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Summary

Summary

Zinc is an essential trace metal involved in diverse cellular processes.
Cellular zinc levels are controlled by three families of proteins, including ZIP
channels, which facilitate zinc influx into the cytosol. Aberrant function of many
ZIP channels has been associated with human diseases. However, their cellular
mechanisms are relatively unclear. Importantly, our group have reported that
ZIP7 function is triggered by CK2 imediated phosphorylation on residues S275
and S276, and have created a pZIP7 antibody that recognises this
phosphorylated form of ZIP7. This project therefore aimed to decipher
post itranslational mechanisms of three ZIP channels: ZIP7, ZIP6, and ZIP10.
Computational analysis of ZIP sequences revealed salient characteristics of ZIP
channels, especially those belonging to the LIV il subfamily, and detected
multiple potential phosphorylation sites in the cytosolic loop between TM3 and
TM4 of ZIP3, ZIP4, ZIP6, ZIP7 and ZIP10. Characterisation of the pZIP7
antibody revealed that it specifically recognised ZIP7 when phosphorylated on
S275 and S276 and accurately indicated increased or impaired function of the
protein. Employing different antibody arrays, phosphorylation of multiple kinases
by ZIP7 overexpression or zinc was demonstrated, introducing multiple
signalling pathways as downstream cascades of ZIP7 imediated zinc release
from intracellular stores. An investigation on ZIP6 detected that it was
phosphorylated by CK2, CK1, GSK i3, Eand PLK1 exclusively in mitotic cells.
This led to a deeper discovery of the cellular mechanism of ZIP6 in mitosis
involving its heteromer formation with ZIP10 and its binding to pS727 STATS3,
which also bound to pStathmin, a protein required for microtubule
reorganisation. Importantly, ZIP6 and ZIP10 antibody treatment successfully
inhibited mitosis in multiple breast cancer cell lines, either nocodazole iinduced
or endogenous. Collectively, this project has provided a deeper insight into
ZIP7, ZIP6 and ZIP10 cellular mechanisms, introduced pZIP7 antibody as a
potential biomarker, and proposed ZIP6 and ZIP10 antibodies as promising

mitosis iblocking agents.
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1. Introduction

1.1  Zinc in human health and diseases

Zinc is nutritionally categorised as an essential trace element, which is
the second most abundant in the human body, with iron being the most plentiful
trace element in the body (McCall et al. 2000). The human body contains 2 g or
30 mmol of zinc, which is distributed throughout all tissues and fluids in the
body with 60% of total body zinc in the skeletal muscle (King et al. 2000), and
the highest concentration of zinc in the choroid region of the eye and the
prostatic secretion (FAO/WHO 2002). In contrast to other metals, zinc is
uniquely found associated with all classes of enzymes (Vallee and Galdes
1984). Using a bLRLQIRUPDWLFVY DSSURDFK i
accounting for approximately 10% of the human proteome, are indicated as zinc

proteins (Andreini et al. 2006; Passerini et al. 2007).

The necessity of zinc in human health had not been recognised until the
profound description of a clinical syndrome attributed to zinc deficiency in a
case series of 10 malnourished Iranian villagers (Prasad et al. 1961). In this
report, these patients shared a common clinical history of geophagia, a form of
pica characterised by craving for eating earth, soil, or clay. Upon physical
examination, these patients were seen to have short stature, iron ideficiency
anaemia, hepatosplenomegaly, and hypogonadism. The link of this clinical
syndrome to zinc deficiency later became clearer a few years later when
extensive biochemical studies in 16 stunted male Egyptian villagers with this
clinical syndrome associated the condition with low plasma zinc levels (Prasad
et al. 1963). Since the discoveries of cases with zinc deficiency, the importance
of zinc in human health has been increasingly acknowledged and the
knowledge of cause and pathogenesis of zinc deficiency syndrome has been

increasingly understood (Roohani et al. 2013).

Zinc is involved in a vast variety of physiological processes (Kambe et al.
2015). It is therefore not surprising that the clinical syndrome of zinc deficiency
in its severe form can be clinically characterised by abnormalities of virtually all
the human organ systems (Hambidge 2000). The typical clinical manifestations
of fulliblown zinc deficiency include anorexia, pica, growth retardation,
dermatopathy, hair loss, gonad dysfunction, delayed wound healing,

compromised immune system, neuropsychiatric symptoms, glucose intolerance,
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abnormal pregnancy, and increased risk of cardiovascular diseases and cancer
(Yanagisawa 2008). The severest end of the spectrum of zinc deficiency is
called acrodermatitis enteropathica, which has been described as a rare lethal
autosomal recessive disorder characterised by intestinal malabsorption of zinc
(Moynahan 1974). This condition of severe zinc deficiency manifests itself as a
clinical syndrome of dermatitis (particularly in the acral, perioral, and periocular
areas), alopecia, and diarrhoea, hence the proposal of the name acrodermatitis
enteropathica by Danbolt and Closs (Danbolt and Closs 1942). The gene
mutated in this condition has been mapped to chromosome 8q24.3, which
encodes ZIP4 (SLC39A4), a member of the LIV il subfamily of ZIP channels
responsible for intestinal absorption of zinc (Kury et al. 2002). Consequently,
the ZIP4 gene has now been recognised as the gene defect responsible for the
manifestation of acrodermatitis enteropathica (Andrews 2008).

It is noteworthy that regardless of the typical recognition of this condition
as an inherited disease, an acquired form of acrodermatitis enteropathica has
also been documented in adults. These patients have been reported to have the
typical dermatologic presentation of the disease with a history of inadequate
zinc intake in combination with chronic use of common anti ihypertensive drugs,
which potentially enhances urinary loss of zinc (Macdonald et al. 2012), chronic
alcoholism (Chaudhry et al. 2008), and surgical gastric bypass (Cunha et al.
2012). Additionally, transient neonatal zinc deficiency, an autosomal dominant
disorder, has been known as a cause of hypozincaemia in infancy and
classified as type 2 hypozincaemia in children (with the classical acrodermatitis
enteropathica being classified as type 1) (Kumar et al. 2012). Pathogenetically,
type 2 hypozincaemia has been attributed to a missense mutation of the gene
of ZnT2 (SLC30A2), a zinc transporter responsible for zinc secretion from the
mammary glands, resulting in impaired zinc secretion into the breast milk
(Chowanadisai et al. 2006).

Regardless of the advancement of the insight into pathogenesis of zinc
deficiency, this condition remains highly prevalent worldwide even today, with
17.3% of the population estimated to be at risk of inadequate zinc intake, based
upon the bioavailability of absorbable zinc content in the national food supplies
(Wessells and Brown 2012). Furthermore, both diagnosis of zinc deficiency and
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determination of its prevalence are considered difficult particularly for cases with
marginal or mild zinc deficiency, because of the non ispecificity of clinical
manifestations and the lack of a clinically iuseful biomarker with undisprovable
reliability for determining total body zinc status (Wieringa et al. 2015). A
systematic review demonstrated that, out of 32 biomarkers investigated, only
zinc levels in plasma, hair and urine successfully responded to a short itermed
experimental manipulation of dietary zinc intake in a dose idependent manner
(Lowe et al. 2009). Nonetheless, accuracy of these three markers in
determining body zinc status is yet to be proved, since the test results analysed
in this systematic review could be interfered with by many factors. Moreover,
the authors of this systemic review also suggested that body zinc homeostasis
might be able to control the plasma zinc levels within the physiological range,
thus limiting the use of this biomarker in cases with a long itermed change in
dietary zinc intake. Additionally, metabolic redistribution of zinc from plasma to
tissues, which may be triggered by various influences such as meals, infection,
and other forms of stresses, can reduce plasma zinc levels, thereby
confounding the interpretation of hypozincaemia (King 2011). Nowadays,
diagnosis of individual cases solely depends on clinical evaluation and plasma
zinc levels, the only test currently used in routine clinical practice (BMJ Best
Practice). In contrast, for assessing a populaWLRQIiOHYHO JLQF VWDWXV
use of three indicators was suggested, including the prevalence of inadequate
zinc intakes according to the estimated average requirement, the prevalence of
hypozincaemia, and the prevalence of children up to 5 years old who have low
height ifor iage (de Benoist et al. 2007). In as much as either subclinical or
clinical zinc deficiency affects numerous people worldwide, both in developed
and developing countries, and the detection is still a real challenge due to the
lack of a reliable diagnostic test, zinc is inevitably considered as a micronutrient
of remarkable significance both biologically and epidemiologically (Hambidge
and Krebs 2007).

Beneficial effects of zinc in human health are widely iknown nowadays.
Zinc has positive effects on the immune system (Haase and Rink 2014b), the
free radical scavenging mechanism (Oteiza 2012) and the wound healing
process (Lansdown et al. 2007) as well as the intrinsic anti imicrobial action of

zinc against bacteria (David 2012) and fungi (Reeder et al. 2011). As a result,
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zinc in its different forms is often included in various dietary supplements
(Schwingshackl et al. 2015), topical therapeutic agents (Sadeghian et al. 2011),
and even common everyday products such as antiidandruff shampoos
(Schwartz etal. 2013) $ PHWDIDQDO\VLV RI UDQGRPL]JHG FOL
a significant positive effect of supplemental zinc in growth of prepubertal
children, suggesting zinc supplementation as a means to improve the bodily
zinc condition, and to prevent underweight and stunting in children who are at
risk of zinc deficiency (Brown et al. 2002). Furthermore, zinc supplementation
has also been approved to be used as a chemo itherapeutic means for acute
diarrhoea (Walker et al. 2015) and common cold (Fashner et al. 2012) and
proposed to benefit patients with early stages of age irelated macular

degeneration (Lawrenson and Grzybowski 2015).

1.2 Biological functions of zinc in the human body

Zinc plays indispensable roles in diverse biological processes. It plays
important roles in different cellular mechanisms including, but not limited to,
transcription, signal transduction, growth, proliferation, differentiation, apoptosis,
and metabolism of carbohydrates, lipids, proteins, nucleic acids, and other
micronutrients (FAO/WHO 2002; Hambidge and Krebs 2007). Not only does
zinc help the body fight against infectious microorganisms by enhancing both
the innate and the adaptive immune systems (Haase and Rink 2014b), but zinc
also prevents cellular oxidative damage by exercising its properties as an
antioxidant (Oteiza 2012), albeit it is more appropriately counted as a
pro iantioxidant (Maret 2008). Furthermore, there has been increasing
evidential support for zinc acting in the brain as a neuromodulator released by
zincergic neurons, which are glutamatergic neurons that also secrete zinc (Kay
and Téth 2008; Takeda et al. 2013). Additionally, zinc is required for formation
of water iinsoluble crystals in pancreatic beta cell granules, which constitute

hexamers of two zinc ions and four insulin molecules (Lemaire et al. 2009).

Intracellularly, zinc has been shown to indispensably function as a
second messenger (Yamasaki et al. 2007), participating in various cellular
signalling pathways, including those involved in carcinogenesis (Taylor et al.
2011). This notable role of zinc was experimentally demonstrated in mast cells

after activation by an extracellular stimulus (Yamasaki et al. 2007). In this study,
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mast cells were stimulated by cross ilinking of the high affinity immunoglobulin
E receptor, resulting in zinc release from the perinuclear region where the
endoplasmic reticulum (ER) is located. This zinc release required both

preceding calcium influx and MAPK activation, and the resulting increase in

F\WRVROLF JLQF LV NQRZQ DV D 2]LQF ZDYH  )XUWKHU

was shown in the same study to mediate cellular signalling events at least partly

through a direct inhibitory action of zinc on tyrosine phosphatase activity.

According to this study in mast cells (Yamasaki et al. 2007), zinc satisfies
four out of five criteria for a second messenger that were proposed by
Sutherland (Sutherland et al. 1968; Aley et al. 2013). These criteria consist of
(1) inhibition of the extracellular messenger action by a second messenger
antagonist; (2) demonstration of the extracellular messenger effect by
application of the second messenger; (3) ability of the second messenger to be
synthesised and metabolised; (4) changes of the second messenger level in
response to the stimulus; and (5) presence of specific intracellular binding sites.
In relation to these criteria, the study in mast cells demonstrated that TPEN, a
zinc chelator, inhibited the extracellular messenger action in mast cells;
application of zinc produced the effects the extracellular stimulus; the zinc level
changed in response to the extracellular stimulus; and tyrosine phosphatases
were identified as a target of zinc (Yamasaki et al. 2007). Even though the third
criterion was not fully shown, because zinc was not synthesised in the cells,
zinc was shown to be released from cellular stores. Altogether, these data have
established the role of zinc as a second messenger. Noteworthy, evidence of
zinc as a key signalling molecule has also been provided in T cells (Yu et al.
2011). However, the increase in cytosolic zinc levels following the activation of
the T cell receptor was shown in this study to result from zinc influx mediated by

zinc channel ZIP6, rather than zinc release from cellular stores.

Following the discovery of zinc acting as a second messenger, this
similar role of zinc has also been detected in other non iimmune cells. In
Chinese hDPVWHU RYDU\ FHOOV DFWLYDWLRQ RI

UHFHSWRU ,*)i 5 ZDV GHPRQV Wrbebisd GhospRorykatiohJ JHU ]
D

WKH

RI HHWUDFHOOXODUiVLIQDOiIiUHJXODWHG NLQDVHV
DFWL

B (PKB or AKT) (Pandey et al. 2010) ,Q DGGLWLRQ WR ,*)i 5

l
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epidermal growth factor receptor (EGFR) was also shown in the same study to

initiate the same JLQFiPHGLDWHG UHVSRQVHV LQ YDVFXODU
Similarly, our group have revealed zinc imediated phosphorylation of ERK1/2

and AKT in breast cancer cells following an extracellular stimulus of either zinc

plus zinc ionophore pyrithione or the epidermal growth factor (EGF) plus

calcium ionophore ionomycin (Taylor et al. 2012). Consistent with the proposed
PHFKDQLVP RI WKH JLQFILQGXFHG VLJQDOOLQJ HYH
(Yamasaki et al. 2007), the zincimediated responses seen in these

non iimmune cells were attributed to the JLQFILQGXFHG LQKLELWLRC
tyrosine phosphatases (Wilson et al. 2012).

In order for zinc to be classified as a second messenger, it is crucial that
in response to cellular exposure to a first messenger, the zinc ions that produce
a zinc wave and thereby modulate cellular signalling molecules originate from
an intracellular compartment rather than an extracellular source (Bornfeldt
2006). Importantly, zinc has been shown to fulfil this criterion for a second
messenger by inability of diethylenetriaminepentaacetic acid (DTPA), a
membrane iimpermeable zinc chelator, to inhibit zinc wave production in mast
cells (Yamasaki et al. 2007). Furthermore, stimulation with EGF plus ionomycin
was shown to produce a zinc wave in a similar manner to stimulation with zinc
plus pyrithone in breast cancer cells (Taylor et al. 2012), proving an intracellular
origin of the zinc ions that elicit the zinc wave. The role of zinc as a second
messenger now provides an opportunity for zinc imediated cellular effects to be
observed within minutes independently of the transcriptional roles of zinc, which
require hours or days to accomplish (Hirano et al. 2008). Furthermore, this also
raises the importance of cellular zinc signalling to the level comparable to
calcium signalling (Taylor et al. 2011). However, precise mechanistic details of
zinc release control and relevance of zinc signalling to pathogenesis of human

diseases are yet to be elucidated.

1.3 ZIP channels

Either too much or too little zinc adversely affects cellular homeostasis.
Zinc excess causes cell death, either apoptosis (programmed cell death) or
necrosis (Kim et al. 1999), whilst cellular zinc deprivation causes growth arrest

(MacDonald 2000) and induces the apoptotic pathways (Fraker 2005). It is
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therefore extremely crucial that a cell judiciously controls the concentration of
free zinc in the cytosol where zinc ions are capable of efficiently activating
numerous signalling molecules. Three families of proteins have been
discovered to participate in this stringent regulation: ZIP channels (SLC39A,
zinc importers), ZnT transporters (SLC30A, zinc exporters), and zinc ibinding
proteins such as the cysteine irich metallothioneins (Lichten and Cousins 2009),
which are also known to serve as an intracellular resource of zinc for redox
signalling (Ruttkay-Nedecky et al. 2013). ZIP channels mobilise zinc into the
cytosol either from extracellular space or from intracellular stores, thereby
increasing cytosolic zinc bioavailability, whereas ZnT transporters reduce
cytosolic zinc by transporting zinc in the opposite direction (Kambe et al. 2015).
Noteworthy, in contrast to ZnT transporters, which are discovered to function as
Zn?*/H* exchangers (Ohana et al. 2009), the underlying mechanistic detail of

zinc transport by ZIP channels is relatively obscure.

ZIP channels are generally regarded in the literature as transporters; yet
there are pieces of evidence supporting that they in fact transport zinc in a
channel ilike manner (Kambe et al. 2015). Firstly, ZIP proteins, like other ion
channels, mobilise zinc down a transmembrane concentration gradient, given
that the amount of free zinc ions in the cytosol is so small that it has been
considered negligible by some authors (Alam and Kelleher 2012). Noteworthy,
in spite of this negligible amount of free zinc ions the cytosol, it is by no means
negligible in terms of the impact of zinc ions on cell physiology (Maret 2013).
Secondly, a molecular characterisation of ZIPB, a ZIP homolog from Bordetella
bronchiseptica, demonstrated that this primitive ZIP protein works as a
non isaturable ion iselective electro idiffusional channel that facilitates passive
uptake of zinc into the cell (Lin et al. 2010). These characteristics of ZIP7B are
compatible with the salient biochemical properties of an ion channel, which
include non isaturability with the ion substrate and passive transport of the ion
that is dependent on the electrochemical properties of the ion (Nelson and Cox
2013). Nevertheless, the exact zinc transport mechanism of human ZIP
channels is still largely unknown, and no investigation using electrophysiological
methods, such as a patch clamp technique (Kornreich 2007), has been

reported. Given these pieces of evidence suggesting that ZIP channels
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potentially function as ion channels, zinc transport proteins in the ZIP family are

referred to as ZIP channels throughout this thesis.

