mM sodium
fluoride). Protein was measured using Bio — Rad/Bradford
dye — binding protein micro assay. Western Blot results of
40 pg/lane from three separate experiments were normal-
ized to GAPDH values. For immunoprecipitations, 500 pg
of protein was incubated with 5 pg of antibody overnight and
20 pL of EZview Red Protein A Affinity Gel (Sigma) for 4 h
prior to washing and SDS-Page.

Fluorescence microscopy and FACS analysis

1 x 107 cells were grown on 0.17 mm thick coverslips for
5-7 days prior to transfection. Coverslips were fixed and pro-
cessed as previously described [13]. For zinc imaging, cells
were loaded with 5 pM Fluozin-3 (Invitrogen) for 30 min at
37 °C. For FACS analysis using a Becton—-Dickinson FAC-
SVerse, non-adherent cells collected by mitotic shake-off
and adherent cells harvested by trypsinisation were loaded
with 5 pM Fluozin-3 (Invitrogen) for 30 min followed by
30 min recovery in medium. For cell cycle analysis, cells
were fixed in 70% ethanol overnight followed by DNA stain-
ing with 20 pg/mL propidium iodide (Sigma-Aldrich) plus
0.2 ug/mL DNase — free RNase A and 0.1% Triton X-100 in
PBS at 37 °C for 20 min before FACS analysis and analysed
with FlowJo Software version 10 using Watson pragmatic
algorithm. Scale bar is 10 pm.

Proximity ligation assay (PLA)

Cells on eight-well chamber slides (Lab-Tek, Fisher) were
fixed followed by PLA using Duolink red kit (Sigma)
as described previously [13] and where red fluorescent
dots indicate two molecules binding. Dots per cell were
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«Fig.7 ZIP6 or ZIP10 inhibited cells remain in G2 and are not apop-
totic. a FACS cell cycle analysis reveals a significant decrease in
the G2/M population in MCF-7 cells treated with either ZIP6-Y
(2 pg/ml) or ZIP10B (5.25 pg/ml) antibody. The graphs show the
mean of n=3+SE. b Imaging differences between mitotic cells
(pS'°HistoneH3, green) and those in G2/M stages of the cell cycle
(cyclinB1, red) when treated with ZIP6-Y antibody, ZIP10B antibody
and/or nocodazole for 20 h. The percentage of cells positive for cyclin
B1 is shown as a bar graph. No statistical significance was revealed.
¢ There is no increase in apoptotic cells when treated with ZIP6-Y
(4 pg/ml) or ZIP10B (10.5 pg/ml) antibodies as judged by Western
Blot of cleaved PARP and a positive control of apoptosis (camptoth-
ecin 5 pM). All results are from at least three experiments. Statisti-
cal significance comparing the + ve to the different cell treatment and
the non- treated samples (CON) was performed using ANOVA and is
shown as *(p <0.05) or **(p<0.01). No statistical significance was
found between the samples treated with nocodazole +ZIP6 or ZIP10
antibody and the non-treated samples (CON)

determined with ImageTool software (Olink) using at least
12 separate images from at least three different experiments
and presented as average values + standard errors.

Statistical analysis

Statistical analysis was performed using ANOVA with Post-
Hoc Dunnett and Tamhane tests. Significance was assumed
with * = p<0.05, *** = p<0.01,* * * =p<0.001. Error
bars are standard deviation (SD) with at least 3 different
experiments.
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Fig.8 Schematic of how zinc triggers mitosis. Schematic demonstrat-
ing a model of how the ZIP6/ZIP10 heteromer imports zinc into cells
to trigger mitosis. STAT3 driven ZIP6 [1] is located on the endo-
plasmic reticulum membrane where it forms a heteromer with ZIP10
[29] until the correct stimulus [2] for ZIP6 N-terminal cleavage and
relocation to the plasma membrane [23]. Plasma membrane located
ZIP6/ZIP10 heteromer causes cell rounding and influxes zinc to trig-
ger mitosis [3]. This zinc triggers formation of pS’>’STAT3 from
pYSTAT3 [4], which binds to the ZIP6/ZIP10 heteromer [5]. The

binding of pS**Stathmin to pS’?’STAT3 as part of the ZIP6/ZIP10
heteromer mitosis complex enables the pS**Stathmin-driven micro-
tubule re-organisation needed for mitosis [6] and the activation of
pSlOHistoneH3 [7] which leads to condensation of chromosomes [8].
Between prophase and metaphase, ZIP6 is N-terminally cleaved for
a second time and the mitosis complex remains during mitosis [9].
The C-terminus of STAT3 is cleaved at the end of mitosis to remove
Ser727 [10] allowing Tyr705 to become phosphorylated and restore
STATS3 transcriptional activity

@ Springer



T.Nimmanon et al.