ZIP channels are classified according to the phylogenetic tree into four
subfamilies, consisting of gufA, subfamily I, subfamily Il, and the LIV il
subfamily (Taylor et al. 2007) (Fig. 1.1). All ZIP channels are predicted to have
eight transmembrane domains (TM) between a long N iterminus and a short
C iterminus, which are both extracytosolically located (Guerinot 2000) (Fig. 1.2).
A long variable region, which contains multiple histidine residues, is present in
the cytosolic loop between TM3 and TM4 and thereby proposed to be a
zinc ibinding region (Guerinot 2000) (Fig. 1.2). Interestingly, many members of
the LIV il subfamily have two additional regions that contain multiple histidine
residues: The N iterminus and the extracytosolic loop between TM2 and TM3
(Taylor and Nicholson 2003) (Fig.1.2). Importantly, in TM5 of the LIV il
subfamily, there is a unique consensus motif HEXPHEXGD (H, histidine; E,
glutamate; P, proline; D, aspartate; G, glycine; X, any amino acid), which is not
seen in any other subfamilies of ZIP channels (Taylor and Nicholson 2003).
Interestingly, this HEXPHEXGD consensus motif matches the region in zinc
metallopeptidases (zincins) that binds zinc (Hooper 1994), suggesting that this
HEXPHEXGD motif is a catalytic zinc ibinding site for ZIP channels. Indeed, this
region, which contains highly iconserved histidine residues, has been thought to
be responsible for selective zinc transport (Guerinot 2000). This speculation has
been further confirmed by the findings that ZIP8 and ZIP14, which have the
initial histidine residue of the HEXPHEXGD motif replaced with a glutamate
residue (Taylor et al. 2007), are capable of transporting metal ions other than
zinc ions, such as cadmium, manganese (Girijjashanker et al. 2008) and iron
(Wang et al. 2012).
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Figure 1.1 Classification of the ZIP family of zinc transport proteins
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(Nimmanon and Taylor 2015). ZIP channels can be grouped into four subfamilies: GufA
(ZIP11), subfamily | (ZIP9), subfamily 1l (ZIP1, ZIP2 and ZIP3), DQG WKH PRVWIiUHFH
FKDUDFWHULVHG /,9i VXEIDPLO\ =,3 , 3 =,3 =,3 =,3 =,3 =

Figure 1.2 3UHGLFWHG VWUXFWXUH RI WKH /,9i VXEIDPLO\
([ ECSor
ER/Golgi

Membrane

-

Cytoplasm ]

-

This figure illustrates the predicted structure ol WKH /,9i VXEIDPLO\ DFFRUGLQJ
sequence computational analysis (Taylor and Nicholson 2003). Like other subfamilies of ZIP
FKDQQHOV WKH /,9i VXEIDPLO\ PHP E Hdig\t ttabshhe@lyan&domdind G WR K
(TM), with extracytosol LF 1 DQG &I WHUPLQL DQG D OdytQsdliklaop\hetweeénQ HiU L FK
70 DQG 70 8QLTXHO\ IRU WKH /,9i VXEIDPLO\ WKHAK KMYHRIG/GD
WKH DPLQRiIWHUPLQXV DQG WKH UHJLRQ EHWZHHQ 70 DQG 70

(&6 WKH H[WUDFHOOXODU VSDFH (5 WKH HQGRB®@doWPLF UHWLFX

10



1. Introduction

The majority of the LIV il subfamily members of ZIP channels are
located on the plasma membrane, and their function is therefore to import zinc
into the cell (Hogstrand et al. 2009). Importantly, at least two members of this
subfamily, namely ZIP7 and ZIP13, have been shown to be on intracellular
membranes. Immunofluorescence imaging revealed co ilocalisation of
recombinant ZIP7 with calreticulin, an ER marker (Taylor et al. 2004; Valentine
et al. 2007) and recombinant ZIP13 with GM130, a Golgi marker (Bin et al.
2011). Instead of mediating cellular zinc influx from the extracellular space,
ZIP7 and ZIP13 are therefore regulating zinc release from cellular stores.
Besides the special cellular localisation of ZIP7, this ZIP channel is ubiquitously
expressed throughout the human body (Taylor et al. 2004). Furthermore, ZIP7
activation by CK2 imediated phosphorylation on residues S275 and S276
(Taylor et al. 2012) results in activating phosphorylation of downstream
effectors of zinc release from cellular stores, including tyrosine kinases that are
involved in breast cancer progression (Taylor et al. 2008b). Hence ZIP7 is
UHDVRQDEO\ GHVLJQDWHG DV 3D JDWHNHHSHU IRU LC
KXE IRU WA\URVLQH N(HQJstkahd & BIV2QOYDWLR Q"

Interestingly, chicken B cells (DT40) lack endogenous ZIP7 (Kambe et al.
2006), but have Golgi membrane ilocated ZIP9 functioning as a gatekeeper of
zinc release from the stores instead of ZIP7 (Matsuura et al. 2009). Activation of
ZIP9 in chicken B cells was shown to result in inhibition of protein tyrosine
phosphatases and consequential activation of downstream activators of zinc
release from cellular stores (Taniguchi et al. 2013), suggesting potential
functional interchangeability of the intracellularly ilocated ZIP channels.
Furthermore, these data also suggest that a prolonged ZIP7 functional defect in
mammalian cells might be successfully compensated for by an increase in

protein expression of other ZIP channels such as ZIP9.
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1.4  The muffler model

Participating with zinc transport proteins in regulating free zinc levels in
the cytosol, the metallothioneins facilitate the zinc ibuffering reaction when cells
are in a steady state, and the zinc imuffling reaction when zinc ions transiently
flux into the cytosol (Colvin et al. 2010). Thanks to this highly effective cellular
zinc ibuffering system, the cytosolic free zinc levels are strictly maintained
within the high picomolar to low nanomolar range, and only a small alteration
can be observed following loading of micromolar levels of zinc (Krezel and
Maret 2006).

To decipher this robust zinc ibuffering system, a computational modelling
study in correlation with experimental data was performed in cortical neuronal
cells (Colvin et al. 2008). Among the three models investigated in this study,
only the muffler model was able to predict the cellular free zinc and total zinc
content in different conditions, including cellular exposure to exogenous zinc
with or without pyrithione, and cellular exposure to ethylenediaminetetraacetic
acid (EDTA), a metal chelator. This model incorporated a protein with high
affinit\ IRU JLQF LRQV ZKLFK ZDV FDOOHG WKH 3PXIIOHU"
release of zinc into and from deep cellular stores into the equations. Notably,
WKLV 3PXIIOHU” PRGHO LV FRQVLVWHQW ZLWK WKH UR
which necessitates zinc being released from cellular stores in order to exert its
action via activation of downstream effectors, as previously mentioned.
Furthermore, this model highlights the importance of the cellular store ilocated

ZIP channels through which zinc is released into the cytosol.

According to the muffler model (Colvin et al. 2010), when zinc ions flux
into a cell from the extracellular space, the increase in free zinc levels is
immediately modulated by the metallothionein idriven muffling reaction. The
metallothioneins then shuttle the excess zinc ions to cellular stores such as the
ER. Upon activation by an extracellular stimulus, zinc ions within the stores are
released into the cytosol YLD D =,3 FKDQQHO OHDGLQJ WR ]JLQI

responses. A simplified schematic of the muffler model is shown in Fig. 1.3.
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Figure 1.3 The muffler model

Muffling
Reaction

This schematic demonstrates intracellular zinc homeostasis with regard to the muffler model
(Colvin et al. 2010). When zinc ions enter a cell via a ZIP channel, they are immediately bound
WR WKH PXIIOHU VXFK DV WKH F\WWHLQHIULFK PHWOOX®MK VR
such as the ER (Colvin et al. 2010). Upon activation, zinc ions are released from the store via a
=,3 FKDQQHO OHDGLQJ WR JLQFIiPHGLDWHG FHOOXODU UHVSRQVH

1.5 Zinc and cancer

According to the well irecognised action of zinc in promoting immunity
and fighting against oxidative injuries, zinc is generally believed to be a
promising dietary compound that prevents cancer (Dhawan and Chadha 2010).
Regardless of lack of strong evidence from a clinical trial, many studies have
supported the cancer ipreventative effect of zinc. Epidemiologically, zinc
deficiency, as judged by low serum zinc levels, is highly prevalent in patients
with breast cancer (Arinola and Charles-Davies 2008; Gumulec et al. 2014) as
well as cancers of the head and neck (Buntzel et al. 2007; Gumulec et al.
2014), the lungs (Gumulec et al. 2014), the digestive tract (Boz et al. 2005;
Gumulec et al. 2014), the liver (Gumulec et al. 2014), the gallbladder (Gupta et
al. 2005), the female reproductive organs (Martin-Lagos et al. 1997; Naidu et al.
2007), and the prostate (Gumulec et al. 2014). The high prevalence of zinc
deficiency in breast cancer patients has also been confirmed by a decrease in
hair zinc levels (Memon et al. 2007), which is another indicator of body zinc
status with reliability comparable to serum zinc levels (Lowe et al. 2009).
Noteworthy, there are still conflicting data regarding the correlation between

serum zinc levels and cancer. A meta ianalysis, which included 8,584 cases
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and 14,153 controls from 114 various clinical observational studies, reported
decreased serum zinc levels in patients with most types of cancer (Gumulec et
al. 2014). In contrast, a more recent, but smaller, meta ianalysis, which included
926 cases and 1324 controls from 21 studies, observed the association of
breast cancer with low zinc levels only in the hair, but not in the serum (Wu et
al. 2015). This discrepancy may be partly explained by the presence of many
physiological or pathological factors that can confound serum zinc

measurements (King 2011)

Experimentally, zinc deficiency in primary human lung fibroblasts,
induced either by limitation of zinc supply or application of zinc chelator TPEN,
was shown using DNA microarrays to upregulate genes that are involved in
oxidative stress response, DNA damage and DNA repair, but downregulate
expression of different DNA repair genes (Ho et al. 2003). An increase in
oxidative DNA damage as a result of zinc deficiency was demonstrated using
comet assays (single icell gel electrophoresis) in both human lung fibroblasts
(Ho et al. 2003) and rat glioma C6 cells (Ho and Ames 2002). Interestingly,
although protein expression of P53 was significantly increased as a result of
zinc deficiency (Ho et al. 2003), function of this DNA repair protein, which
contains zinc and requires zinc for its site ispecific DNA binding (Loh 2010),
was shown to be markedly impaired without an adequate zinc supply (Bruinsma
et al. 2002). These data have mechanistically indicated zinc deficiency as a
cause of oxidative DNA damage, which cannot be effectively repaired, thereby
predisposing cells to cancer development.

In addition, in vivo studies in mice and rats have provided evidence that
zinc supplementation is able to prevent chemically induced cancers of the lungs
(Satoh et al. 1993), the colon (Dani et al. 2007) and the oesophagus (Fong et
al. 2001). Notwithstanding, clinical studies have been unable to provide
agreeable data concerning the usefulness of zinc in cancer prevention, showing
that zinc intake may either decrease (Kristal et al. 1999), have no association
with (Leitzmann et al. 2003; Chang et al. 2004; Gonzalez et al. 2009) or
increase (Kolonel et al. 1988) the risk of prostate cancer. Importantly, a
randomised clinical trial in 5,141 men demonstrated a beneficial effect of zinc

supplementation on prostate cancer prevention, even though the effect was not
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distinguishable from effects of other vitamins and minerals that were taken
together with zinc (Meyer et al. 2005). Noteworthy, the correlation between risk
of cancer and body zinc status is to be interpreted with caution, given that there
is no highly reliable indicator of the body zinc status available to date (Wieringa
et al. 2015). Collectively, regardless of pieces of scientific evidence suggesting
a potential role of zinc as a cancer chemo ipreventive agent, further clinical

studies are still needed to confirm this suggestion.

1.6  Zinc and ZIP channels in breast cancer

In so far as zinc is hypothesised to be an important element that prevents
cancer, a tumour mass is expected to have zinc levels lower than its
non icancerous tissue counterpart. As expected, cancers of the prostate, the
liver, the lungs and the thyroids have been shown to have low tissue levels of
zinc (Huang et al. 2006). Surprisingly, in contrast to these cancers, breast
cancer has been reported to have higher zinc concentrations in the tumour
mass than in the normal breast tissue counterparts (Taylor et al. 2011).
Emission spectrography, which is a sensitive chemical method for determining
the amount of elements, was performed in eight breast cancer cases, revealing
a 7ifold increase in mean zinc levels in breast cancerous tissues when
compared to corresponding non icancerous breast tissues (Mulay et al. 1971).
This increase in zinc levels was further confirmed by two other studies using
atomic absorption spectrophotometry, which, however, showed that the
LQFUHDVH RQO\ UDQJHG | Mafgaliothi eMaR 198BRJINGet al.
1999). Moreover, a recent investigation determined zinc levels in breast cancer
tissues in a series of 59 caVHV XVLQJ VI\OFKURWURQ UDGLDWLR
fluorescence, which allows discrimination between zinc levels in cancerous and
surrounding non icancerous areas in the same specimens (Farquharson et al.
2009). Importantly, this investigation revealed that the tissue zinc levels were
VLIQLILFDQWO\ LQFUHDVHG RQO\ LQ RHVWURJHQ UHFI
(with a 1.5iIROG LQFUHDVH EXW QRW LQ RHVWURJHQ UH
QR LQFUHDVH ZKHQ FRPSDUHG WR WKrdasDiaM®d FHQW
Noteworthy, not only does the amount of zinc change, but the isotopic
composition of zinc has also been reported to be lighter in breast cancer
tumours compared to blood and normal breast tissue, introducing another

potential biomarker for early detection of breast cancer (Larner et al. 2015).
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Collectively, these data suggest that zinc levels in cancer tissues may not
necessarily reflect body zinc status of the patients, and an abnormal increase in
cellular zinc levels due to aberrant expression of a ZIP channel might in fact be

contributory, rather than inhibitory, to breast carcinogenesis.

There has been increasing evidence of abnormal functioning of some
ZIP channels in breast cancer cells (Taylor et al. 2011). Gene expression of
ZIP6, the first ZIP channel to be associated with breast cancer, is positively
correlated with oestrogen receptor positivity (Manning et al. 1993) and regional
lymph node involvement (Manning et al. 1994). Interestingly, recent studies
using a larger scale analysis in breast cancer specimens have proved that ZIP6
is a reliable marker of oestrogen UH FH S W R U be&si/dak¢er YIthneider et
al. 2006; Tozlu et al. 2006). Another ZIP channel that has been implicated in
breast carcinogenesis is ZIP , which has also been shown using gene
expression analyses in breast cancer samples to be associated with oestrogen
receptor status (Taylor et al. 2007) and regional lymph node metastasis (Kagara
et al. 2007). Importantly, our group have also reported apparently increased
zinc IHYHOV LQ WDPR[LIHQiUHVLVWDQW EUHDVW FDQF
WDPR[LIHQiVHQVLWLYH EUHDVW FDQFHU FHOOV ZKLF
and protein expression of ZIP7 (Taylor et al. 2007). Furthermore, this increase
nzZz,3 H[SUHVVLRQ LQ WDPR[LIHQiIUHVLVWDQW EUHDVW
to contribute to aggressive behaviours in these cells (Taylor et al. 2008b). Given
the links of ZIP6, ZIP10 and ZIP7 to breast cancer, mechanistic roles of these
three ZIP channels in breast carcinogenesis will be discussed in more detail in

the following sections.

1.6.1 ZIP7 in breast cancer

ZIP7, a member of the LIV1 isubfamily of ZIP channels, is ubiquitously
expressed throughout the human body (Taylor et al. 2004). ZIP7 has been
proposed to play a crucial role in control of zinc release from cellular stores and
thereby in regulation of cellular tyrosine kinase activation (Hogstrand et al.
2009). Interestingly, the ZIP7 gene, also recognised as SLC39A7 or HKE4, has
been mapped to the human major histocompatibility complex Il region on

chromosome 6p21.3 (Ando et al. 1996), raising a possibility that this ZIP
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channel might participate in zinc signalling involved in immunological

responses, although no thorough investigation has been reported.

ZIP7 is uniquely localised to the ER, as confirmed by co ilocalisation of
ZIP7 with calreticulin, an ER marker, in MCFi7 cells using the
immunofluorescence technique (Taylor et al. 2004). This localisation has been
further confirmed in Hela cervical cancer cells using the same method,
demonstrating co ilocalisation of ZIP7 with ZnT5 variant B, a ZnT5 splice variant
known to be specifically located in the ER (Thornton et al. 2011). However, it is
noteworthy that one study proposed a subcellular location contrary to this,
showing in human lung fibroblasts, prostate epithelial cells, erythroleukemia
cells and breast cancer cells that ZIP7 was located in the Golgi (Huang et al.
2005). This proposal was based on a staining pattern of ZIP7 in these cells that
UHVHPEOHG D FLViI*ROJL PDWUL[ SUpBigHERripibRFRUGL
(Nakamura et al. 1995). Moreover, in the same study, treatment with Brefeldin
A, areversible dissembler of the Golgi (Sciaky et al. 1997), was able to induce a
reversible change in the staining pattern of ZIP7 in MCF i7 cells, consistent with
ZIP7 being localised in the Golgi (Huang et al. 2005). However, this study did
not directly demonstrate co ilocalisation of ZIP7 with a Golgi marker. Despite
these conflicting pieces of evidence, it is indisputable that ZIP7 is located on
intracellular membranes, the ER and/or the Golgi, and responsible for zinc

release from cellular stores.

In breast cancer cells that have acquired resistance to tamoxifen (TAMR
cells) (Knowlden et al. 2003), ZIP7 is overexpressed, resulting in a twofold
increase in cellular zinc levels when compared to the parental
WDPR[LIHQiIUHVSRQVLYFyloréexial. RGO&Y Woteworthy, TAMR
cells not only grow in the presence of tamoxifen, but also manifest a more
DJJUHVVLYH EHKDYLRXU WKDQ WK HHigcbxXel iaV/ RG4jL W LY H
Given the strong inhibitory effect of zinc on protein tyrosine phosphatase 1B
(Haase and Maret 2005; Bellomo et al. 2014), the increased zinc levels in
TAMR cells explain the activation of signalling pathways that contribute to the
aggressiveness of the cells. These signalling pathways involve the known
substrates of protein tyrosine phosphatase 1B (Bourdeau et al. 2005), including
EGFR (Knowlden et al. 2003) ,*)i HJones et al. 2004), and Src (Hiscox et
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al. 2006). Consistent with these experimental findings, the Oncomine cancer
microarray database (Rhodes et al. 2004) has revealed ZIP7 as an independent

indicator of poor clinical outcome in breast cancer (Taylor et al. 2007). Our
JURXS KDYH GHFLSKHUHG PHFKDQLVWLF LQYROYHPI
VLIQDOOLQJ LQ 7%$05 FHOOV FRQILUPLQJ WKDW =,3
intracellular stores induces the activating phosp KRU\ODWLRQ RI1 (*¥)5 ,*)
and Src (Taylor et al. 2008b), plausibly through the inhibition effect of zinc on

protein tyrosine phosphatases (Haase and Maret 2005; Bellomo et al. 2014)

(Fig. 1.4). The activation of these tyrosine kinases results in phosphorylation of

their downstream effectors such as ERK1/2 and AKT, which in turn cause cell
proliferation and migration (Taylor et al. 2008b) (Fig. 1.4). These findings have
KLIKOLJKWHG =,3 iPHGLDWHG ]JLQH tdget @bco@rbl@d DV D
EUHDVW FDQFHU SURJUHVVLRQ DQG IRU SUHYHQWLRQ

Following the discovery of a role for ZIP7 in breast carcinogenesis, our
group further investigated the functional control mechanism of ZIP7 in breast
cancHU FHOOV DQG GLVFRYHUHG D SRVWiIiWUDQVC
SKRVSKRU\ODWLRQ RQ UHVLGXHV 6 DQG 6 LWR D =
(Taylor et al. 2012). Both these residues of ZIP7, which are located in the
cytosolic loop between TM3 and TM4, were shown in this investigation to be
phosphorylated by protein kinase CK2, resulting in zinc release from
intracellular stores, activation of ERK1/2 and AKT, and promotion of breast
cancer cell migration. Given that CK2 is a key oncoprotein involved in
carcinogenesis of various neoplasms with innumerable predicted substrates
(Tawfic et al. 2001), ZIP7 might serve as a CK2 substrate that is responsible for
WKH &. iGULYHQ FDUFLQRJHQLF HIIHFWV %DVHG XSR
have developed a monoclonal antibody that recognises ZIP7 only when
phosphorylated on residues S275 and S276, which is the activated form of ZIP7
(Taylor et al. 2012). Given the role of ZIP7 in breast carcinogenesis, particularly
in the development of endocrine resistance (Taylor et al. 2008b), this antibody
might be used as a biomarker predictive of tamoxifen treatment outcome.
Furthermore, because there is no efficient biomarker of body zinc status
(Wieringa et al. 2015), ZIP7 activity in blood cells as determined using this

pZIP7 antibody might also become a useful indicator of body zinc status.
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J)LIXUH =,3 iPHGLDWHG JLQF VLIQDOOLQJ

CK2

Protein tyrosine phosphatases

Tyrosine
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|

Proliferation
Migration

7KLV VFKHPDWLF GHPRQVWUDWHY D VLPSOLISB®KZB\iPH,GLDIKHE K
islocated LQ WKH (5 LV IXQFWLRQDOO\ DFWLYDWHG E\ &LGXHELDW
S275 and S276, which are located in the cytosolic loop between TM3 and TM4 (Taylor et al.

2012). This ZIP7 activation results in zinc release from cellular stores, with consequential

inhibition of protein tyrosine phosphatases and activation of tyrosine kinases that contribute to a

cancer phenotype such as cell proliferation and migration.

1.6.2 ZIP6 in breast cancer

ZIP6 (SLC39A6), another member of the LIV il subfamily of ZIP
channels, was formerly known as LIV i1 (Taylor et al. 2003) or a 4.4 kb mRNA
(Manning et al. 1988). An incomplete form of ZIP6 in mice, which lacks 245
residues inthe NTWHUPLQXV ZDV Q D (ShzGki BHABER#QLORQ). The
ZIP6 gene has been mapped to chromosome 18q12.2 according to the National
Center for Biotechnology Information (NCBI) database. In contrast to ZIP7,
which is ubiquitously expressed, a multiple itissue expression array
demonstrated that among 68 normal human tissues, the ZIP6 gene is

preferentially expressed in brain tissue and tissues that are hormonally
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regulated, such as the placenta, the breast and the prostate (Taylor et al. 2003).

The ZIP6 gene is regulated by oestrogen, as supported by differential
hybridisation identifying4ilROG DQG {iIROG LQFUHDVHG =73 H[SU
and ZR i75 breast cancer cells, respectively, as a result of oestrogen treatment

(Manning et al. 1988). Furthermore, a Northern blot analysis in 118 primary

breast cancer tumours revealed that the ZIP6 mRNA level was positively
correlated with oestrogen ireceptor positivity (Manning et al. 1993). This was

also confirmed by another study in clinical breast cancer populations, which

showed that ZIP6 expression was present in 50% of oestrogen
receptoriSRVLWLYH FDVHV FRPSDUHG WR RI RHVWUI
cases, with a positive correlation with oestradiol iinducible oestrogen
UHFHSWRUISRYVLWan¥irg &HIA@5D L QH YV

The direct correlation between ZIP6 expression and oestrogen receptor
status has been established by a largeiscale reaOiWLPH UHYHU
WUDQVFUL SWorR& aB @6) and a microarray analysis (Schneider et
al. 2006), which were performed in 36 and 56 clinical breast cancer specimens,
respectively. Furthermore, our group investigated gene expression of multiple
ZIP channels in a series of 74 breast cancer specimens using the reverse
transcription PCR technique (Taylor et al. 2007). This investigation
demonstrated a unique gene expression profile for ZIP6 with a significant
positive correlation with the oestrogen receptor, erbB3, erbB4, and IGF il1R,
and an inverse correlation with EGFR. Importantly, gene expression of ZIP6 is
positively correlated not only with oestrogen receptor status in breast cancer
specimens, but also with regional lymph node involvement. Using a Northern
blotting analysis, ZIP6 gene expression was demonstrated to be significantly
associated with regional Ilymph node involvement in oestrogen
UHFHSWRUI{SRVLW L YManBibgHbal. WO D 19 Fhis Study, ZIP6 was
expressed in 63% of the cases with lymph node metastasis, whereas only 13%
of the cases without ZIP6 expression had lymph node involvement. Collectively,
these data have identified ZIP6 as a potential biomarker for the
hormone iresponsive breast cancer that has now been molecularly classified as
the luminal A subtype according to molecular classification of breast cancer
(Schnitt 2010), with presence of regional lymph node metastasis. This luminal A

molecular subtype is associated with good prognosis, having been shown to
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have cumulative disease ifree survival at 100 months of 95% in a series of 99
luminal A breast cancer patients (Kim et al. 2012). It is therefore not surprising
that ZIP6 has been associated with a favourable outcome, including longer

relapse ifree and overall survival (Kasper et al. 2005).

Function of ZIP6 became known when the protein sequence was shown
WR PDWFK WKH /,9i VXEID P (TayoRand=NighélsoD ZDTBH The
role of ZIP6 as a cellular zinc importer was further supported by increased

cellular zinc uptake in CHO cells overexpressing recombinant ZIP6 using

1HZSRUW *UHHQ GLDFHWDWH D JLQFiVHQWhwiLetH G\H
al. 2003) 7KLV =,3 iPHGLDWHG JLQF XSWDNH zZDV VKRZQ L
WLPHi DQG WHPSHUDWXUHIGHSHQGHQW VXJJHVYWLQJ

zinc transport. Furthermore, the recombinant ZIP6 was shown using
immunofluorescence to be located on the plasma membrane and the
lamellipodia, which are membrane protrusions at the front of motile or migrating
cells powered by actin polymerisation (Krause and Gautreau 2014), consistent
with the role of ZIP6 as a zinc importer. Noteworthy, this intriguing localisation
at the lamellipodia is reminiscent of the PHPEUDQHIW\SH

metalloproteinase, which also contains an HEXXH motif and moves to the

migration front where the protein promotes migration (Mori et al. 2002).

Currently, there is no available data directly indicating an increase in
ZIP6 expression in breast cancer cells in general compared to normal
mammary glandular cells. However, this assumption is supported by the fact

that 73% of 3,030 breast cancer samples investigated in a study were classified

PD\

DV RHVWURJHQ UHFHSWRUiISRVLWLYH XVLQJ LPPXQR!

high concordance with Affymetrix U133A microarray data with the area under

the receiver operating characteristics (ROC) curve of 0.949 (Karn et al. 2010).

This fact impliestKkDW WKH PDMRULW\ RI EUHDVW FDQFHU FD

corresponding to the oestrogen receptor status, and therefore indirectly
suggests that ZIP6 is a zinc channel responsible for the increased zinc levels in
cancerous breast tissue (Mulay et al. 1971; Margalioth et al. 1983). Importantly,

tissue zinc levels were shown to be exclusively increased in oestrogen

UHFHSWRUiISRVLWLYH FDVHYV EXW QRW LQ RHVWUI

(Farquharson et al. 2009). This relationship between tissue zinc levels and
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oestrogen receptor positivity is reminiscent of the aforementioned direct
relationship between ZIP6 expression and oestrogen receptor status.
Collectively, these data have attributed the increased zinc levels in breast
FDQFHU WLVVXHV SDUWLFXODUO\ WKH RHVWURJHQ
increased gene and protein expression of ZIP6.

The mechanism of ZIP6 in breast carcinogenesis had not become
evident until it was firstly shown in embryonic development to be essential for
the epithelial imesenchymal transition (EMT) (Yamashita et al. 2004), which is a
process whereby epithelial cells lose their epithelial phenotype and acquire a
mesenchymal phenotype that enables them to migrate (Thiery et al. 2009). In
this study, ZIP6 was shown to be a downstream target of the signal transducer
and activator of transcription 3 (STAT3) during zebrafish gastrulation, leading to
ZIP6 imediated nuclear retention of transcriptional repressor Snail,
down iregulation of E icadherin and cell migration (Yamashita et al. 2004).
Importantly, the link between ZIP6 and STAT3 was also observed in breast
cancer (Taylor et al. 2007), suggesting potential involvement of ZIP6 in breast
cancer migration and metastasis, which also require EMT (Thiery et al. 2009).
Our group recently demonstrated in MCFi7 cells that STAT3 induces
transcription of ZIP6, and ZIP6 is produced as a pro iprotein and stored in the
ER (Hogstrand et al. 2013). In this study, Western blotting using antibodies that
recognise ZIP6 at different regions suggested that the ZIP6 pro iprotein
undergoes an N iterminal cleavage before its relocation to the plasma
membrane where it imports zinc into the cell. The imported zinc then induces
inhibitory phosphorylation of GSK i3 E either directly (llouz et al. 2002) or
indirectly via zinc iactivated AKT (Lee et al. 2009; Ohashi et al. 2015), which in
turn phosphorylates GSK i3 E (Moore et al. 2013). Alternatively, given that
GSKi3 E is positively controlled by protein phosphatase 2A imediated
dephosphorylation on residue S9 (Zhou et al. 2009b), zinc may also induces
this inhibitory of GSK i3 E through its inhibitory action on this phosphatase
(Xiong et al. 2015). Under normal circumstances, GSK i3 E mediates
phosphorylation of Snail (Zhou et al. 2004), resulting in cytoplasmic relocation
and proteasomal degradation of Snail (Bauer et al. 2009). The inhibition of

GSK i3 E following ZIP6 imediated zinc influx therefore results in nuclear
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retention of Snail and down iregulation of E icadherin, enabling the cell to
detach, migrate and metastasise (Hogstrand et al. 2013). The simplified
schematic of this ZIP6 mechanism in EMT is shown in Figure 1.5. This
mechanism of ZIP6 in breast cancer EMT clearly explains the direct relationship
between ZIP6 and lymph node involvement in breast cancer.

Figure 1.5 The ZIP6m HFKDQLVP LQ WKH HSLWKHOLDOIiIPHVHQF

STAT3-induced ZIP6 transcription

v
Storage of ZIP6 pro-protein in the ER

V¥ N-terminal cleavage

Relocation of ZIP6 to the plasma membrane

\/

ZIP6-mediated zinc influx

\/
Inhibition of GSK-3p

\/

Nuclear retention of Snail

\/

Down-regulation of E-cadherin

\

Cell migration and metastasis

7KLY VFKHPDWLF GHPRQVWUDWHY D VLPSOLILHGPHYVAKDFRXL? P CR |
transition (EMT) according to a previous study in our group (Hogstrand et al. 2013). When
transcULSWLRQDOO\ DFWLYDWHG E\ 67%7 =,3 LV SURGXFG DV D !
=,3 LV DFWLYDWHG E\ 1iWHUPLQDO SURWHRO\WEDB POIREYDIXH DC
where it imports zinc ions into the cytosol, resulting in inhibitory phos SKRU\ODWLRQERQ *6.1i
QXFOHDU DFFXPXODWLRQ RI WUDQVFULSWLRQDOMGKHUHY VIRQG6RHD
migration and metastasis.

ZIP6 is involved in EMT not only in breast cancer, but also in other types
Rl FDQFHU ,Q 3DQFIi n8dd Qdls) PV knockBdwvn by siRNA
transfection resulted in reduced nuclear localisation of Snail and increased gene
and protein expression of E icadherin when compared to an empty vector
control (Unno et al. 2009), suggesting that ZIP6 enhances EMT in both breast
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cancer and pancreatic cancer in a similar fashion. Interestingly, ZIP6 has also
been shown to drive EMT even in prostatic cancer (Lue et al. 2011), tissue of
which is known to be zinc idepleted (Huang et al. 2006). An investigation of the

ZIP6 mechanism in prostate cancer EMT was performed in ARCaPe cells,

ZKLFK DUH D GHULYDWLYH RI DQGURJHQiIUHIUDFWRU\

epithelial phenotype (Lue et al. 2011). Interestingly, ZIP6 overexpression in

these cells was shown to activate EMT via activation of matrix

PHWDOORSURWHLQDVHYV DQG VKHGGLQ@Q RIRKMID!

factor, phosphorylation of EGFR, and consequential triggering of the ERK
signalling pathway, a pathway known to contribute to the EMT process. These
data suggest that ZIP6 is mechanistically involved in EMT in a cancer
W\SHiVSHFLILF PDQQHU

1.6.3 ZIP10 in breast cancer

ZIP10, the closest paralogue of ZIPG6, is another ZIP channel known to
be involved in breast carcinogenesis. Its purified protein from brush border
PHPEUDQH RI UDWYV NLGQH\V ZDV RU LbihdiQgDpd@n
that had high affinity and specificity for zinc binding (Kumar and Prasad 1999).
This protein was confirmed shortly thereafter to be a zinc transport protein
(Kumar and Prasad 2000). Using immunofluorescence, a later investigation
demonstrated that this protein was localised to the plasma membrane (Kaler
and Prasad 2007). Furthermore, the same investigation also showed using a
65Zn uptake assay that this protein mediated zinc influx in a timeif,

temperature i, and concentration idependent manner.

According to the NCBI database, the ZIP10 gene is mapped to
chromosome 2q32.3. According to the Functional Annotation of the Mammalian
Genome (FANTOMS) database (Lizio et al. 2015), the ZIP10 gene is seen to be
widely expressed in human tissues, with preference for some organs, such as
the brain, the spinal cord, the lungs, the kidneys, the intestines and the
reproductive organs. Like ZIP6, a gene expression analysis using reverse
transcription PCR demonstrated a positive correlation of ZIP10 gene expression
with oestrogen receptor status in a series of 75 primary breast cancer samples
(Taylor et al. 2007) and also with regional lymph node metastasis in a series of
177 primary breast cancer samples (Kagara et al. 2007).
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Confirming the involvement of ZIP10 in breast cancer EMT, ZIP10 gene
expression was significantly higher in cell lines with high capability to invade
and metastasise, such as MDA iMB i DQG 0'$i0485S, when compared
to less aggressive cell lines, such as MCF i7, T47D, ZR75il1 and ZR75i30
(Kagara et al. 2007). Furthermore, the same study demonstrated using
migration assays in the two highly invasive cell lines, MDA iMB i231 and
0'$i0% 435S, that ZIP10 knockdown and zinc chelation resulted in
decreased capability of the cells to migrate, proving essentiality of both ZIP10
and cellular zinc in breast cancer invasiveness. These data have introduced
ZIP10 as another potential biomarker for prediction of breast cancer metastasis.
Nevertheless, mechanistic details of ZIP10 involvement in EMT are still unclear

and yet to be further investigated.

1.7 Post itranslational modifications of ZIP channels

Regulation at the transcriptional level in various circumstances has been
described for ZIP channels (Cousins et al. 2006). However, there is emerging
evidence that ZIP channel proteins are also regulated by post itranslational
modifications. Given that ZIP channels have crucial roles in carcinogenesis,
understanding of their post itranslational modifications will provide opportunities
to develop a chemo itherapeutic strategy for cancer treatment by modulating
the modifications on these proteins that affect their function or cellular
localisation. Two post itranslational processes that have been implicated in the
functional control of ZIP channels are phosphorylation and proteolytic cleavage,

which will be further detailed in the following sections.

1.7.1 Phosphorylation of ZIP channels

Phosphorylation is the most extensively istudied reversible
post itranslational process in which a phosphoryl group is transferred from
adenosine triphosphate (ATP) and covalently attached to a molecule,
preferentially a serine (84%), threonine (15%) or tyrosine residue (less than 1%)
(Humphrey et al. 2015). This process is mediated by a group of enzymes called
kinases and reversed by phosphatase imediated dephosphorylation (Cheng et
al. 2011). It is undeniable that phosphorylation is mechanistically involved in
almost all cellular aspects (Cohen 2002). Phosphorylation exerts its function as

a modulator that controls enzyme activity and protein degradation, binding,
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conformation, and translocation, and has biological crosstalk with other
post itranslational modifications, such as ubiquitination, acetylation, and
methylation (Humphrey et al. 2015). Given that activity of a protein does not
always reflect gene or protein expression levels of the protein, post itranslation
modifications, especially phosphorylation, constitute a key mechanism that
causes this discrepancy (Lim 2005). It is therefore not surprising that disruption
of phosphorylation control has been known as a key mechanism involved in

pathogenesis of human diseases, including cancer.