Author contributions KMT conceived the study, KMT and TN wrote
the paper, KMT, TN, SZ, OO and AB performed experiments and
analysed data, GKA and JMWG provided and analysed the immu-
nohistochemistry data. All authors designed experiments, interpreted
data, discussed the results and helped draft and critique the manuscript.

Compliance with ethical standards

Conflict of interest KMT is a named inventor on a patent describing
the use of ZIP6 and ZIP10 antibodies to inhibit mitosis and stands
to gain from the development. All other authors declare no conflictof
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Prasad AS, Halsted JA, Nadimi M (1961) Syndrome of iron defi-
ciency anemia, hepatosplenomegaly, hypogonadism, dwarfism
and geophagia. Am J Med 31:532-546

2. Andreini C, Bertini I, Rosato A (2009) Metalloproteomes: a bio-
informatic approach. Acc Chem Res 42(10):1471-1479. https://
doi.org/10.1021/ar900015x

3. Que EL, Bleher R, Duncan FE, Kong BY, Gleber SC, Vogt
S, Chen S, Garwin SA, Bayer AR, Dravid VP, Woodruff TK,
O’Halloran TV (2015) Quantitative mapping of zinc fluxes in
the mammalian egg reveals the origin of fertilization-induced
zinc sparks. Nature Chem 7(2):130-139. https://doi.org/10.1038/
nchem.2133

4. Haase H, Rink L (2014) Multiple impacts of zinc on immune
function. Metallomics 6(7):1175-1180. https://doi.org/10.1039/
¢3mt00353a

5. LiY, Maret W (2009) Transient fluctuations of intracellular zinc
ions in cell proliferation. Exp Cell Res 315(14):2463-2470. https
://doi.org/10.1016/j.yexcr.2009.05.016

6. Chesters JK, Petrie L, Vint H (1989) Specificity and timing of the
Zn2+ requirement for DNA synthesis by 3T3 cells. Exp Cell Res
184(2):499-508

7. Prasad AS, Beck FW, Endre L, Handschu W, Kukuruga M,
Kumar G (1996) Zinc deficiency affects cell cycle and deoxythy-
midine kinase gene expression in HUT-78 cells. J Lab Clin Med
128(1):51-60

8. Chesters JK, Petrie L (1999) A possible role for cyclins in the zinc
requirements during G1 and G2 phases of the cell cycle. J Nutr
Biochem 10(5):279-290

9. Falchuk KH, Fawcett DW, Vallee BL (1975) Role of zinc in cell
division of euglena gracilis. J Cell Sci 17(1):57-78

10. Falchuk KH, Drishan A, Vallee BL (1975) DNA distribution in
the cell cycle of euglena gracilis cytofluorometry of zinc deficient
cells. Biochemistry 14(15):3439-3444

11. Falchuk KH, Krishan A (1977) 1,10-Phenanthroline inhibition of
lymphoblast cell cycle. Cancer Res 37(7 Pt 1):2050-2056

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Yamasaki S, Sakata-Sogawa K, Hasegawa A, Suzuki T, Kabu K,
Sato E, Kurosaki T, Yamashita S, Tokunaga M, Nishida K, Hirano
T (2007) Zinc is a novel intracellular second messenger. J Cell
Biol 177(4):637-645. https://doi.org/10.1083/jcb.20070208 1
Taylor KM, Hiscox S, Nicholson RI, Hogstrand C, Kille P (2012)
Protein kinase CK2 triggers cytosolic zinc signaling pathways by
phosphorylation of zinc channel ZIP7. Sci Sign 5(210):rall. https
://doi.org/10.1126/scisignal.2002585

Farquharson MJ, Al-Ebraheem A, Geraki K, Leek R, Jubb A,
Harris AL (2009) Zinc presence in invasive ductal carcinoma
of the breast and its correlation with oestrogen receptor status.
Phys Med Biol 54(13):4213-4223. https://doi.org/10.1088/0031-
9155/54/13/016 (S0031-9155(09)14453-6[pii])

Gupta SK, Shukla VK, Vaidya MP, Roy SK, Gupta S (1991)
Serum trace elements and Cu/Zn ratio in breast cancer patients. J
Surg Oncol 46(3):178-181

Memon AU, Kazi TG, Afridi HI, Jamali MK, Arain MB, Jal-
bani N, Syed N (2007) Evaluation of zinc status in whole
blood and scalp hair of female cancer patients. Clin Chim Acta
379(1-2):66-70. https://doi.org/10.1016/j.cca.2006.12.009
(S0009-8981(06)00803-5[ pii])