The importance of phosphorylation in oncogenesis has been supported
by identification of disruption of either phosphorylation sites or kinase functions
LQ FDQFHU $ KhputKhidihfolnatisl Kapproach demonstrated that
prevalence of the mutations that cause gain and loss of phosphorylatable
residues was approximately 1.9% and 3.2%, respectively, which were both
twice as high as control datasets (Radivojac et al. 2008). Furthermore, 164 out
of 478 known eukaryotic protein kinases in human have been mapped to the
amplicons that are commonly affected by cancer mutations (Manning et al.
2002). Importantly, some kinase inhibitors have been invented and successfully
XVHG IRU FDQFHU WUHDWPHQW ,PDWLQLE PHV\ODWF
kinase inhibitor, is one of the most successful targeted therapies, having
become the firstiline treatment for chronic myeloid leukaemia (Henkes et al.
2008). Trastuzumab (Herceptin), a monoclonal antibody against receptor
tyrosine kinase erbB2 or HER2/neu, has also greatly benefitted patients with
HER2 ipositive breast cancer (Pinto et al. 2013). These data highlight
phosphorylation as a key cellular process that is essential for functional control
of proteins, and when this mechanism is disrupted, dysregulated proteins may
greatly contribute to pathogenesis of diseases. Additionally, given the crucial
role of phosphorylation in regulation of protein functions, it is reasonable to raise

the question whether ZIP channels may also be controlled by this mechanism.

Zinc is released from intracellular stores on the time scale of minutes in
response to an extracellular stimulus, which has been observed in mast cells
(Yamasaki et al. 2007) and breast cancer cells (Taylor et al. 2008b). This early
response suggests that the process of zinc release might involve a
SRVWiWUDQVODWLRQDO PHFKDQLVP WKDW WULJJHUV
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such as ZIP7, independently of transcriptional activation of the channels, which
requires several hours to finish the process. Consistent with this suggestion, our
group have proved the role of phosphorylation in functional control of ZIP7
(Taylor et al. 2012). In this study, ZIP7 was demonstrated to be phosphorylated
by CK2 on residues S275 and S276, as previously mentioned in Section 1.6.1.
This finding has specifically indicated residues S275 and S276 as potential sites
for modulating the function of ZIP7. Furthermore, the association of ZIP7 with
CK2 has introduced ZIP7 as a key substrate of this kinase that is responsible
IRU WKH &. iUHODWHG FDQFHU DJJUHVVLYHQrit§yav DQG
et al. 2014). Additionally, the discovery of ZIP7 control by phosphorylation also
suggests a possibility that other ZIP channels, particularly those belonging to
the LIV il subfamily, may also be post itranslationally controlled in the same
fashion. A number of phosphorylation sites, both serine/threonine and tyrosine
residues, have been detected in online phosphorylation site databases for ZIP3,
ZIP6, ZIP8 and ZIP10 (Hogstrand et al. 2009). However, these sites have not
been confirmed by site ispecific experiments other than mass spectrometry,
and their roles as well as their responsible kinases are yet to be investigated.

1.7.2 Proteolytic cleavage of ZIP channels

In contrast to phosphorylation, proteolytic cleavage is an irreversible
process in which protease imediated hydrolysis breaks a protein into smaller
pieces (Walsh et al. 2005). As a result, the proteolytic cleavage products have
new termini, which are termed neo iN terminus and neo iC terminus (Marino et
al. 2015). Proteolytic cleavage has been widely overlooked, despite its
ubiquitous involvement not only in protein degradation, but also in protein
activation or inactivation, localisation, maturation, and secretion (Rogers and
Overall 2013). Some viruses have also been demonstrated to require this
post itranslational process for their infectivity, such as the 1918 influenza virus
(Chaipan et al. 2009).

Proteases have been increasingly identified, with the MEROPS online
peptidase database annotating 990 genes as human proteases, which account
IRU i R1 WKH KXP D@awliHgl RtPall 2014). Based upon their
catalysis mechanism, they can be classified into 5 classes: cysteine, serine,

threonine, aspartic, and metalloproteases (Puente et al. 2003). The first 3
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classes mediate covalent catalysis, employing an amino acid as the nucleophile
of the catalytic site, whereas the last 2 classes mediate non icovalent catalysis,
employing an activated water molecule as the nucleophile of the catalytic site
(Turk 2006). Alternatively, these proteases can be divided based upon their
modes of substrate cleavage into endopeptidases and exopeptidases (Barrett
and McDonald 1986). Endopeptidases cleave their substrates in the middle of
the molecules, whereas exopeptidases cleave their substrates at either the
N iterminus (aminopeptidases) or the C iterminus (carboxypeptidases) (L6pez-
Otin and Bond 2008).

ZIP4 was the first ZIP channel to be established as post itranslationally
processed by proteolytic cleavage. Triggered by zinc deficiency, ZIP4 was
shown to be proteolytically cleaved at the extracellular N iterminus immediately
proximal to TM1 (Kambe and Andrews 2009). After this cleavage, an active
37 ikDa fragment of ZIP4 on the apical plasma membrane of intestinal cells
absorbs zinc from the intestinal lumen. This study therefore revealed that
proteolytic cleavage is an important post itranslational mechanism required for
zinc itransport function of ZIP4. Intriguingly, quantitative interactome and
bioinformatic analyses revealed in vivo spatial proximity of ZIP6 and ZIP10 to
the cellular prion protein (PrP€) (Watts et al. 2009). Furthermore, the PrP ilike
peptide sequence was detected in the extracellular N iterminus of ZIP6 and
ZIP10, and ZIP5, which are grouped in the same subibranch in the
phylogenetic tree of ZIP channels (Schmitt-UIms et al. 2009). These
observations suggest mechanistic similarities of ZIP6, ZIP10, and ZIP5 to PrP€,
which has ecto idomain shedding as a crucial post itranslational mechanism
(Altmeppen et al. 2012). Importantly, the process of ecto idomain shedding has
also been reported for both ZIP10 (Ehsani et al. 2012) and ZIP6 (Hogstrand et
al. 2013). Triggered by deprivation of zinc or manganese, ZIP10 is cleaved at
the N iterminus, shedding its PrP ilike ecto idomain and the remained segment
of ZIP10 is then enabled to transport zinc and manganese to maintain
homeostasis of these metals (Ehsani et al. 2012). In a different context,
N iterminal cleavage of the ERlocated ZIP6 proiprotein enables the
processed ZIP6 to relocate to the plasma membrane where ZIP6 imports zinc
into the cytosol (Hogstrand et al. 2013), as described in Section 1.6.2 (Fig. 1.5).

Collectively, these findings have established that proteolytic cleavage is a
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crucial functional control mechanism and a requirement for zinc itransport
capability for ZIP channels, particularly ZIP4, ZIP10, and ZIP6.

1.8 Zinc in the cell cycle

Zinc has been known for over 50 years to play a key role in cell
proliferation, since EDTA, a chelating agent of divalent cations, was shown in a
study to suppress DNA synthesis and this suppression was reversed by zinc
(Fujioka and Lieberman 1964). Employing Fluozini3, a zinc isensitive
fluorescent dye, the pivotal role of zinc in the cell cycle was further supported by
a discovery of intracellular zinc fluctuations in a specific pattern during different
cell cycle stages (Li and Maret 2009). Additionally, it was recently demonstrated
in human hepatoblastoma cells that zinc deficiency caused transcriptional
down iregulation of p21 (Wong et al. 2007), a potent cyclin idependent kinase
(CDK) inhibitor. Noteworthy, p21 is now known to promote cyclin D1 function by
enhancing cyclin D1/CDK4/CDK6 complex formation (LaBaer et al. 1997).
Repression of p21 transcription by different causes has been proved to reduce
this complex formation, resulting in a block at the G1/S transition in vascular
smooth muscle cells (Kavurma and Khachigian 2003) and endothelial cells
(Noseda et al. 2004). These findings suggest that zinc deficiency might also
inhibit cell cycle progression through this mechanism. However, the
mitosis iinhibitory effect of zinc deficiency was shown to be independent of the
reduction in p21 protein levels in human hepatoblastoma cells (Wong et al.
2007). Additionally, chronic zinc deprivation induced by exposure of neuronal
precursor cells to TPEN was shown to induce the p53 pathway, resulting in
impaired cell proliferation and eventually apoptosis (Corniola et al. 2008).
Altogether, these data endorse the importance of zinc in normal cellular cell

cycle machinery.

Confirming the pivotal role of zinc in DNA synthesis, thymidine
incorporation, which is indicative of DNA synthesis, was shown to be markedly
reduced by 90% after exposure of 3T3 fibroblast cells to diethylenetriamine
pentaacetate, a divalent metal ion chelator, and this inhibition was specifically
reversed by supplementation of zinc (Chesters et al. 1989). The need for zinc in
proper DNA synthesis was shown in the same study to start from the mid iG1

phase when the proteins that are essential for initiation of DNA synthesis such
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as thymidine kinase were produced. This finding was consistent with an
observation that zinc deprivation by EDTA significantly suppressed enzyme
activity of thymidine kinase (Lieberman et al. 1963). The requirement of zinc in
the G1 phase was later supported by the prominent peaks of zinc
concentrations observed in the early G1 phase and the late G1/S phase (Li and
Maret 2009). Interestingly, even though DNA synthesis is known to be a
zinc idependent process, zinc is not required to be readily available during the
process for its accomplishment (Chesters et al. 1989). However, it was shown
in myoblasts that zinc was still needed during the S phase and also the G2
phase for subsequent cell passage through the G2/M phase and cell entry into
the G1 phase (Chesters and Petrie 1999). The requirements of zinc during the
pre imitotic phases, which include the G1, S, and G2 phases, were shown to
coincide with zinc idependent increases in mRNA concentrations of the cyclins
that are specifically required at different cell cycle stages (Chesters and Petrie
1999). Collectively, these findings suggest the pivotal role of zinc throughout the
mitotic process. Nevertheless, the exact mechanism of zinc in the mitotic phase

is still unknown.

1.9 STAT3

It has already been shown that ZIP6 is transcriptionally activated by
STATS3 in zebrafish gastrula organizer cells (Yamashita et al. 2004) and breast
cancer cells (Hogstrand et al. 2013), whereas ZIP10 expression is regulated by
STAT3/STATS in B icell lymphoma cells (Miyai et al. 2014). STATSs, or signal
transducers and activators of transcription, are known as a family of latent
cytoplasmic transcription factors, which have a major role in defining destiny of
D FHOO 7KH\ ZHUH RULJLQDOO\ UHFRJQLVHG DV D
FDOOHG LQWHUIHURQiIVWLPXODWHG JHQH IDFWRLD Zk
interferon alpha iinduced transcriptional activation (Schindler et al. 1992). This
protein complex is now known to comprise STAT1, STATZ2, and interferon
regulatory factor 9 and becomes activated by Janus kinases (JAK), which is a
family of receptor ibound non ireceptor tyrosine kinases (Fink and Grandvaux
2013). Further investigations have indicated essential roles of this JAK/STAT
pathway in diverse cellular processes, leading to identification of other members
of the STAT family, namely STAT3 to STAT6, with STAT5 being divided into
STAT5a and STATS5b (Schindler and Darnell 1995). Participation of this
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JAK/STAT pathway in cell proliferation, cell differentiation, apoptotic cell death,
inflammation and embryonic/foetal development has now been well established
(Abroun et al. 2015).

The human STAT genes have been mapped to 3 clusters on
chromosomes 2 (STAT1 and STAT4), 12 (STAT3, STAT5a and STAT5b), and
17 (STAT2 and STAT6) (Darnell 1997). Importantly, each STAT gene contains
a conserved single tyrosine residue on the C iterminal tail around residue 700
(Schindler and Darnell 1995). Phosphorylation on this C iterminal tyrosine
residue results in formation of either a homodimer or a heterodimer, which is a
highly competent DNA ibinding form of STATs that translocates to the nucleus
and modulates STAT idependent gene transcription (Rawlings et al. 2004). For
example, STAT3 has been reported to form a dimer either with another
molecule of STAT3 or with STAT1, STAT4, STAT5, and STAT6 in different
contexts (Delgoffe and Vignali 2013). The formation of a STAT dimer is
dependent upon intermolecular interaction of the phosphotyrosine of one STAT
molecule with the Src Homology 2 domain of the other STAT molecule (Heim et
al. 1995). Outstandingly, STAT3 and STAT5 are two major STATs that
participate in promotion of tumour cell proliferation and prevention of tumour cell
death (Walker et al. 2014). Furthermore, STAT3 is the only STAT that is
involved in regulation of cancer immunity, thereby being appreciated as a
potential target for cancer treatment (Yu et al. 2014). Additionally, the unique
indispensable function of STATS3 is highlighted by early embryonic lethality that
is exclusively found in mice deficient of STAT3, but not in mice deficient of any
other STATs (Akira 1999).

Notably, a link between STAT3 and a ZIP channel became known for the
first time when ZIP6 was demonstrated to be a gene that was transcriptionally
activated by STAT3 during zebrafish gastrulation (Yamashita et al. 2004). Using
morpholino injection as a means to modify gene expression in zebrafish
embryos, this study showed that depletion of STAT3 abolished ZIP6 gene
expression, and depletion of STAT3, ZIP6, or Snaill prevented the organiser
cells from undergoing a normal EMT process. These results have indicated
ZIP6 as a STAT3 downstream target that is essential for EMT in zebrafish

gastrulation, with Snaill also involved in this pathway. Noteworthy, these
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findings are consistent with the embryonic lethality in STAT3 ideficient mice,

which occurs in a stage requiring nutrient influx for cell migration (Akira 1999).

Importantly, all the three proteins that are associated with EMT in
gastrulation, consisting of STAT3 (Devarajan and Huang 2009), ZIP6 (Manning
et al. 1994), and Snail (Blanco et al. 2002), have also been associated with
breast cancer metastasis. The role of this STAT3 iZIP6 iSnail pathway in breast
cancer EMT has been described in Section 1.6.2. Noteworthy, as a step in the
EMT process, our group observed cell rounding and detachment as a result of
the E icadherin transcriptional repression by Snail (Hogstrand et al. 2013). This
adoption of a spherical shape of cells is a prominent feature of the mitotic
process (Thery and Bornens 2008). Given that both STAT3 (Abroun et al. 2015)
and zinc (MacDonald 2000) are actively involved in mitosis, it is plausible that
ZIP6 might be an intermediary between these two signalling molecules during
the mitotic process. Furthermore, our group have also observed that cells
expressing ZIP6 had decreased pY705 STAT3 and increased pS727 STAT3
(Hogstrand et al. 2013). This inverse relationship between pY705 STAT3 and
pS727 STAT3 has also been observed in nocodazole iinduced mitotic cells (Shi
et al. 2006), and is consistent with direct binding of zinc to STAT3, which results
in a structural change of STAT3 that disrupts its activation by JAK1 imediated
tyrosine phosphorylation (Kitabayashi et al. 2010). In so far as ZIP6 plays a role
in the cell rounding prior to mitosis, it is interesting to investigate whether
ZIP6 imediated zinc influx is also responsible for the conversion of
pY705 STAT3 to pS727 STAT3 during mitosis.

1.10 Aims of this project
The general aim of this project was to decipher post itranslational
mechanisms of ZIP7, ZIP6, and ZIP10, which play important roles in breast

carcinogenesis. To attain this goal, the following objectives were pursued:

1. To define downstream pathways of ZIP7 imediated zinc release from
intracellular stores

2. To explore potential phosphorylation sites in all ZIP channels

3. Toinvestigate ZIP6 phosphorylation sites in mitosis

4. To determine a role for ZIP6 and ZIP10 in mitosis
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2.1 Cell preparation and treatments

2.1.1 Cell culture and cell seeding for experiments

0&)i KXPDQ EUHDVW FDUFLQRPD FHOOV ZHUH F
Memorial Institute (RPMI) medium (Gibco) supplemented with 5% foetal bovine
serum (FBS) and antibiotics (10 IU/mL Penicillin, 10 pg/mL Streptomycin, and
2.5 pg/mL  Amphotericin B 7TDPR[LIHQiIUHVLVWDQW 0&)i 7%
(Knowlden et al. 2003), MDA i0 % 231 (MDA i231) cells, and MDA i 0 % #36
(MDA i436) FHOOV ZHUH FXOWXUHG RRMI $kdil@ RGibebOH GilUH
VXSSOHPHQWHG ZLWK FKDUFRDOIVWULSSH&GWWHUR
/[TJIOXWDPLQH D Q Wit L PewdilliAV 10 pg/mL  Streptomycin, and
2.5 pg/mL  Amphotericin  B). Additionally, 107 0 {iK\GUR[\WDPR[LIHQ 2
added to the medium for TAMR cells. NMuMg (mouse breast glandular) cells,
HLWKHU ZLOGiW\SH RU =,3 iNQRFNRXW ZHUH FXOWXU|
Medium (DMEM) with 4.5 g/L glucose supplemented with 10% FBS,
10 pg/mL bovine insulin, 200 PO /iJO X W D RidQ &htibiotics (10 IU/mL
Penicillin, 10 pg/mL Streptomycin, and 2.5 pug/mL Amphotericin B).

For experiments, cells were trypsinised using 10 mL of 0.05% trypsin and
0.02% EDTA in PBS for up to 5 minutes at 37°C, which was neutralised using
an equal amount of medium with serum. After resuspending the cell pellet in
medium with serum, 100 pL of the cell suspension was added to 10 mL Isoton Il
balanced electrolyte solution (Beckman Coulter). The number of cells present
was determined using a Coulter counter (Beckman Coulter), and 1.5x10° cells
were seeded onto 35 mm dishes, either with 22x22 PP XOWU DIas8 KL Q
coverslips (0.17 mm thick) for immunofluorescence or without coverslips for
Western blotting. For proximity ligation assay, 0.5x10° cells were seeded into
eachwellofan8iZHOO FKDPEHU VOLGH /DEi7HN )LVKHU Zk
chamber with a gasket on a standard microscope slide. For growth assays,
0.2x10° FHOOV ZHUH VHHGHG LQWR HDFK ZHOO RI D iZH
QRXULVKHG ZLWK SKHQROIiUH GHdd) tHat was Supprehhéted P *
with 5% FBS, 200 PO /iJOXWDPLQH DQG DOQWLEdnRiIML FV
10 pg/mL Streptomycin, and 2.5ug/mL Amphotericin B). Other cell lines were
grown in regular medium with supplements as mentioned earlier. The medium
wasrefreVKHG HYHU\ i GD\V
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2.1.2 Transfections

When MCFi FHOOV ZHUH i FRQIOXHQW WKH\ ZHU
SODVPLG "1$V XVLQJ /LSRIHFWDPLQHI WUDQVIHFWLI
SODVPLG "1V FRQWDLQHG D &09 SURPRWHU DQG D F
vectoU SF'1$ 9 i+LVi72321).)LJ

Figure 2.1 Schematic of ZIP7 or ZIP6 gene inserted in a plasmid vector

7 BGH reverse
priming site \ ] / priming site

| ‘| z7P7orzP6 DNA| V5 | 7 |

This schematic demonstrates a simplified structure of the pcDNA3.1/V5 iHis iTOPO plasmid. It
contains a carboxyl iterminal V5 epitope with a T7 priming site and a BGH reverse priming site,
which were used for verification of a DNA insert. This vector also contains a CMV promoter
(Pcmv), an ampicillin iresistant gene (Amp), and a polyhistidine tag (Hiss).

Either 3.5 ug ZIP7 plasmid DNA or 3.75 ug ZIP6 plasmid DNA, and
7.5 uL Lipofectamine 2000 reagent were separately diluted in 188 pL
SKHQROiUHRBMI theldium (Gibco) without serum and antibiotics (either
antibacterial or antifungal drugs). Within 5 minutes of dilution at room
temperature, diluted DNA and diluted Lipofectamine 2000 were mixed together
and incubated at room temperature for 20 minutes. The transfection reaction
was added into a dish that contains cells in SKHQROiIUHGIiIUHH 530, PI
*LEFR ZLWK )%6 DQG /iJOXWDPL Qide d°P D.BIMIQ FoD ILQD
transfection a ZIP6 construct, 3 mM sodium butyrate was added for 16 hours to

upregulate the CMV promoter and thereby enhance expression of the
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recombinant proteins (de Poorter et al. 2007). The cells were incubated in the
transfection mixture at 37°C IR U i KRXUV IRU =,3 DQG KRXUV

2.1.3 Treatments

For short iterm zinc treatment (up to 20 minutes), cells were incubated in
either 20 0 JLQF SOXOW VRGLXP S\ULWIEORQHGLIQUHH 530,
medium with glutamine, but without serum and antibiotics (either antibacterial or
antifungal drugs), at 37°C. For short iterm zinc treatment (up to 30 minutes) in
live cell experiments, 100 0 JLQF SOXU VRGLXP S\ULWKLRQ
phenoliUHGiIUHH 530, PHGLXP ZLWK VHUXP DQG JOX\
antibiotics (either antibacterial or antifungal drugs), at 37°C. For nocodazole
treatment, cells were incubated with 100 nM nocodazole in RPMI medium with
serum, glutamine, and antibiotics (antibacterial and antifungal drugs) at 37°C for
20 hours. For antibody treatment, a ZIP6 or ZIP10 antibody (Table 2.1) was
added to RPMI medium with serum, glutamine, and antibiotics (antibacterial and
antifungal drugs). For zinc chelation, 50 pM TPEN, a membrane ipermeable

zinc chelator, was added to the medium.

For ZIP6 experiments that require separation of the adherent and the
non iadherent cells, cells were collected using the mitotic shake ioff technique
(lzawa and Pines 2015). Briefly, the medium, which contained some
non iadherent cells, was transferred to a collection tube, and 1 mL of
phenol iUHGiIUHH 530, PHGLXP ZLWitamines bDtQuatholt
antibiotics (either antibacterial or antifungal drugs), was gently added to the
dish. The cells were agitated by gently tapping on the side of the dish 3 times.
The loosely iattached non iadherent cells that had been detached were directly
collected and transferred to the corresponding collection tube. The monolayer
adherent cells in the bottom was trypsinised using 1 mL of 0.05% trypsin and
0.02% EDTA in PBS for up to 5 minutes at 37°C, which was then neutralised
with 1 mL of the medium with serum before being collected.
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Table 2.1 ZIP antibodies

, Catalogue Dilutions Ab

Antibody Sp Type Company numbger = WB PLA FACS RX
pZIP7 2 m mAb Biogenes i 1:100 1:1000 i i i
Total ZIP7® r pAb Biogenes i 1:200 1:1000 i i i

=,3 (i © r pAb SCBT SC84875 i 1:1000 1:100 1:25 i
ZIP6 M @ m mAb Biogenes i i i i i 9
ZIP6 Y © m mAb Biogenes i 1:20 1:1000 i 1:25 9
ZIP10f r pAb Sigma SAB2102209 i i i i 9
ZIP10 ¢ m mAb Sigma SAB1401780 i 1:1000 1:100 i i
ZIP10" r pAb Abcam Ab83947 i 1:1000 1:100 i i
ZIPIOR' r pAb Biogenes i i i 1:100 i 9
apZIP7 (S275/S276) mAb. The epitope is TKEKQ pS pS ((((. UHVLGXHYV i WKH
cytosolic loop between TM3 and TM4).
b Total ZIP7 pAb. 7KH HSLWRSH LV *54(567.(.466( UHV LagtesHlie loop W K H

between TM3 and TM4).

¢ =,3 (i pAb. The epitope is in the cytosolic loop between TM3 and TM4.

dZIP6 M7 mAb. The epitope is HHDHDHHSDHEHHSD (residues 93 107, WKH 1iWHUPLQXV

€ ZIP6 Y3 mAb. The epitope is VSEPRKGFMYSRNTNEN (residues 238 + WKH 1iWHUPLQXV
fZIP10 (SAB2102209) pAb. The epitope is LHRQHRGMTELEPSKFSKQAAENEKKYYIEKLFE
RYG(1*5/6))*/(./ UHVLGXHV i WKH 1iWHUPLQXYV

9 ZIP10 (SAB1401780) pAb. The epitope is

CIRMFKHYKQQRGKQKWFMKQNTEESTIGRKLSDHK LNNTPDSDWLQLKPLAGTDDSVVSE
'5/1(7(/7'/1(*44(633.1</&,(((.,,'+6+6'*/+7,+(+'/ UHVLGXHV i IURP
TM3 to the cytosolic loop between TM3 and TM4).

h ZIP10 (Ab83947) pAb. The epitope is in the cytosolic loop between TM3 and TM4.

iZIP10 R (animal 25) pAb. The epitope is LEPSKF6.4%$$(1( UHVLGXHV i WKH
1iIWHUPLQXV

Sp, species; IF, immunofluorescence; WB, Western blot; PLA, proximity ligation assay; FACS,
IOXRUHVFHQFHIDFWLYDWHG FHOO VRUWLQJ $E 5] DQWLERG\ WUL
Biogenes, Biogenes GmbH; CST, Cell Signaling Technology; SCBT, Santa Cruz Biotechnology;

Sigma, Sigma iAldrich; mAb, monoclonal antibody; pAb, polyclonal antibody.

2.2 Bacterial transformation and plasmid preparation

The process of bacterial transformation, plasmid preparation,
transfection, and characterisation of DNA constructs is illustrated in Fig. 2.2 and
2.3. Each process will be further explained in individual sections. Briefly,
competent bacteria were transformed withapF'1$ 9 i+LVi7232 SODVPL
that contained a ZIP7 or ZIP6 construct. Presence and orientation of the insert
was confirmed by PCR using a specific ZIP7 or ZIP6 primer and a BGH reverse
primer (Fig. $ FORQH WKDW FRQWDLQHG WKH FRUUHF
was purified using a HiSpeed or EndoFree Plasmid Maxi Kit (Fig. 2.2).
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Figure 2.2 An experimental strategy for plasmid preparation

1. Bacterial Transformation )
JM109 E. coli competentcells

O—|

ZIP7 DNAin plasmidvector (@ ) )
\ (o) Q8]

/[I][:ﬁ:]
(e

o

2_ Verification of DNA Inserts

IM> l 3. Plasmid
I | ZIPDNA [ V5 | | e — Preparation
—
N / °o

©
\ © o0 o ° /
1. Competent bacteria are transformed with a pcDNA3.1/V5 iHis iTOPO plasmid that
contains a ZIP7 or ZIP6 construct.
2. Presence and orientation of the insert are confirmed by PCR using a specific ZIP7 or
ZIP6 primer and a BGH reverse primer.

3. A clone that contains the correctly iorientated DNA insert is selected for plasmid
preparation, using either a HiSpeed or EndoFree Plasmid Maxi Kit.

For characterisation of a DNA construct, a transfection was performed
using Lipofectamine 2000 (Fig. 2.3). Cells were then treated with zinc plus zinc
ionophore sodium pyrithione or nocodazole (Fig. 2.3). Immunofluorescence,
Western blotting, flow cytometry or proteome profiler antibody array procedure
was performed for determination of protein expression or modification such as
phosphorylation (Fig. 2.3). Furthermore, cellular zinc levels were determined by
fluorescence microscopy or flow cytometry using zinc isensitive dyes, consisting
of JOXR]LQi 1HZSRUW *UHHQ DQG =LQTXLQ ZKHUHEL
determined by immunoprecipitation or proximity ligation assay (Fig. 2.3). All the

antibodies that were used in these experiments are listed in Tables 2.1 i2.3.
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Figure 2.3 An experimental strategy for investigations in this project

e

1. Transfection

MCF7 cells

QO —
\ @ Lipofectamine-2000 /

\

l

2. Treatment

+ Zinc plus pyrithione
+ Nocodazole

l

3. Cellular characterisation

Protein expression or modification
* Immunofluorescence

+ Western blotting

+ Flow cytometry

Zinc levels

+ Zinc assays using Fluozin—3, Newport
Green or Zinquin with either fluorescence
microscopy or flow cytometry

Protein interaction
* Immunoprecipitation
+ Proximity ligation assay

1. For experiments in transfected cells, purified plasmids are transfected into MCF i7 cells
using Lipofectamine 2000.
2. Cells are treated with zinc plus zinc ionophore sodium pyrithione. For experiments on

mitosis, cells are treated with nocodazole to increase the number of mitotic cells.

3. Cellular effects are determined using various techniques. Protein expression or
modification (phosphorylation) is determined using immunofluorescence, Western
blotting, flow cytometry and proteome profiler antibody arrays. Zinc levels are

determined using a zinciVHQVLWLYH

IOXRUHVFHQFH G\H

JOXRILQi

Zinquin) with either fluorescence microscopy or flow cytometry. Protein interaction or
binding is determined using immunoprecipitation or proximity ligation assay.
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Table 2.2 Primary antibodies other than ZIP antibodies

: Catalogue Dilutions
Antibody Sp Type Company numbger = WB _ PLA FACS
iDFWLQiISHUmM mAb Sigma  A3854 i 1:50000 i i
iFDWHQLQ m mAb Sigma C7082 1:100 1:1000 i i
CKla m mAb SCBT SC74582 i 1:1000 1:100 i
CK2a m mAb SCBT SC12738 i 1:1000 1:100 i
*$3'+iSHUR[L M mAb CST SC32233 i 1:50000 i
*6.1 E m mAb Abcam Ab93926 i 1:1000 1:100 i
pPAKT (S473) r pAb CST 9271 i 1:1000 i i
pCREB (S133) r pAb CST 9198 i 1:.1000 i i
S*6.i E(S9) r pAb CST 9336 i 1:1000 i i
pHistone H3 (S10) m mAb CST 9706S i i i 110
pHistone H3 (S10) r pAb CST 3377S 1:500 1:1000 i 1:10
pP70 S6 r pAb CST 9204 i 1:1000 i i
(T421/S424)
pSer m mAb SCBT SC81514 i 1:1000 i i
pStathmin (S38) r pAb CST 4191S i i 1:200 i
pPSTAT3 (S727.49) m mAb SCBT  SC136193 i 1:1000 1:200 i
pSTAT5a/b (S726) r pAb SCBT SC12893R i 1:1000 i i
V5 r pAb Abcam Ab15828 1:1000 1:1000 i i
V5 r pAb SCBT SC83849R  1:1000 i i i

Sp, species; IF, immunofluorescence; WB, Western blot; PLA, proximity ligation assay; FACS,
IOXRUHVFHQFHIDFWLYDWHG FHOO VRUWLQJ

m, mouse; r, rabbit;

CST, Cell Signaling Technology; SCBT, Santa Cruz Biotechnology; Sigma, Sigma iAldrich;
mAb, monoclonal antibody; pAb, polyclonal antibody.

40



2. Materials and methods

Table 2.3 Secondary antibodies

Antibody Sp  Company Catalogue Dilutions

number IF WB  FACS
$OH[D )OXRLGAM MP A11029 1:1000 i 1:100
$OH[D Y)OXRLGAR MP Al11034 1:1000 i 1:100
$OH[D )OXRLGAM MP A11032 1:1000 i 1:100
$OH[D )OXRLGAR MP A11037 1:1000 i 1:100
$OH[D )OXRLGAM MP A21237 1:1000 i 1:100
$OH[D )OXRLGAR MP A21246 1:1000 i 1:100
+53iOLQNHG GAM Fisher 10094724 i 1:10000 i
+53i0LQdEH G GAR CST 7074 i 1:10000 i

6S VSHFLHV ,) LPPXQRIOXRUHVFHQFH :% :HVWHUQ EORW )$&6
sorting;

GAM, goat anti imouse; GAR, goatantiiUDEELW +53 KRUVHUDGLVKiISHUR[LGDVH
Fisher, Fisher Scientific; MP, Molecular Probe; CST, Cell Signaling Technology

221 6LWHIGLUHFWHG PXWDJHQHVLYV

6LWHIGLUHFWHG PXWDJHQHVLY ZDV SHUIRUPHG E
mutations were confirmed by DNA sequencing. Individual serine, threonine, or
tyrosine residues were mutated to alanine (codon GCA, GCT or GCC) for a
phosphoablative (null) mutant or aspartate (codon GAC) for a phosphomimetic
mutant (Table 2.4).

Table 2.4 DNA sequences of ZIP7 and ZIP6 mutants

Construct :LOGiIW\SH '1$ VH" Mutant DNA sequence

ZIP7 S275A S276A CAGAGCTCAGAG CAGQgcCgCA GAG

ZIP7 S275D S276D CAGAGCTCAGAG CAGgaCgac GAG

ZIP6 S471A CAGTTGICCAAGTAT CAGTTGQCCAAGTAT
ZIP6 Y473A TCCAAGTATGAATCT TCCAAGgct GAATCT
ZIP6 S475A TATGAATCTCAACTT TATGAAQCTCAACTT
ZIP6 S478A CAACTTTICAACAAAT CAACTTgCAACAAAT
ZIP6 T479A CTTTCAACAAATGAG CTTTCAQCAAATGAG
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2.2.2 Bacterial transformation

‘1% FRQVWUXFWYV ZHUH LQVHUWHG LQWR D
SF'1$ 9 i+LVi7232 SODVPLG YHFWRU DQG ZHWL D@ SO
Rl VLQJOHIiIXVH. edli competent cells (Promega) according to the
PDQXIDFWXUHUTV LQVWUXFOWL\RRING YRIQMWILLNRQ LQ 7UL
EXIITHU ZKLFK FRQWD plgshi@ DNAjf and 50 / FRPSHWHQW FH
were mixed and incubated on ice for 30 minutes. The bacteria were then
KHDWiVKRFNHMG fob \20 seconds, replaced on ice for 2 minutes,
supplemented with 450 pL super optimal broth with catabolite repression (SOC)
medium, and incubated at 37°C with shaking for 60 minutes. Eventually, 100 uL
of the transformation reaction was plated on a /X UL D i % HUB)\aDa® plate
with 100 pg/mL ampicillin at 37°C for 18 hours. The transformed bacteria on an

agar plate were kept at 4 °C for less than one month.

Presence and orientation of DNA inserts in the plasmid vector were
verified by PCR using a forward primer specific to either ZIP7 (MWG Biotech
$* VHTXHQFH 1i77*77*&&77T7&77*7&*7*i § RU =,3 0:
$* VHTXHQFH 1i*7&7$$&$*&7&7$**$**&iI 1 DQG D %*
SULPHU 0:* %YLRWHFK $* VHTXHQFH Ti7$$7$&*$&7 &
Noteworthy, the BGH reverse primer was complementary to the BGH reverse
SULPLQJ VLWH RI WKH SF'1$ 9 i+2V)iE&B25YYHIFGRR U )L.
mixture contained 1x NH4 reaction buffer [16 mM (NH4)2SOa4, 67 mM Tris iHCI
(pH 8.8)] (Bioline), 1.5 mM of MgClz (Bioline), 200 uM of dNTP mix, 0.2 pM of
each primer, and 1 U of BIOTAQ DNA polymerase (Bioline), and a bacterial
colony from the LB agar plate. Twenty cycles of PCR were programmed to
perform the following thermal cycling conditions: the denaturation step at 94 °C
for 10 seconds, the annealing step at 55 °C for 30 seconds, and the extension
step at 72 °C for 2 minutes. An initial denaturation at 94 °C for 10 minutes and a
final extension at 72 °C for 10 minutes were also added to the PCR settings.
Five uL of each PCR product was separated by 1% agarose gel
electrophoresis, along with 0.6 pg/lane 1 kb DNA Step Ladder (Promega) at
100 V for 45 minutes, and visualised with a UV transilluminator.
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2.2.3 Plasmid preparation

7KH FRUUHFWO\iRULH QtairmedWitidn H© Eompete@t\cell E
were purified using the HiSpeed Plasmid Maxi Kit (Qiagen) for ZIP7 constructs
or the EndoFree Plasmid Maxi Kit (Qiagen) for ZIP6 constructs according to the
PDQXIDFWXUHUfV LQVWUXFWLRQV % U tdmipétentbelEROR Q\
was inoculated in 5 mL LB medium with 100 pg/mL ampicillin at 37°C with
vigorous shaking for 8 hours. The starter culture was diluted 1/500 into 250 mL
LB medium with 100 pg/mL ampicillin, and further grown at 37°C with vigorous
shaking for 16 hours. After centrifugation at 6,500 rpm at 4 °C for 15 minutes
and resuspension of the pellet with 10 mL buffer P1 with 100 pg/mL RNAse and
1x LyseBlue added, the competent cells were lysed with 10 mL buffer P2 for 5
minutes. The bacterial lysate was then neutralised with 10 mL buffer P3 and
cleared by filtration using a QIAfilter Cartridge.