Yucel I, Arpaci F, Ozet A, Doner B, Karayilanoglu T, Sayar A,
Berk O (1994) Serum copper and zinc levels and copper/zinc ratio
in patients with breast cancer. Biol Trace Elem Res 40(1):31-38
Mulay IL, Roy R, Knox BE, Suhr NH, Delaney WE (1971) Trace-
metal analysis of cancerous and noncancerous human tissues. J
Natl Cancer Inst 47(1):1-13

Margalioth EJ, Schenker JG, Chevion M (1983) Copper and zinc
levels in normal and malignant tissues. Cancer 52(5):868—872
Riesop D, Hirner AV, Rusch P, Bankfalvi A (2015) Zinc distribu-
tion within breast cancer tissue: a possible marker for histological
grading? J Cancer Res Clin Oncol 141(7):1321-1331. https://doi.
org/10.1007/s00432-015-1932-3

Singh CK, Malas KM, Tydrick C, Siddiqui IA, Iczkowski KA,
Ahmad N (2016) Analysis of zinc-exporters expression in prostate
cancer. Sci Rep 6:36772. https://doi.org/10.1038/srep36772

Zhu B, Wang J, Zhou F, Liu Y, Lai Y, Wang J, Chen X, Chen D,
Luo L, Hua ZC (2017) Zinc depletion by TPEN induces apoptosis
in human acute promyelocytic NB4 cells. Cell Physiol Biochem
42(5):1822-1836. https://doi.org/10.1159/000479539
Hogstrand C, Kille P, Ackland ML, Hiscox S, Taylor KM (2013)
A mechanism for epithelial-mesenchymal transition and anoikis
resistance in breast cancer triggered by zinc channel ZIP6 and
STATS3 (signal transducer and activator of transcription 3). Bio-
chem J 455(2):229-237. https://doi.org/10.1042/BJ20130483
Barresi V, Valenti G, Spampinato G, Musso N, Castorina S, Riz-
zarelli E, Condorelli DF (2018) Transcriptome analysis reveals an
altered expression profile of zinc transporters in colorectal can-
cer. J Cell Biochem 119(12):9707-9719. https://doi.org/10.1002/
jcb.27285

Wu DM, Liu T, Deng SH, Han R, Xu Y (2017) SLC39A4 expres-
sion is associated with enhanced cell migration, cisplatin resist-
ance, and poor survival in non-small cell lung cancer. Sci Rep
7(1):7211. https://doi.org/10.1038/s41598-017-07830-4

Taylor KM, Vichova P, Jordan N, Hiscox S, Hendley R, Nichol-
son RI (2008) ZIP7-mediated intracellular zinc transport contrib-
utes to aberrant growth factor signaling in antihormone-resistant
breast cancer cells. Endocrinology 149(10):4912-4920. https://
doi.org/10.1210/en.2008-0351

Taylor KM, Nicholson RI (2003) The LZT proteins; the LIV-1
subfamily of zinc transporters. Biochem Biophys Acta 1611(1—
2):16-30. https://doi.org/10.1016/S0005-2736(03)00048-8
Taylor KM, Hiscox S, Nicholson RI (2004) Zinc transporter LIV-
1: a link between cellular development and cancer progression.
Trends Endocrinol Metab TEM 15(10):461-463. https://doi.
org/10.1016/j.tem.2004.10.003


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/ar900015x
https://doi.org/10.1021/ar900015x
https://doi.org/10.1038/nchem.2133
https://doi.org/10.1038/nchem.2133
https://doi.org/10.1039/c3mt00353a
https://doi.org/10.1039/c3mt00353a
https://doi.org/10.1016/j.yexcr.2009.05.016
https://doi.org/10.1016/j.yexcr.2009.05.016
https://doi.org/10.1083/jcb.200702081
https://doi.org/10.1126/scisignal.2002585
https://doi.org/10.1126/scisignal.2002585
https://doi.org/10.1088/0031-9155/54/13/016
https://doi.org/10.1088/0031-9155/54/13/016
https://doi.org/10.1016/j.cca.2006.12.009
https://doi.org/10.1007/s00432-015-1932-3
https://doi.org/10.1007/s00432-015-1932-3
https://doi.org/10.1038/srep36772
https://doi.org/10.1159/000479539
https://doi.org/10.1042/BJ20130483
https://doi.org/10.1002/jcb.27285
https://doi.org/10.1002/jcb.27285
https://doi.org/10.1038/s41598-017-07830-4
https://doi.org/10.1210/en.2008-0351
https://doi.org/10.1210/en.2008-0351
https://doi.org/10.1016/S0005-2736(03)00048-8
https://doi.org/10.1016/j.tem.2004.10.003
https://doi.org/10.1016/j.tem.2004.10.003

The ZIP6/ZIP10 heteromer is essential for the zinc-mediated trigger of mitosis

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Taylor KM, Muraina IA, Brethour D, Schmitt-Ulms G, Nimmanon
T, Ziliotto S, Kille P, Hogstrand C (2016) Zinc transporter ZIP10
forms a heteromer with ZIP6 which regulates embryonic develop-
ment and cell migration. Biochem J 473(16):2531-2544. https://
doi.org/10.1042/BCJ20160388

Manning DL, McClelland RA, Gee JM, Chan CM, Green CD,
Blamey RW, Nicholson RI (1993) The role of four oestrogen-
responsive genes, pLIV1, pS2, pSYD3 and pSYDS, in predicting
responsiveness to endocrine therapy in primary breast cancer. Eur
J Cancer 29A(10):1462-1468

Manning DL, Robertson JF, Ellis IO, Elston CW, McClelland RA,
Gee JM, Jones RJ, Green CD, Cannon P, Blamey RW et al (1994)
Oestrogen-regulated genes in breast cancer: association of pLIV1
with lymph node involvement. Eur J Cancer 30A(5):675-678
Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees
CA, Pollack JR, Ross DT, Johnsen H, Akslen LA, Fluge O, Per-
gamenschikov A, Williams C, Zhu SX, Lonning PE, Borresen-
Dale AL, Brown PO, Botstein D (2000) Molecular portraits of
human breast tumours. Nature 406(6797):747-752. https://doi.
org/10.1038/35021093

Tozlu S, Girault I, Vacher S, Vendrell J, Andrieu C, Spyratos
F, Cohen P, Lidereau R, Bieche I (2006) Identification of novel
genes that co-cluster with estrogen receptor alpha in breast
tumor biopsy specimens, using a large-scale real-time reverse
transcription-PCR approach. Endocr Relat Cancer 13(4):1109-
1120. https://doi.org/10.1677/erc.1.01120 (13/4/1109[pii])
Taylor KM, Morgan HE, Smart K, Zahari NM, Pumford S, Ellis
10, Robertson JF, Nicholson RI (2007) The emerging role of the
LIV-1 subfamily of zinc transporters in breast cancer. Mol Med
13(7-8):396-406. https://doi.org/10.2119/2007-00040.Taylor
Kagara N, Tanaka N, Noguchi S, Hirano T (2007) Zinc and its
transporter ZIP10 are involved in invasive behavior of breast
cancer cells. Cancer Sci 98(5):692-697. https://doi.org/10.111
1/j.1349-7006.2007.00446.x

Pal D, Sharma U, Singh SK, Prasad R (2014) Association
between ZIP10 gene expression and tumor aggressiveness
in renal cell carcinoma. Gene 552(1):195-198. https://doi.
org/10.1016/j.gene.2014.09.010

Gao SP (2006) Bromberg JF (2006) Touched and moved by
STAT3. Sci STKE 343:pe30. https://doi.org/10.1126/stke.34320
06pe30

Yamashita S, Miyagi C, Fukada T, Kagara N, Che YS, Hirano
T (2004) Zinc transporter LIVI controls epithelial-mesen-
chymal transition in zebrafish gastrula organizer. Nature
429(6989):298-302. https://doi.org/10.1038/nature02545
Silva VC, Cassimeris L (2013) Stathmin and microtubules regu-
late mitotic entry in HeLa cells by controlling activation of both
Aurora kinase A and Plk1. Mol Biol Cell 24(24):3819-3831.
https://doi.org/10.1091/mbc.E13-02-0108

Kitabayashi C, Fukada T, Kanamoto M, Ohashi W, Hojyo S,
Atsumi T, Ueda N, Azuma I, Hirota H, Murakami M, Hirano
T (2010) Zinc suppresses Th17 development via inhibition of
STAT3 activation. Int Immunol 22(5):375-386. https://doi.
org/10.1093/intimm/dxq017

Ng DC, Lin BH, Lim CP, Huang G, Zhang T, Poli V, Cao X
(2006) Stat3 regulates microtubules by antagonizing the depo-
lymerization activity of stathmin. J Cell Biology 172(2):245—
257. https://doi.org/10.1083/jcb.200503021

Rubin CI, Atweh GF (2004) The role of stathmin in the regula-
tion of the cell cycle. J Cell Biochem 93(2):242-250. https://
doi.org/10.1002/jcb.20187

Puntervoll P, Linding R, Gemund C, Chabanis-Davidson S,
Mattingsdal M, Cameron S, Martin DM, Ausiello G, Brannetti
B, Costantini A, Ferre F, Maselli V, Via A, Cesareni G, Diella F,
Superti-Furga G, Wyrwicz L, Ramu C, McGuigan C, Gudavalli
R, Letunic I, Bork P, Rychlewski L, Kuster B, Helmer-Citterich