For the HiSpeed Plasmid Maxi Kit, the plasmid DNA was purified using a
HiSpeed Maxi Tip, from which the DNA was eluted with 15 mL buffer QF. The
DNA obtained was further purified by precipitations with isopropanol and 70%
ethanol, employing the QIlAprecipitator Module provided in the kit. The purified
DNA was finally dissolved in 500 R endotoxin ifree Buffer TE.

For the EndoFree Plasmid Maxi Kit, endotoxin was removed from the
filtrate by incubation in 2.5 mL buffer ER on ice for 30 minutes. The plasmid
'1$ ZDV SXULILHG XVLQJ D 4,%$*(1iWLS DQLRQWHKH-KDC
DNA was eluted with 15 mL buffer QN. The DNA obtained was further purified
by precipitations with isopropanol and 70% ethanol. Finally, the purified DNA
ZDV UHIGLVVRQYH® GRWRI[LQIIUHH % XIIHU 7(

The plasmid DNA solution was analysed with a UV spectrophotometer
for concentration and purity, which were determined by the absorbance at
260 nm (OD260) and the ratio of the absorbance at 260 nm to the absorbance
at 280 nm (OD260/0D280 ratio), respectively. Additionally, the plasmid DNA
was also analysed with 1% agarose gel electrophoresis along with 0.6 pug of
1 kb DNA Step Ladder (Promega) at 100 V for 45 minutes and visualised with a
UV transilluminator. Eventually, the plasmid was verified using
immunofluorescence stained with the anti iV5 antibody, which will be shown in

the corresponding chapters.
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2.3 Immunofluorescence

Cells on a 22x22 mm 0.17 mm thick glass coverslip or an iZHOO
FKDPEHU VOLGH /DEi7HN )LVKHU madehbyde in.PBSSfoz L W K
15 minutes and washed with PBS twice. For the iZHOO FKDPEHU VOLG
chamber was removed after fixing, leaving a gasket on the slide. The cells
either on the coverslip or on the slide were blocked and permeabilised with 1%
bovine serum albumin (6 LJP D i$ O)@GhdL®4% saponin (6 LJPDi$O)GULFK
PBS for 15 minutes, with additional blocking with 10% normal goat serum
(DAKO) in the blocking/permeabilisation solution for 15 minutes. The cells were
then probed with primary antibodies (Tables 2.1 and 2.2) for 60 minutes. After
washing, the cells were incubated with either a mixture of 2 pg/mL Alexa Fluor
JRDW DQWLiIiPRXVH D QG JRMmibediBsFMoleiled Er&besy or
amixtureof2 —J P/ $OH[D J)OXRU JRDW DQWLiIiPRXVH DQG
antibodies (Molecular Probes) (Table 2.3) for 30 minutes, with light protection.
The coverslip was mounted on a slide with VECTASHIELD Mounting Media
(Vector Laboratories) containing 1.5 —J P/ iGLDPLGLQRIi iSKHQ\C
(DAPI) and sealed with nail varnish. For the iZHOO FKDPEHU VOLGH W
was removed, and a 22x50 mm 0.17 mm thick glass coverslip was mounted on
the slide with the mounting media with DAPI and sealed with nail varnish. The
stained slides were stored at 4°C in the dark until they were visualised on a
Leica RPE automatic microscope using a 63x oil immersion lens with a multiple
bandpass filter for DAPI, Texas Red and fluorescein. Images were acquired
using Openlab modular imaging software for Macintosh operating system with
one ilevel deconvolution. Brightness and contrast adjustments were performed
XVLQJ *,03 *18 ,PDJH ODQLSXODWLRQ 3URJUDP RS

2.4  Western blotting and co iimmunoprecipitation

2.4.1 Cell harvesting and sample preparation

Cells in a 35 mm dish were lysed with 100 pL lysis buffer pH 7.6 (50 mM
Tris, 150 mM NaCl, 5 mM EGTA, DQG TULWRQ ;i ZLWK Y Y
LOQKLELWRU FRFNWDLO IRU PDPPDOLDQ FHOOV 6L
phosphatase inhibitors (2 mM sodium orthovanadate and 50 mM sodium
fluoride). The lysate was incubated on ice with occasional mixing for 60 minutes

to allow maximal separation of the plasma membrane proteins from the
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membrane and centrifuged at 12,000 rpm for 12 minutes at 4°C. Concentration
of the supernatant was analysed with a UV spectrophotometer, using a
%LRiI5DG %UDGIRUG G \iil iricko@sSaly QThe Saniplé/whs diluted in
Laemmli sample buffer (Laemmli 1970), to make a final concentration of
1 pg/pL, boiled at 100°C for5 PLQXWHY DQG VB RUHG DW i

2.4.2 Co iimmunoprecipitation

Fourihundred J FHOO O\VDWH ZDV LQFXERWMabGt ZLWK
/1,91 (i DQWLERG\ 6DQWD &UX] ®A8F)\Var #.& @RaDBRI\ 6& i
V5 polyclonal antibody (Abcam, Ab9116) at 4°C overnight. On the following day,
the sample was mixed with 20 O RI1 (=YLHZ 5HA& ASibitR GeH he@ds
(6LIJPDi$OGULF &t 43C for 4 hours. The beads were washed with lysis
buffer containing protease inhibitors 4 times and eventually resuspended in
20 / O\VLV EXIIHU/ ZIDMRPOL VDPSQudentn|11970). The
precipitated proteins were separated from the beads by boiling at 100 °C for
5 minutes and centrifuging at 9600 rpm for 30 seconds. The supernatant was

collected for analysis by Western blotting.

243 3RO\DFU\ODPLGH JHO HOHFWURSKRUHVLViIVRGLXP
6'6i3%*( DQG LPPXQRGHWHFWLRQ
SURWHLQVY ZHUH VHSDUDWHG E\ iV f@&@'e03s*( D
minutes and transferred onto a nitrocellulose membrane at 100 V for 60
minutes. Proteins on the membrane were reversibly stained with 0.1% (w/v)
Ponceau S in 5% acetic acid to image bands, before washing off with Tris
%XIITHUHG 6DOLQH ZLWK 7ZHHQI 7%67 1RQiIVSHFLIL
ZLWK QRQiIIDW GULHG PLON ODUYHO IloQwasteid IRU
incubated with a primary antibody at 4 °C overnight. The primary antibodies
used are shown in Tables 2.1 and 2.2. After incubation with the primary
DQWLERG\ WKH PHPEUDQH ZDV LQFXEDWHG ZLWK HI
+53 iODEHOOHG JRDW DQWLiIiPRXVH RU DQWLIUDEI
(Table 2.3 DW URRP WHPSHUDWXUH IRU PLQXWHYV
SHUR[LGDVHIFRQMXJDWHG DQWLERG\ RU D *$3'+ SHUR
(Table 2.2) was used as a standard, with which the membrane was incubated at
room temperature for 15 minutes. Combinations of Pierce ECL Western blotting

detection reagents (Thermo Scientific), Clarity Western ECL substrate
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(% L Ri9Y,D8&uperSignal West Dura Substrate (Thermo Scientific), and
SuperSignal West Femto Substrate (Thermo Scientific) were used for the
FKHPLOXPLQHVFHQFHIEDVHG LPPXQRGHWHFWLRQ 7R
the blot was exposed to a highiUHVROXWLRQ EOXH VHQVLWLYH ;
Imaging Systems) in a dark room. Densitrometric data were acquired using
Alpha DigiDoc version 4.10, and the results were analysed with Microsoft Excel

RU SURJUDP XVLQJ jorVifarQormaisation.

2.5 Flow cytometry

2.5.1 Immunostaining

Cells in a 35 mm dish were trypsinised using 1 mL of 0.05% trypsin and
0.02% EDTA in PBS for up to 5 minutes at 37°C and centrifuged at 1000 rpm
for 5 minutes. The cells were washedinl P/ LFHIFROG 3%6 DQG LQFXE
50 yL of primary antibodies (Tables 2.1 and 2.2) in blocking/permeabilisation
solution (1% BSA and 0.4% saponin in KRH buffer) on ice for 60 minutes. The
cells were washed againin1 P/ LFHIFROG 3%6 DQG WKHQULQFXEL
of 20 —J P/ $OH[D )J)OXRU JRDW D Q WgiRIRAex& Fluor go& X V
DQWLIUDEELW DQWLERGLHV (T@&RQB)F XODthe 3URE
blocking/permeabilisation solution on ice for 30 min. The cells were then fixed
with 500 pL 4% formaldehyde at room temperature for 15 min, centrifuged at
1000 rpm for 10 min and resuspended in 500 pL PBS. Fluorescence intensity
was measured with BD FACSVerse Flow Cytometer. Data were analysed using

Flowing Software version 2.50 (Turku Centre for Biotechnology).

2.5.2 Cell cycle analysis
Cells in a 35 mm dish were trypsinised using 1 mL of 0.05% trypsin and

0.02% EDTA in PBS for up to 5 minutes at 37°C, washed in PBS and fixed in

HW K D Q R C°oWwérright or longer. After centrifuging at 2000 rpm for 10
PLQXWHV WKH IL[HG FHOOV ZHUH ZDVKHG LQ LFHIiFRO
the staining solution (20 pg/mL propidium iodide, 0.2 ug/mL "1 DVHiIUHH 51DVH
A ,and 0.1% 7ULWRQ ;i ) latB73CHd@ 20 minutes. The cell suspension
was filtered through a cell strainer (12x75 mm; mesh size: 35 um) to collect the
single cells. Fluorescence intensity was measured with BD FACSVerse Flow
Cytometer. Cell cycle analysis was performed with FlowJo Software version 10,
using the Watson pragmatic algorithm (Watson et al. 1987).
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2.6 Zinc assays

Cells were loaded with 5 uM Fluozin i3 (Invitrogen), 25 uM Zinquin
(Santa Cruz Biotechnology) or 5 uM Newport Green diacetate DCF (Invitrogen)
in phenoliUHGiIUHH 530, PHGLXP ZLWK JOXWDPLQH DQG
antibiotics (either antibacterial or antifungal drugs), at 37°C for 30 minutes in the
dark. The cells were washed and incubated in the same medium without dye for
at least 30 minutes to allow complete de iesterification of intracellular AM
esters. For determination of cellular zinc using fluorescence microscopy, the
cells were fixed after treatment. The coverslip was mounted on a glass slide,
and the cells were visualised as described for immunofluorescence. At least 6
images were taken from each coverslip using the same exposure time for each
experiment. Fluorescence intensity was determined using ImageJ Software
version 1.49 (Schneider et al. 2012), and the total corrected cellular
fluorescence was calculated by subtracting integrated density with background
intensity, which equals area of selected cell multiplied by mean fluorescence of
average background readings (McCloy et al. 2014). For determination of cellular
zinc using flow cytometry, fluorescence intensity was measured with BD
FACSVerse Flow Cytometer. Mean fluorescence was calculated using Flowing

Software version 2.50 (Turku Centre for Biotechnology).

2.7 Proximity ligation assay s (PLA)

The process of PLA is illustrated in Fig 2.4. Treated and/or transfected
FHOOV RQ DQ iZHOO FKDPEHU VOLGH /DEiZ4%dN )LV
formaldehyde in PBS for 15 minutes. After washing with PBS twice, the
chamber was removed, leaving the hydrophobic well borders on the slide to
accommodate 100 mL volumes. The cells were blocked and permeabilised with
a 50/50 mixture of the blocking/permeabilisation solution and the Duolink
EORFNLQJ VROXWLRQ 6LJPDiI$SOGULFK IRU PLQXWHYV
VROXWLRQ FRQWDLQV ERYLQH VHUXP DOEXPLQ 6LJI

6LIPDISOGULFK LQ 3%6 7KH FHOOV ZmhhyntibdidsQ L QF X
(Tables2.1 and 2.2) in the blocking/permeabilisation solution at room
temperature for 60 minutes. The slide was placed in a water chamber to prevent
GU\LQJ DQG WKH FHOOV ZHUH WKHQ SUREHG ZLWK D
MINUS and DQWLiIiPRXVH 3/86 SUREHV 6LIJPDiISOGULFK
oligonucleotides, in the blocking/permeabilisation solution at 37°C for 60
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PLQXWHV B8WLOLVLQJ 'XROLQN ,Q 6LWX '"HWHFWLRQ
signals were produced by further incubating the cells with ligase in the ligation
buffer at 37°C for 30 minutes to hybridise the PLA probes and generate a
closed circle and polymerase in the amplification buffer at 37°C for 100 minutes

to enhance rolling circle amplification in the water chamber.

Figure 2.4 Proximity ligation assays (PLA)

Antibodies Probes Ligation

gé

Polymerisation PLA signals

ZIP6 + CK2

This schematic shows the process of PLA. Cells are incubated with two antibodies against the
proteins of interest. These antibodies are raised from two different animal species. PLA probes,
plus and minus, bind to the primary antibodies corresponding to the animal species from which
they are raised. Enzymes ligase and polymerase are applied to enhance ligation and
amplification of the oligonucleotide attached to the probes, resulting in ring DNA circle formation
and rolling circle amplification. A red fluorescent probe that is added during the amplification
step hybridises with the amplified DNA. Provided the two target proteins are in close proximity,
the binding is detected as red fluorescent dots.
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After the gasket was completely removed, a 22x50 mm 0.17 mm thick
glass coverslip was mounted on the slide using VECTASHIELD Mounting
Media (Vector Laboratories) containing DAPI and sealed with nail varnish. The
slide was visualized on a Leica RPE automatic microscope using a 63x oll
immersion lens with a multiple bandpass filter for DAPI and Texas Red. The
images were acquired and presented as maximal projections of 25 stacks taken
03 P DSDUW XVLQJ 2SHQODE PRGXODU LPDJLQJ VRIWZ
system. The numbers of dots per cell were determined using Duolink ImageTool
software (Olink Bioscience). Brightness and contrast adjustments were
performed using GIMP 2.8.4 software.

2.8 Growth assays

Cells were grown in a 24 iwell plate and treated with either a ZIP6 or a
ZIP10 antibody (Table 2.1) at 24 hours. The cells were collected every day until
day 4. The medium was refreshed on day 3. To collect the cells, they were
trypsinised using 1 mL of 0.05% trypsin and 0.02% EDTA in PBS for 5 minutes
at 37°C, and 3 mL Isoton Il balanced electrolyte solution (Beckham Coulter)
was added to each well. To prepare single cells, the cell suspension was drawn
up into a 5 mL syringe through a 25G needle and transferred to a Coulter
Counter counting cups containing 6 mL Isoton Il balanced electrolyte solution
(Beckham Coulter). The amount of the single cells was determined using a

Beckham Coulter counter (Beckham Coulter).

2.9 Proteome profiler antibody array procedures

7KH KXPDQ SKRVSKRIUHFHSWRU W\URVLQH NLQD)
ARY001B), phospho imitogen iactivated protein kinase (MAPK) (R&D Systems,
$5< % SKRVSKRINLQDVH 5 "' 6\VWaHPpotedse (R&DoO
Systems, ARY021B) antibody arrays were used. The strategies of array signal
detection are illustrated in Fig. 2.5 and 2.6.

After transfection and zinc treatment, cells in a 35 mm dish with 90%
confluence were lysed in either 100 R Lysis Buffer 17 with 10 Ry/mL Aprotinin,
10 RY/mL Leupeptin, and 10 RY/mL Pepstatin (for the phosphor iRTK and the
protease arrays) or 100 R Lysis Buffer 6 (for the phospho ikinase and the
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phospho iMAPK arrays). The rest of the procedures were performed according
WR WKH PDQXIDFWXUHUYV LQVWUXFWLRQ XWLOLVLQJ \

For the phospho iRTK array, each membrane was blocked in Array
Buffer 1 at room temperature for 60 minutes and incubated in 300 ug lysate
diluted in the blocking buffer at 4 °C overnight. On the following day, the array
ZDV LQFXEDWHG ZLWK WKH $QWLIBKRVSKRi7\URVLQH]

Array Buffer 2 at room temperature for 2 hours.

Figure 2.5 Human phospho ireceptor tyrosine kinase (RTK) arrays

\ / HRP-conjugated
/ anti-phospho-tyrosine

antibody

. «——_ Proteins of interest
(in samples)
| D Capture antibody

\
\
\
A
\
\

This schematic illustrates the signal detection strategy for phospho iRTK arrays. Three pairs of
reference spots are present on the left upper, right upper, and left lower corners of each array.
Capture antibodies are blotted on the membrane in duplicate and bind to RTKs that are present
in cell lysates. Tyrosine phosphorylation of particular RTKs is determined by application of an
HRP iconjugated anti iphospho ityrosine antibody. Signals are detected using a standard
chemiluminescence procedure.
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For the phospho ikinase array, each of Part A and Part B of the
membrane was blocked in Array Buffer 1 at room temperature for 60 minutes
and incubated in 300 ug lysate diluted in the blocking buffer at 4 °C overnight.
On the following day, the array was incubated with either Detection Antibody
Cocktail A (for Part A) or B (for Part B) in Array Buffer 2/3 (Array Buffer 2 diluted
in Array Buffer 3) at room temperature for KRXUV DQG ZLWK 6WUHSW

(1:2,000) in Array Buffer 2/3 at room temperature for 30 minutes.