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

M, Hunter WN, Aasland R, Gibson TJ (2003) ELM server: a
new resource for investigating short functional sites in modular
eukaryotic proteins. Nucleic Acids Res 31(13):3625-3630
Shao H, Xu X, Mastrangelo MA, Jing N, Cook RG, Legge
GB, Tweardy DJ (2004) Structural requirements for signal
transducer and activator of transcription 3 binding to phos-
photyrosine ligands containing the YXXQ motif. J Biol Chem
279(18):18967-18973. https://doi.org/10.1074/jbc.M3140
37200

Chakraborty A, Tweardy DJ (1998) Granulocyte colony-stim-
ulating factor activates a 72-kDa isoform of STAT3 in human
neutrophils. J Leukoc Biol 64(5):675-680

Brethour D, Mehrabian M, Williams D, Wang X, Ghodrati F,
Ehsani S, Rubie EA, Woodgett JR, Sevalle J, Xi Z, Rogaeva
E, Schmitt-Ulms G (2017) A ZIP6-ZIP10 heteromer controls
NCAMI phosphorylation and integration into focal adhesion
complexes during epithelial-to-mesenchymal transition. Sci Rep
7:40313. https://doi.org/10.1038/srep40313

Huttlin EL, Bruckner RJ, Paulo JA, Cannon JR, Ting L, Baltier K,
Colby G, Gebreab F, Gygi MP, Parzen H, Szpyt J, Tam S, Zarraga
G, Pontano-Vaites L, Swarup S, White AE, Schweppe DK, Rad
R, Erickson BK, Obar RA, Guruharsha KG, Li K, Artavanis-Tsa-
konas S, Gygi SP, Harper JW (2017) Architecture of the human
interactome defines protein communities and disease networks.
Nature 545(7655):505-509. https://doi.org/10.1038/nature22366
Fujioka M, Lieberman I (1964) A Zn++ requirement for synthesis
of deoxyribonucleic acid by rat liver. J Biol Chem 239:1164—1167
Miyai T, Hojyo S, Ikawa T, Kawamura M, Irie T, Ogura H, Hiji-
kata A, Bin BH, Yasuda T, Kitamura H, Nakayama M, Ohara
O, Yoshida H, Koseki H, Mishima K, Fukada T (2014) Zinc
transporter SLC39A10/ZIP10 facilitates antiapoptotic signal-
ing during early B-cell development. Proc Natl Acad Sci USA
111(32):11780-11785. https://doi.org/10.1073/pnas. 1323549111
Naumova N, Imakaev M, Fudenberg G, Zhan Y, Lajoie BR,
Mirny LA, Dekker J (2013) Organization of the mitotic chromo-
some. Science 342(6161):948-953. https://doi.org/10.1126/scien
ce.1236083

Dephoure N, Zhou C, Villen J, Beausoleil SA, Bakalarski CE,
Elledge SJ, Gygi SP (2008) A quantitative atlas of mitotic phos-
phorylation. Proc Natl Acad Sci USA 105(31):10762-10767. https
://doi.org/10.1073/pnas.0805139105

Decker T, Kovarik P (2000) Serine phosphorylation of
STATs. Oncogene 19(21):2628-2637. https://doi.org/10.1038/
sj.onc.1203481

Gottesfeld JM, Forbes DJ (1997) Mitotic repression of the tran-
scriptional machinery. Trends Biochem Sci 22(6):197-202
Pawlus MR, Wang L, Hu CJ (2014) STAT3 and HIF1alpha coop-
eratively activate HIF1 target genes in MDA-MB-231 and RCC4
cells. Oncogene 33(13):1670-1679. https://doi.org/10.1038/
onc.2013.115

Armanious H, Gelebart P, Mackey J, Ma Y, Lai R (2010) STAT3
upregulates the protein expression and transcriptional activity of
f-catenin in breast cancer. Int J Clin Exp Pathol 3(7):654-664
Zhong Z, Wen Z, Darnell JE (1994) Stat3: a STAT family member
activated by tyrosine phosphorylation in response to epidermal
growth factor and interleukin-6. Science 264(5155):95-98
Chung SS, Giehl N, Wu Y, Vadgama JV (2014) STAT3 activa-
tion in HER2-overexpressing breast cancer promotes epithelial-
mesenchymal transition and cancer stem cell traits. Int J Oncol
44(2):403-411. https://doi.org/10.3892/ijo.2013.2195
Timofeeva OA, Tarasova NI, Zhang X, Chasovskikh S, Cheema
AK, Wang H, Brown ML, Dritschilo A (2013) STAT3 suppresses
transcription of proapoptotic genes in cancer cells with the
involvement of its N-terminal domain. Proc Natl Acad Sci USA
110(4):1267-1272. https://doi.org/10.1073/pnas.1211805110

@ Springer


https://doi.org/10.1042/BCJ20160388
https://doi.org/10.1042/BCJ20160388
https://doi.org/10.1038/35021093
https://doi.org/10.1038/35021093
https://doi.org/10.1677/erc.1.01120
https://doi.org/10.2119/2007-00040.Taylor
https://doi.org/10.1111/j.1349-7006.2007.00446.x
https://doi.org/10.1111/j.1349-7006.2007.00446.x
https://doi.org/10.1016/j.gene.2014.09.010
https://doi.org/10.1016/j.gene.2014.09.010
https://doi.org/10.1126/stke.3432006pe30
https://doi.org/10.1126/stke.3432006pe30
https://doi.org/10.1038/nature02545
https://doi.org/10.1091/mbc.E13-02-0108
https://doi.org/10.1093/intimm/dxq017
https://doi.org/10.1093/intimm/dxq017
https://doi.org/10.1083/jcb.200503021
https://doi.org/10.1002/jcb.20187
https://doi.org/10.1002/jcb.20187
https://doi.org/10.1074/jbc.M314037200
https://doi.org/10.1074/jbc.M314037200
https://doi.org/10.1038/srep40313
https://doi.org/10.1038/nature22366
https://doi.org/10.1073/pnas.1323549111
https://doi.org/10.1126/science.1236083
https://doi.org/10.1126/science.1236083
https://doi.org/10.1073/pnas.0805139105
https://doi.org/10.1073/pnas.0805139105
https://doi.org/10.1038/sj.onc.1203481
https://doi.org/10.1038/sj.onc.1203481
https://doi.org/10.1038/onc.2013.115
https://doi.org/10.1038/onc.2013.115
https://doi.org/10.3892/ijo.2013.2195
https://doi.org/10.1073/pnas.1211805110

T.Nimmanon et al.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Shen Y, Schlessinger K, Zhu X, Meffre E, Quimby F, Levy DE,
Darnell JE Jr (2004) Essential role of STAT3 in postnatal survival
and growth revealed by mice lacking STAT3 serine 727 phospho-
rylation. Mol Cell Biol 24(1):407—419

Huang G, Yan H, Ye S, Tong C, Ying QL (2014) STAT3 phos-
phorylation at tyrosine 705 and serine 727 differentially regu-
lates mouse ESC fates. Stem Cells 32(5):1149-1160. https://doi.
org/10.1002/stem.1609

Qin HR, Kim HJ, Kim JY, Hurt EM, Klarmann GJ, Kawasaki
BT, Duhagon Serrat MA, Farrar WL (2008) Activation of signal
transducer and activator of transcription 3 through a phospho-
mimetic serine 727 promotes prostate tumorigenesis independent
of tyrosine 705 phosphorylation. Cancer Res 68(19):7736-7741.
https://doi.org/10.1158/0008-5472.CAN-08-1125

Hazan-Halevy I, Harris D, Liu Z, Liu J, Li P, Chen X, Shanker S,
Ferrajoli A, Keating MJ, Estrov Z (2010) STAT3 is constitutively
phosphorylated on serine 727 residues, binds DNA, and activates
transcription in CLL cells. Blood 115(14):2852-2863. https://doi.
org/10.1182/blood-2009-10-230060 (blood-2009-10-230060[ pii])
Lin GS, Chen YP, Lin ZX, Wang XF, Zheng ZQ, Chen L (2014)
STATS3 serine 727 phosphorylation influences clinical outcome in
glioblastoma. Int J Clin Exp Pathol 7(6):3141-3149

Shi X, Zhang H, Paddon H, Lee G, Cao X, Pelech S (2006) Phos-
phorylation of STAT3 serine-727 by cyclin-dependent kinase 1
is critical for nocodazole-induced mitotic arrest. Biochemistry
45(18):5857-5867. https://doi.org/10.1021/bi052490j

Zhang T, Liu J, Fellner M, Zhang C, Sui D, Hu J (2017) Crys-
tal structures of a ZIP zinc transporter reveal a binuclear metal
center in the transport pathway. Sci Adv 3(8):e1700344. https://
doi.org/10.1126/sciadv.1700344

Zhang T, Sui D, Hu J (2016) Structural insights of ZIP4 extra-
cellular domain critical for optimal zinc transport. Nat Commun
7:11979. https://doi.org/10.1038/ncomms11979