Figure 2.6 Human phospho ikinase, phospho imitogen iactivated protein
kinase (MAPK), and protease arrays

(in samples)

Capture antibody

rr) .o

This schematic illustrates the signal detection ssUDWHJ\ IRU SKRVSKRINLQDVH SKR
and protease arrays. Three pairs of reference spots are present on the left upper, right upper

and left lower corners of each array. Capture antibodies are blotted on the membrane in

duplicate and bind to kinases or proteases that are present in the cell lysates. Phosphorylation

of particular kinases on specific sites or presence of particular proteases is determined by

application of biotin iconjugated detection antibodies and HRP iconjugated streptavidin. Signals

are detected using a standard chemiluminescence procedure.
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For the phospho iMAPK and the protease arrays, each membrane was
blocked in either Array Buffer 5 (the phospho iMAPK array) or Array Buffer 6
(the protease array) at room temperature for 60 minutes. The membrane was
then incubated in 300 pg (the phospho iIMAPK array) or 200 pg (the protease
array) of the O\VDWH WKDW KDG EHHQ SUHILQFXEDWHG
Cocktail at room temperature for 60 minutes. On the following day, the array
was incubated witKk 6 WUHSWDYLGLQIi+53 LQ WKH EORF

temperature for 30 minutes.

All the arrays were applied with Chemi Reagent Mix and exposed to film
for 10 minutes. Signal intensities were determined by densitometric analysis
using Alpha DigiDoc version 4.10. Heat maps were generated using a GENE-E

matrix visualization and analysis platform (The Board Institute).

2.10 Statistical analysis

6WDWLVWLFDO DQDO\VLYV ZDV SHUIRUPHG XVLQJ
DQDO\VLV RI YDULDQFH $129% ZLWK "XQQHWWY{V WHYV
significant when p<0.05. Statistical significance was assumed with U= p<0.05,

U 8 p<0.01, U (Hp<0.001. Error bars shown represent standard errors.

2.11 Materials

All the materials that were used in this project are shown in Table 2.5.
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Table 2.5 Materials

Catalogue
Reagent Company number

$FU\ODPLGH ELVIiDFU\ODF6LJPDiI$SOGULFK A3699

(30% solution (v/v), 29:1 ratio) Poole, Dorset, UK

Agarose Bioline Ltd, %,21
London, UK

Alpha Digidoc RT Densitometry software Alpha Innotech Corp,
California, USA

Amersham Protran 0.45um nitrocellulose Fisher Scientific UK Ltd, 10087970
Loughborough, UK

Ammonium persulphate (APS) 6LIPDiIi$OGULFK A3678
Poole, Dorset, UK

Amphotericin B (Fungizone) Invitrogen, 15290
Paisley, UK

Amplification red (5x) Olink Bioscience, 82011
Uppsala, Sweden

Aprotinin 6LIJPDIi$OGULFK 10820
Poole, Dorset, UK

BD FACSVerse Becton, Dickinson UK Ltd,
Oxford, UK

%LRiI5DG SURWHLQ DVVD\BioRad Laboratories Ltd, i

concentrate Hertfordshire, UK

Blue sensitive X-ray film Photon Imaging Systems, FMO024

(18x24 cm) Swindon, UK

Bovine serum albumin (BSA) 6LIPDiIi$OGULFK A2153
Poole, Dorset, UK

Bovine trypsin Lorne Laboratories Ltd,
Reading, UK

Bromophenol blue BDH Chemicals Ltd,
Poole, Dorset, UK

Cecil CE 2041 spectrophotometer CECIL,
Cambridge, UK

Cell scrapers *UHLQHU %LRi2Qt¢t
Gloucestershire, UK

Class Il biological safety cabinet MDH Intermed Airflow from
Bioquell,
Andover, UK

Coulter Counter counting cups and lids  Sarstedt AG and Co.,
NUmbrecht, Germany

DAPI dilactate Invitrogen, D3571
Paisley, UK

Denly BA852 autoclave

Thermoquest Ltd,
Basingstoke, UK
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Catalogue
Reagent Company number

Dimethyl sulphoxide (DMSO) 6LIPDiI$OGULFK D8418
Poole, Dorset, UK

Disposable cuvettes Fisher Scientific UK Ltd, FB55143
Loughborough, UK

'LIWKLRWKUHLWRO '77 6LIPDiI$OGULFK 43815
Poole, Dorset, UK

'IDVHilUHH 51DVH $ 5LEF6LJPDiI$SOGULFK R5503

from bovine pancreas) Poole, Dorset, UK

dNTPs Amersham, i i

(dGTP, dCTP, dATP, dTTP; 100 mM) Little Chalfont, UK

Dulbecco's Modified Eagle Medium Fisher Scientific UK Ltd, 11960044

(DMEM) with 4.5 g/L glucose Loughborough, UK

Duolink ImageTool software Olink Bioscience,
Uppsala, Sweden

Duolink Il PLA probe Olink Bioscience, 82001

$QWLIPRXVH SOXV Uppsala, Sweden
Duolink Il PLA probe Olink Bioscience, 82005
$QWLIUDEELW PLQXV Uppsala, Sweden

Eppendorf tubes Eppendorf,
Hamburg, Germany

Ethanol Fisher Scientific UK Ltd, 10428671
Loughborough, UK

Ethidium bromide (EtBr) 6LIJPDI$OGULFK E8751
Poole, Dorset, UK

Ethylene diamine tetraacetic acid (EDTA) 6 LJPDi$OGULFK 59815
Poole, Dorset, UK

EZview Red Protein A Affinity Gel 6LIPDiIi$OGULFK P6486
Poole, Dorset, UK

Falcon tube with cell strainer cap Fisher Scientific UK Ltd, 10585801

(12x75 mm; mesh size: 35 um) Loughborough, UK

FlowJo data analysis 10 software FlowJo LLC,
Oregon, USA

JOXR]ILQI Invitrogen, F24195
Paisley, UK

Foetal bovine serum (FBS) Invitrogen, 26140
Paisley, UK

Formaldehyde Fisher Scientific UK Ltd, 10041040

Glass coverslips
(thickness no. 1, 22x22 mm and 22x50
mm)

Loughborough, UK

BDH Chemicals Ltd,
Poole, Dorset, UK
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Catalogue
Reagent Company number

Glass slides Fisher Scientific UK Ltd,
Loughborough, UK

Glycerol Fisher Scientific UK Ltd, 10152970
Loughborough, UK

Glycine Fisher Scientific UK Ltd, G/P460/53
Loughborough, UK

Hoechst 33342 Fisher Scientific UK Ltd, 62249
Loughborough, UK

Improvision OpenLab 4.04 software Improvision,
Coventry, UK

Insulin solution from bovine pancreas 6LIJPDiIi$OGULFK 10516

(10 mg/mL) Poole, Dorset, UK

Isopropanol Fisher Scientific UK Ltd, 10723124
Loughborough, UK

,VRWRQ ,, DJLGHilUHH E D Beckman,

solution High Wycombe, UK

/IDEi7THN FKDPEHU VOLGH 6LJPDi$OGULFK 177402

glass slide Poole, Dorset, UK

/HLFD '0i,5( LQrvittddabdd G Leica Microsystems
Imaging, Solutions Ltd,
Cambridge, UK

Leupeptin 6LIJPDiIi$OGULFK L0649
Poole, Dorset, UK

[TIOXWDPLQH Invitrogen, 25030
Paisley, UK

Ligase Olink Bioscience, 82027
Uppsala, Sweden

Ligation (5x) Olink Bioscience, 82009
Uppsala, Sweden

Lipofectamine 2000 transfection reagent Invitrogen, 11668019
Paisley, UK

/IRZHU EXIIHU IRU 6'6i3%*(BioRad Laboratories Ltd, 1

(Tris 1.5 M, pH 8.8) Hertfordshire, UK

Magnesium chloride (MgCl.) 6LIJPDiI$OGULFK M8787
Poole, Dorset, UK

Magnetic stirrer Fisher Scientific UK Ltd,
Loughborough, UK

Methanol Fisher Scientific UK Ltd, 10499560

OLFURIFHQWULIXJH W XE H Elkay Laboratory Products,

(0.5 mL and 1.5 mL)

Loughborough, UK

Basingstoke, UK
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Reagent

Catalogue

Company number

OLQLIi3UR Wddttbghoresis
apparatus

BioRad Laboratories Ltd,
Hertfordshire, UK

1117 19iWHWUDPHW K\O HFisher Scientific UK Ltd, %3( i

(TEMED)

Loughborough, UK

111« 1«i7HWUDNLV iS\UL6LJPDiI$OGULFK P4413

ethylenediamine (TPEN)
Newport Green DCF

Nikon Eclipse TE200 phase contrast
microscope

Olympus 8 MP digital camera
Penicillin/Streptomycin

Pepstatin A

Pierce ECL Western Blotting Substrate

Pipette Tips

Platform rocker STR6

Polymerase

Poole, Dorset, UK

Invitrogen, N7991
Paisley, UK

Nikon,
.LQIJVWRQIiIXSRQ 7
Olympus,

Oxford, UK

Invitrogen, 15140
Paisley, UK

6LIPDiI$OGULFK P5318
Poole, Dorset, UK

Pierce and Warriner Ltd, 32106
Cheshire, UK

*UHLQHU %LRi2Qt¢t
Gloucestershire, UK

Stuart Scientific, Bibby
Sterilin Ltd,
Stone, UK

Olink Bioscience, 82028
Uppsala, Sweden

SRO\R[\HWK\OHQHiIVRUELY6LIJPDiI$OGULFK 93774

(Tween 20)

Precision Plus protein blue standards

Propidium iodide solution

Protease inhibitor cocktail (in DMSO)

Proteome Profiler Human

Poole, Dorset, UK

BioRad Laboratories Ltd, i 63
Hertfordshire, UK

6LIPDIi$OGULFK P4864
Poole, Dorset, UK

6LIPDiI$OGULFK P8340
Poole, Dorset, UK

Bio-Techne EMEA, ARY003B

3KRVSKRi.LQDVH $UUD\ .LAbingdon, UK

Proteome Profiler Human

Bio-Techne EMEA, ARY002B

SKRVSKRIOLWRJHQiDFWL YAbingdon, UK

Kinase (MAPK) Antibody Array Kit
Proteome Profiler Human

Bio-Techne EMEA, ARY001B

SKRVSKRiI5HFHSWRU 7\UR Abingdon, UK

(RTK) Array Kit

Proteome Profiler Human Protease Array Bio-Techne EMEA, ARY021B

Kit

Abingdon, UK
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Catalogue
Reagent Company number

37&i 7TKHUPRF\FOHU MJ Research Ltd,
Massachusetts, USA

Roller platform Stuart Scientific,
Bibby Sterilin Ltd,
Stone, UK

Roswell Park Memorial Institute (RPMI)  Fisher Scientific UK Ltd, 11875093

medium 1640 Loughborough, UK

Roswell Park Memorial Institute (RPMI)  Fisher Scientific UK Ltd, 32404014

medium SKHQROiIUHGIiIIUHH Loughborough, UK

Sanyo 950 W microwave Sanyo Europe,
Loughborough, UK

6DQ\R 0&2i $,& LQFXEDW Sanyo E&E Europe BV,
Loughborough, UK

Sodium butyrate 6LIJPDiIi$OGULFK B5887
Poole, Dorset, UK

Sodium chloride (NaCl) 6LIJPDiI$OGULFK S3014
Poole, Dorset, UK

Sodium dodecyl sulphate (SDS) 6LIPDiI$OGULFK L3771
Poole, Dorset, UK

Sodium fluoride (NaF) 6LIPDiIi$OGULFK 919
Poole, Dorset, UK

Sodium molybdate (NazMoO.) 6LIJPDISOGULFK 243655
Poole, Dorset, UK

Sodium orthovanadate (NaszVO.) 6LIJPDI$OGULFK S6508
Poole, Dorset, UK

Sterile disposable pipettes Sarstedt AG and Co.,

(5 mL, 10 mL and 25 mL) NUmbrecht, Germany

Sterile Falcon tubes Sarstedt AG and Co.,

(15 mL and 50 mL) NUmbrecht, Germany

Sterile phosphate buffered saline Invitrogen,

(PBS) Paisley, UK

Sterile universal containers *UHLQHU %LRi2Q¢+

(30 mL) Gloucestershire, UK

6XEIFHOO DJDURVH HOH F BioRad Laboratories Ltd,
Hertfordshire, UK

SuperSignal West Dura Extended Pierce and Warriner Ltd, 34075

Duration Substrate Cheshire, UK

SuperSignal West Femto Maximum Pierce and Warriner Ltd, 34095

Sensitivity Substrate Cheshire, UK

Syringes Sherwood Medical Davis

(5 mL and 10 mL) and Geck,
Gosport, UK
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Catalogue
Reagent Company number
Tissue culture plasticware Nunc Int.,
iZHOO SODWHYV |ILOWH LRoskilde, Denmark
35 mm, 60 mm and 100 mm dishes)
TULWRQ ;i 6LIPDiI$OGULFK 93443
Poole, Dorset, UK
Trizma (Tris) base 6LIPDiIi$OGULFK T1503
Poole, Dorset, UK
8SSHU EXIIHU IRU 6'6i3%$* BioRad Laboratories Ltd, i
0.5M, pH 6.8) Hertfordshire, UK
UV transilluminator Alpha Innotech Corp,
California, USA
VectorShield mounting medium with Vector Laboratories Inc, +1i
DAPI Peterborough, UK
Western blocking reagent Roche Diagnostics, 11921673001
Mannheim, Germany
Zinquin Santa Cruz Biotechnology, SC 222427

Heidelberg, Germany
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Chapter 3:
Computational sequence analysis

of ZIP channels
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3. Computational sequence analysis of ZIP channels

3.1 Introduction

The link between increases in function of many ZIP channels, particularly
those belonging to the LIV il subfamily (Taylor and Nicholson 2003), and
human diseases including cancer, has been well established (Taylor et al.
2011). For example, ZIP7, a gatekeeper of zinc release from cellular stores and
a hub for tyrosine kinase activation (Hogstrand et al. 2009), has been implicated
in development of tamoxifen resistance and aggressive phenotypes of breast
cancer cells (Taylor et al. 2008b). However, functional control of ZIP channels is
still unclear. Importantly, our group have proposed a post itranslational control
mechanism for ZIP7, showing that ZIP7 function is triggered by phosphorylation
on residues S275 and S276, which are located in the histidine irich
intracytosolic loop between TM3 and TM4 (Taylor et al. 2012). Knowing that
ZIP7 is functionally controlled by phosphorylation, it was hypothesised that
there could also be other phosphorylation sites in ZIP7 as well as in other ZIP
channels. The aims of this chapter were therefore to analyse peptide
sequences of ZIP channels and to explore potential phosphorylation sites as
well as discover candidate kinases. To achieve these aims, a computational
analysis of the amino acid sequences of all the ZIP channels was performed.
Furthermore, employing different online databases, we focused the search for
the potential phosphorylation sites on the intra cytosolic loop between TM3 and
TM4 in which the phosphorylation sites in ZIP7 are located.

3.2 Materials and methods

Online databases and platforms that were used are shown in Table 3.1.
$PLQR DFLG VHTXHQFHV RI =,3 FKDQQHOV LQ D
retrieved from the gene database of the National Center for Biotechnology
Information (NCBI) and aligned into a ClustalWw format using the TCoffee
multiple sequence alignment program (Swiss Institute of Bioinformatics)
(Notredame et al. 2000). The multiple aligned sequences were then shaded for
identical or similar residues using the BoxShade 3.21 online program (Swiss
Institute of Bioinformatics) (Hofmann and Baron 1996) and a phylogenetic tree
was generated using the Phylogeny.fr web service (Dereeper et al. 2008).

W H[W

PRWHQWLDO SURWHRO\WLFDOO\IFOHDYHG 3(67 RRWLIV

Pestfind platform (Rogers et al. 1986).
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3. Computational sequence analysis of ZIP channels

Table 3.1 Online databases and platforms used for the sequence analysis

Data Database or platform Reference
Peptide sequences NCBI @ i
Sequence alignment TCoffee ® (Notredame et al. 2000)
Alignment formatting BoxShade °© Hofmann and Baron
Phyloge_netic tree Phylogeny.fr ¢ (Dereeper et al. 2008)
generation
PEST motif analysis EMBOSS: Pestfind ¢ (Rogers et al. 1986)
Phosphorylation sites HPRD f (Keshava Prasad et al. 2009)
PHOSIDA ¢ (Gnad et al. 2011)
Phospho.ELM " (Dinkel et al. 2011)
PhosphoNET ! i
PhosphoSitePlus ! (Hornbeck et al. 2015)
Protein functions UniprotKB k (The UniProt Consortium 2015)

a NCBI, National Center for Biotechnology Information. http://www.ncbi.nlm.nih.gov/gene
b TCoffee . http://www.tcoffee.org

¢ Boxshade . http://www.ch.embnet.org/software/BOX_form.html

d Phylogeny.fr . http://www.phylogeny.fr

¢ EMBOSS: Pestfind . http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind
fHPRD, Human Protein Reference Database. http://www.hprd.org

9 PHOSIDA. http://www.phosida.com

h Phospho.ELM , Phospho Eukaryotic Linear Motif. http://phospho.elm.eu.org

i PhosphoNET . http://www.phosphonet.ca

i PhosphoSitePlus . http://www.phosphosite.org

k' UniProtkKB , UniProt Knowledgebase. http://www.uniprot.org/help/uniprotkb

Potential phosphorylation sites were searched for using gene names of
human ZIP channels (SLC39A1i14) in 3 different online phosphorylation site
databases: PhosphoNET (Kinexus Bioinformatics Corporation), PHOSIDA (Max
Planck Institute of Biochemistry) (Gnad et al. 2011) and PhosphoSitePlus (PSP)
(Hornbeck et al. 2015). The peptide sequences and residue numbers reported
for the phosphorylation sites and their locations were confirmed with those
retrieved from the UniProt.% 6ZLVVi3URW GDWDEDVH 7KH
Bioinformatics Institute) (The UniProt Consortium 2015). Only the sites that had
been experimentally confirmed in mammalian cells by mass spectrometry and
that resided in the cytosolic loop between TM3 and TM4 were selected. Data

from all these databases were combined together. Predicted kinases with the
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3. Computational sequence analysis of ZIP channels

highest prediction scores were selected, and their functions were searched for
in the UniProt Knowledgebase (UniProtKB) (The UniProt Consortium 2015).
Additionally, predicted phosphorylation sites and kinases according to amino
acid sequences were searched for in the Human Protein Reference Database
(Keshava Prasad et al. 2009).