Schmitt-Ulms G, Ehsani S, Watts JC, Westaway D, Wille H (2009)
Evolutionary descent of prion genes from the ZIP family of metal
ion transporters. PLoS ONE 4(9):¢7208. https://doi.org/10.1371/
journal.pone.0007208

Watt NT, Taylor DR, Kerrigan TL, Griffiths HH, Rushworth
JV, Whitehouse 1J, Hooper NM (2012) Prion protein facilitates
uptake of zinc into neuronal cells. Nat Communs 3:1134. https://
doi.org/10.1038/ncomms2135

Kong BY, Duncan FE, Que EL, Kim AM, O’Halloran TV, Wood-
ruff TK (2014) Maternally-derived zinc transporters ZIP6 and
ZIP10 drive the mammalian oocyte-to-egg transition. Mol Hum
Reprod 20(11):1077-1089. https://doi.org/10.1093/molehr/gau06
6

Cheng X, Wei L, Huang X, Zheng J, Shao M, Feng T, Li J, Han
Y, Tan W, Tan W, Lin D, Wu C (2017) Solute carrier family 39
member 6 gene promotes aggressiveness of esophageal carcinoma
cells by increasing intracellular levels of zinc, activating phos-
phatidylinositol 3-kinase signaling, and up-regulating genes that
regulate metastasis. Gastroenterology 152(8):1985-1997. https://
doi.org/10.1053/j.gastro.2017.02.006

Cui XB, Shen YV, Jin TT, Li S, Li TT, Zhang SM, Peng H, Liu
CX, Li SG, Yang L, Li N, Hu JM, Jiang JF, Li M, Liang WH, Li
Y, Wei YT, Sun ZZ, Wu CY, Chen YZ, Li F (2015) SLC39A6:
a potential target for diagnosis and therapy of esophageal car-
cinoma. J Transl Med 13:321. https://doi.org/10.1186/51296
7-015-0681-z

Lue HW, Yang X, Wang R, Qian W, Xu RZ, Lyles R, Osunkoya
AO, Zhou BP, Vessella RL, Zayzafoon M, Liu ZR, Zhau HE,
Chung LW (2011) LIV-1 promotes prostate cancer epithelial-to-
mesenchymal transition and metastasis through HB-EGF shedding
and EGFR-mediated ERK signaling. PLoS ONE 6(11):e27720.
https://doi.org/10.1371/journal.pone.0027720

@ Springer

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

84.

85.

Ding B, Lou W, Xu L, Li R, Fan W (2019) Analysis the prognostic
values of solute carrier (SLC) family 39 genes in gastric cancer.
Am J Transl Res 11(1):486-498

McRae R, Lai B, Fahrni CJ (2013) Subcellular redistribution and
mitotic inheritance of transition metals in proliferating mouse
fibroblast cells. Metallomics 5(1):52—61. https://doi.org/10.1039/
c2mt20176¢

Bourassa D, Gleber SC, Vogt S, Yi H, Will F, Richter H, Shin CH,
Fahrni CJ (2014) 3D imaging of transition metals in the zebrafish
embryo by X-ray fluorescence microtomography. Metallomics
6(9):1648-1655. https://doi.org/10.1039/c4mt00121d

Wu W, Tan XF, Tan HT, Lim TK, Chung MC (2014) Unbiased
proteomic and transcript analyses reveal that stathmin-1 silencing
inhibits colorectal cancer metastasis and sensitizes to 5-fluoro-
uracil treatment. Molecular Cancer Res MCR 12(12):1717-1728.
https://doi.org/10.1158/1541-7786.MCR-14-0088-T

Woetmann A, Nielsen M, Christensen ST, Brockdorff J, Kaltoft K,
Engel AM, Skov S, Brender C, Geisler C, Svejgaard A, Rygaard
J, Leick V, Odum N (1999) Inhibition of protein phosphatase 2A
induces serine/threonine phosphorylation, subcellular redistribu-
tion, and functional inhibition of STAT3. Proc Natl Acad Sci USA
96(19):10620-10625

Xiong Y, Luo DJ, Wang XL, Qiu M, Yang Y, Yan X, Wang JZ,
Ye QF, Liu R (2015) Zinc binds to and directly inhibits protein
phosphatase 2A in vitro. Neurosci Bull 31(3):331-337. https://
doi.org/10.1007/s12264-014-1519-z

Waurzenberger C, Gerlich DW (2011) Phosphatases: providing safe
passage through mitotic exit. Nat Rev Mol Cell Biol 12(8):469—
482. https://doi.org/10.1038/nrm3149

Takeda K, Noguchi K, Shi W, Tanaka T, Matsumoto M, Yoshida
N, Kishimoto T, Akira S (1997) Targeted disruption of the mouse
Stat3 gene leads to early embryonic lethality. Proc Natl Acad Sci
USA 94(8):3801-3804

Aggarwal BB, Kunnumakkara AB, Harikumar KB, Gupta SR,
Tharakan ST, Koca C, Dey S, Sung B (2009) Signal transducer
and activator of transcription-3, inflammation, and cancer: how
intimate is the relationship? Ann NY Acad Sci 1171:59-76. https
://doi.org/10.1111/§.1749-6632.2009.04911.x

Waitkus MS, Chandrasekharan UM, Willard B, Tee TL, Hsieh JK,
Przybycin CG, Rini BI, Dicorleto PE (2014) Signal integration
and gene induction by a functionally distinct STAT3 phospho-
form. Mol Cell Biol 34(10):1800-1811. https://doi.org/10.1128/
MCB.00034-14

. Geiser J, Venken KJ, De Lisle RC, Andrews GK (2012) A mouse

model of acrodermatitis enteropathica: loss of intestine zinc trans-
porter ZIP4 (Slc39a4) disrupts the stem cell niche and intestine
integrity. PLoS Genet 8(6):e1002766. https://doi.org/10.1371/
journal.pgen.1002766

Taylor KM, Morgan HE, Johnson A, Hadley LJ, Nicholson RI
(2003) Structure-function analysis of LIV-1, the breast cancer-
associated protein that belongs to a new subfamily of zinc trans-
porters. Biochem J 375(Pt 1):51-59. https://doi.org/10.1042/
BJ20030478

Taylor KM, Morgan HE, Johnson A, Nicholson RI (2004) Struc-
ture-function analysis of HKE4, a member of the new LIV-1 sub-
family of zinc transporters. Biochem J 377(Pt 1):131-139. https
://doi.org/10.1042/BJ20031183

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1002/stem.1609
https://doi.org/10.1002/stem.1609
https://doi.org/10.1158/0008-5472.CAN-08-1125
https://doi.org/10.1182/blood-2009-10-230060
https://doi.org/10.1182/blood-2009-10-230060
https://doi.org/10.1021/bi052490j
https://doi.org/10.1126/sciadv.1700344
https://doi.org/10.1126/sciadv.1700344
https://doi.org/10.1038/ncomms11979
https://doi.org/10.1371/journal.pone.0007208
https://doi.org/10.1371/journal.pone.0007208
https://doi.org/10.1038/ncomms2135
https://doi.org/10.1038/ncomms2135
https://doi.org/10.1093/molehr/gau066
https://doi.org/10.1093/molehr/gau066
https://doi.org/10.1053/j.gastro.2017.02.006
https://doi.org/10.1053/j.gastro.2017.02.006
https://doi.org/10.1186/s12967-015-0681-z
https://doi.org/10.1186/s12967-015-0681-z
https://doi.org/10.1371/journal.pone.0027720
https://doi.org/10.1039/c2mt20176c
https://doi.org/10.1039/c2mt20176c
https://doi.org/10.1039/c4mt00121d
https://doi.org/10.1158/1541-7786.MCR-14-0088-T
https://doi.org/10.1007/s12264-014-1519-z
https://doi.org/10.1007/s12264-014-1519-z
https://doi.org/10.1038/nrm3149
https://doi.org/10.1111/j.1749-6632.2009.04911.x
https://doi.org/10.1111/j.1749-6632.2009.04911.x
https://doi.org/10.1128/MCB.00034-14
https://doi.org/10.1128/MCB.00034-14
https://doi.org/10.1371/journal.pgen.1002766
https://doi.org/10.1371/journal.pgen.1002766
https://doi.org/10.1042/BJ20030478
https://doi.org/10.1042/BJ20030478
https://doi.org/10.1042/BJ20031183
https://doi.org/10.1042/BJ20031183

	The ZIP6ZIP10 heteromer is essential for the zinc-mediated trigger of mitosis
	Abstract
	Introduction
	Results
	The requirement of ZIP6 and ZIP10 for mitosis
	The ZIP6ZIP10 heteromer binds phosphorylated STAT3 (pS727STAT3) in mitosis
	Cells require both ZIP6 and ZIP10 for maximal growth rate
	Inhibition of ZIP6ZIP10 heteromer-induced mitosis leaves cells in G2

	Discussion
	Materials and methods
	Materials, antibodies and treatments
	Cell lines and Immunohistochemistry
	Plasmids and transfections
	SDS-PAGE, western blotting and immunoprecipitation
	Fluorescence microscopy and FACS analysis
	Proximity ligation assay (PLA)
	Statistical analysis

	Acknowledgements 
	References