3.3 Results and discussion

3.3.1 Analysis of amino acid sequences of ZIP channels

To demonstrate evolutionary relationships and molecular similarities
among different human ZIP channels, a phylogram was created from their
peptide sequences. Supporting the established classification of ZIP channels
(Taylor and Nicholson 2003), the phylogenetic tree showed that ZIP channels
FRXOG EH JURXSHG LQWR IRXU VXEIDPLOLHV VXEIDP
(ZIP9), GufA (zZIP11), DQG WKH /,9i VXEIDPLO\ =,a&nd=,3 =

=,3 i=,3 L.

Figure 3.1 A phylogenetic tree of human ZIP channels

Subfamily

0.89 | ZIP3

0.84 —— ZIP1 E]

ZIP9 > 1]
ZIP11 __}

059 0.89 Il_ ZIP7

0.69

0.81

— (LIv-1]

0.6

This phylogram was generated using Phylogeny.fr web service (Dereeper et al. 2008). The bar
at the bottom provides a scale for the degree of genetic changes as represented by the
horizontal dimension of the phylogram. The numbers next to each node indicate a measure of
support for the nodes. According to this phylogram, human ZIP channels can be grouped into
four subfamilies: subfamily I, subfamily I, GufA subfamily, DQG WKH /,9i VXEIDPLO\
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3. Computational sequence analysis of ZIP channels

According to the phylogenetic tree (Fig. 3.1), three pairs of the ZIP
FKDQQHOV LQ WKH /,9i VXEIDPLO\ ZHUH JURXBWHG WHE
been shown to have some prominent characteristics in common. ZIP7 and
=,3 ZKLFK ZHUH JURXSHG VHSDUDWHO\ IURP 2ZLMHK UH"
the statistical support for the node of 0.89 (Fig. 3.1), have been reported to be
intracellularly located. ZIP7 has been reported to be located in the ER (Taylor et
al. 2004) and/or the Golgi (Huang et al. 2005), whereas ZIP13 has been
reported to be located in the Golgi (Bin et al. 2011). ZIP6 and ZIP10 are also
grouped together with the statistical support for the node of 0.86 (Fig. 3.1). Both
=,3 DQG =,3 FRQWDLQ SHSWLGH VHTXHQFHM MWX MLKH
evolutionary link to prion genes (Schmitt-Ulms et al. 2009), undergo an
1{WHUPLQDO FOHDYDJH (EXSR @t &.FAVIRY Bogstran et al.

2013), and play important roles in carcinogenesis, particularly the EMT process

(Kagara et al. 2007; Hogstrand et al. 2013). Additionally, ZIP8 and ZIP14 are
JURXSHG WRJHWKHU LQ WKH VDPH VXEIEUDQFK ZLWK
node of 0.85 (Fig. 3.1). Interestingly, even though ZIP8 and ZIP14 are
recognised as zinc channels, they are capable of transporting other metals such

as cadmium and manganese (Girijashanker et al. 2008) as well as iron (Zhao et

al. 2014). The ability of ZIP8 and ZIP14 to transport metal ions other than zinc

might be at least partially attributed to the lack of the initial histidine residue, a

known zinc ibinding amino acid, in the consensus motif of the LIV i1 subfamily

in TM5, HEXPHEXGD, which will be discussed further in Section 3.3.2.3.

The peptide sequences of all the human ZIP channels were then aligned
according to their similarities (Fig. 3.2 and 3.3). All the TM regions were
identified according to a previous computational sequence analysis (Taylor and
Nicholson 2003) (Fig. 3.3). General features that were observed in all the ZIP
FKDQQHOV LQFOXGHG WKH SUHVHQFH RI HLIJKW 70V |
long intracytosolic loop between TM3 and TM4 (Fig. 3.3). This particular
intracytosol LF ORRS ZDV VKRZQ WR EH D KLVWLGLQHIULFK
a region containing consecutive HX repeats (H, histidine; X, any amino acid)
(Guerinot 2000). The TM regions were highly conserved across different types
RI WKH =,3 FKDQQHOV ZKHUH D ¥2vakdHhel lodpsl heBve€p XV ) L&
the TM regions (Fig. 3.3) were highly variable.
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3. Computational sequence analysis of ZIP channels

Figure 3.2 Alignment of all human ZIP channels (N-terminus)

hziP4 1 ASLVSLEL----- G- @'BAVLVVTATAS P PAGLLSLLTSGQGALDQEALGGLLNTLADRVHCANGPCGKCLSVEDALGLG---+--EP--cnenemememenen EGSGLPPGPVLEARYVARLSAAAVLYLSNPEG

hziP5 1 MGSPVSHLL--AGF--C/WVVLGWVGGS

hziPe 1 ARKLSV|------- TF- AL- SVTN P L H ELK

hziP7 1 ARGLGAPHW--VAV-G [ITWA T LGL -LVA

hziPg 1 APGRAVA-----GL-- A AGL

hziP10 1 KVHMHTHE --CLI--  C RTFIF--HHCNHCHEEHDHGPEAL-------HRQHR------ G MTE -LEP

hziP12 1 CFRTKLSVSWVPLF M BSRVFSTETDK-------- PSAQDSRSRGSSGQPADLLQVLSAGDHPPHNHESLIKTLLEKTGCP---RRRNGM------QGDCNLCFEPDALLLIAGGNFEDQLRE---+------- EVVQRVSLLLLYYIIHQEE
hzIP13 1 PGCPCPGCGMAGP[IERTALAL E- LLERAGGSQ

hziP14 1 KLLLLHPAF--QSC-- I BTLLGL- WRTT P EAH

hziP9 1 D

hziP1 1 GPWGE------ PEL [EYWRPEA

hziP2 1 EQL

hziP3 1 VK

hziP11 1 LQG

hZIP4 110 TCEDARAGLWASHA----DHLLALLESPKALTPGLSW---r-rermomo- LLQRM-----QARAAGQTPKTACVDIP QLLEEAV--GAGAPGSAGGVLAALLD - HVRSES- CF HALPSPQYFVDRFQQHSSEVFILAELSANIQRIGVGREA
hzIP5 26 VPN - LG- PAEQEQNHYLAGGLYGENGTIAGGLAMTHSIGLGRVQ
hZIP6 26 ------- AAAFPQ----TTEK---ISPNW. ESGIN - VD LAISTRQYHLQQFYRYGENNS-VEGFRIlLQNI|GIDKIK
hziP7 27 G-LG - GHDDLHDOLQEDFHGHS--HREHEDF---—---------

hZIP8 19 -----mmv GGVAEGPG LAFSED LSVFGANLSAAQLQMEFEQIGAASRV
hzIP10 49 SKFS - KQ AAENEKKYYIEKFERYGENGR FFGLEHIL TN GLGERK
hZIP12 128 ICSSK----LNMSNKEYKF---ncnenemememens YLHSLLSLRQDEDSSFLSQNETEDILAFTRQYFDTSQSQCMETK TLQKKSGIVSSEGANESTLPQLAAMIITLSLQG - VCLGQGNLPSPDYFTERSSLNRTNERLSELD@EINTEWTRSTC
hzIP13 35

hzIP14 30 ASS - LG- APAISAASFLQINIHRYGEGDEILQQLKAENHIDVGVGR
hziP9 3

hzIP1 17

hziP2 5

hziP3 4

hzIP11 5

1741V R ) S—— HSD -HS HR---- . R

(17411 J & — GLRLGQ - HGP

(1741 R T —— RIHIHHDHDHHSDHEHHS-<---<------ DHERHSD HEHHSEHEH---------- HSDHDHHSHHNHAAS -----acncmemememememememcmcnas

hzIP7 55 HHGHSHAHGHG HTHESIWHGHTHDHDHGHS---HEDLHHG

hziPg 62 G-VPE

hzIP10 96 - DLGHDHVSHLDILAVQEGKHFHSHNHQHSHNHLNSENQTVTSVSTKRNHKCDPEKETVEVSVKSDD--------- KHMHDHNHRLRHHHRL HAHIHBHND SITPSERGEPSNEPSTETNKTQEQSDVKLPK
hzIP12 266 IKNEKIHQFQRKQNN--IIT - HD QD---- S s

hzIP13 35

hZIP14 76 ---emememeeeev GN -VTQ HV.

hziP9 3

hziP1 17

hziP2 5

hziP3 4

hzIP11 5
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3. Computational sequence analysis of ZIP channels

Figure 3.2 Alignment of all human ZIP channels (N-terminus) (continued)

hzIP4 247 GASSRD PVP LISSSNSSS - VWD
hzIP5 81 -- L--TGRAASPAAD------------------| NSTHRPQ------ NPELSVDVWAG------- MPLGPSGWGDLEESKA PH------------------ LPRGPAPSGL. DLLHR LLLLDHSLADH -LN
hZIP6 138 GKN--KRKALCPDH-----------=------- DSDSSGK------ DPRNSQGKGAH-------| RPEHASGRRNVKDSVS ASEVTSTVYNTVSEGTHFLETIETPRPGKLFPKDVSSSTPPSVTSKSRVSRLAGRKTNESVSEPRKGFMYSRNT--NENP
hzIP7 92 HSHGYSHESLYHR GHGHDHEH-- S-H-
hzZIP8 66 PGQL--HF

hZIP10 231 GKRKKKGRKSNENSEVITPGFPPNHDQGEQYEHNRVHKPDRVHNPGHSHVHLPERNGHDPGRGHQDLDPDNEGELRHTRK REAPHVKNNAII----SLRKDLNE-- DDHH
hzIP12 290 NFSSSMEKE SEDGPV - SWD
hzIP13 35

hzIP14 83 QGHRNL

hzIP9 3

hzip1 17

hzIP2 5

hzIP3 4

hzIP11 5

CPALLY

hZIP4 268 TV R
hZIP5 156 ED SAL
hZIP6 262 QE )IDARS® IHTSE------- KKA--EIPPKTYSLQIA

hzip7 115 --------]-GGYGE------------ KQD LDA TL{UA
hZIP8 72 NQ 6| NFHH&EDRPK--------------- HKTRPSHS VG
hZIP10 335 HE OIDSRL@EHFDKLLVEDINKDKNLVPEDEANIGAS
hzIP12 308 QT oL SCH®HLPKDQ------- Q-----AKLPPTT K'G
hZIP13 35 -------f--mmmmee e RSRGTAT] --SES--WGALLSGER T
hzIP14 89 ST (8L DSRASTSENQE------- NEENEQTEEGRPSA|/=V.IG
hziP9 3 FIS
hziP1 17 VA-- S- EPPVPVGEVK
hziP2 5 GIK
hzIP3 4 LIEVAK

hzIP11 5 HSSVF

$PLQR DFLG VHTXHQFHV LQ WKH 1iWHUPLQXV RI| DX LKXP V& H ,B& R KIDHQQ POV WA HB \DHib gBé®! [TRMBIHNES tthabv@eteJa P H Q W S
least 50% identical (black) and complementary (grey) were shaded using the BoxShade 3.21 online program. The CPALLY motif, which contains three conserved
cysteine residues, is indicated in a box with a black border 7KLV PRWLI LV XQLTXHO\ VHHQ LQ Wtdtily,iekadpt ARTARVZIRIBW KH /,91 V
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3. Computational sequence analysis of ZIP channels

J)LIXUH $OLIQPHQW RI DOO KXPDQ =,3 FKDQQHOV IURP 70 WR &iIWHUPLQXV

hzIP4 329 Y AL CEC-AFE LT TCIGC---RGVT E QT Sl (Al 1€ 0h Mal T GRV J:LHTHSEEGL SP QPTWRL
hzIP5 215 QSA LEE=p-EARS LRI LG PRLL [HEGRIGIIA [eTldeDR MEMEHAJEGRHAGPG G LPE---
hzIP6 327G FIAISIE FL- eI R IMN--—--RVFF ZH WS R [e Tl Se DR - HSH SHHHSHSHE EP AMEMKRGPLFSHLSSQNIEESAYF
hzip7 137 Y | ABGITVEE AA PFFVEFV HSN----SPRH [ 'lQ! - sHASECHL [eDRFIEM AHAEPHSHHTLEQ 2G HGHS HSG---QGPILSV
hzipg 131V | [EFASYTIE NIA- EEEE" W 1] KSYFPK | BTFA/IE G TFSNATFARIdERH:FDPKVD SYVEK
hzIP10 409 C SITVEML- SiRe WE---- QGCF  [H/ETFE WA [eT" SEDR MEMMEHSJ:GHDHSHQHA HE HGHS-----HGHESNKFLEE---
hzIP12 369 YSIr T lG-E XeTAR LFHSC----EENY L/ QLR W feTSEDR dQVELHKQEAPEF G HF HES--- CFI
hziP13 70CS SL S-GUFPIL GTMLRSEAGHIV ISHA el eN vREMIRERVL Y TCSASPG G EGQS LQ------ QQQQL FLDS
hziP14 96y | EERCI T/ SC-EMEEAS \ GFMK-—--KTFY [HLYF gy SNAFQI@ERH:FNPLED YYVSKSAV K
hzIP9  71S WASIAVIVGGY AET-- [THAV------ NFSEER | IKLYTVEEAE BAETRAV)/[RECIHALYEDILEG------------ KHHQASETHNVIASDKAAEKSVVHEHEHS------------- HDH---TQLHAYI
hzIP1 32G WLV ELCEYPI G RRRGANHEGSASH(lsA ! SCHAdeVFL TCIMDEEED Y | AIDEALA AL HVT---
hzip2 10GC| [EFACLACEGCETRICFKWHRI--DAARGHEYARLEGA SAeVFLEACF T TAHAEEIESQIQKFMVQNRSASERNES DAD. SAH---
hziP3 10LC FFFMVELCEIRP K ETHF---EKAHRS[{IISLCNTREGEVFLATCFN/EEEAVAEKLQKVLS LG HIS---
hzIP11 10Q M TFFTWGMIAAGAAR FI-}--FSSG QDG cFRAVIL " ASYWHNAHAFMATSSG G Frmrmmemmemmennes GAF---
hZIP4 424 LPRDPE DL EDGP--CG------- HSSH----SHG - GHSH---- [€V--—----SLQLA  -P ---SELRQPKPPH----EGSRADL [JAEES PE
hzIP5 309 HRGLR-----rmesmemmemeens PRCCRR - KRRNLETRN------- LDPENGSGMALQP -L- QAAP----- S PG---AQGQREK
hzIP6 445 QFKDK- -KKKNQK - KPENDDDVEIKKQLSK-------- YESQLSTNEEK - VDTDDRT[EY-----LRADSQE -P ----SHFDSQQPAV----LE [EEEVNIAHAH------- PQEVYNEYVPRGCKNKCHSHFHDTLGQSD
hzIP7 241 GGH-- - EHSHGH G HAHSHTRGSH----GH---- ER----  Q-ER-S---TKEKQSSEEE---EK [ETRGVQKRR G
hzIP8 220 LKTYGQ--- NEHTHFG NDN--------------- FGPQEKTH---QP - KALPAI -- NEVT------CYAN - PA-VTEANGHIH------FD---- NUSVVS L
hzIP10 519 HYKQQ-------mwmmmmmmemmem REKQKWFMKQNTEESTIGRKLSDHKLNNTSDAVLQLKR-A GTD-----DSVVSEDRLNETELTD---LEGQQESPPKNYLCIEEEK-I [[DHSHSDGLHTIHEHDLHAA--------- AHNH---------
hZIP12 469 VSPNDK-- JELSLYNG------- HVGrmmrmmemeeees HSHHLALNSEL - SDQAG--HEK------=---- SA---STIQLKSP
hzIP13 173 EE---- ETsQ AP----NK PTAAAAALN G
hZIP14 185 LKQKNE------------------ HHH [€HSHYA SES-—----mmmeme LP - SKKDQ--- EE- GVMEKLQ-NEDL------- DHMI - PQHCSSELDGKAP------MV EEKVI[IGSLS \%
hziP9 128 S H V-
hziP1 134 P SP---LE TRALUEGTVN G
hzIP2 127 CPGAA GE ST---VQ EEWGG--AH [
hzIP3 109 KEKPSFIDLETFNA s D- V[ GGAR G
hZIP11 102 LGAAEDPQTTLALNFGSTLMKKKSDPHEPALL- FPESELSIRIGR--AG-------- Grommmmmemeeme e
TM6
hzIP4 L----LNPEPR---RLSPE LA - AC BS\YReANET LIS AS AR IR VS
hziP5 - PPAL- AF§G--HQGHSH---GHQGGTD |HIRIDGLAIGA - ] EFCRLILLSIE ‘A-FeLdeAVI[EGE -
hzIP6 553 DLIHHHHDYHHILHHHHHQNHH-—-PHS - HSQR--- YEREEL--- [{DACIAT| - AC IR AR NAL S AVEIEAY | GBI GBS C
hZIP7 292 ----r-memmemmemeemeees GS - TVPKD[EGVRPQNAEEEK---- GLOLEVS uvLIHE FEEKERRY B -G/ILAETIAC.ILTE- [GAVGSEIAGGA
hZIP8 280 -------r--emmemmemeeev QD - GKKE--- [§SS- CTCLKGP--- [{LSEIGTX AlLCEE LLINAC QRO ARR: Nz S ACRSIoRGRAIZ GIRVENC
hZIP10 629 -----HGENKTVLRKHNHQWHHKH - SHHSH[E[C-- HEGSDL--- [{ETGIANY V[FCHH AC NIVKeAINY - EIL[GTA’-- @----QYANN
hZIP12 515 --eeeeemeemmemeenee- ED - SQAA ENZIG - SMIASNR---- [{CKA[ SLI'B - HE : EYRUANY NG SRS MARNGIG BV
hZIP13 195 -----rmmemmemmemmemnememeeee [EHCLAQPAAEPGL@VVRGAVS RGLAA - ; X4-DRWEAKISAS AT-G <L EAEF . ICTo- [§---CSPAAEE
hzIP14 253 - - LQAS---QSA - CYWLKGV--- FYSOIGTUY I/ T - X4'EIQQRFH FEJAC- COMe " FE | LA~ [d
hZIP9 131 ---ememmemmemmemmemeneeeees [ TDD----PEAARSSNSKITTT EELVIfAA/BIE BIeh: ERNRIRK WY /FREa T € SKSSKE--
hZIP1 155 ----e-memmemmenoeneees GP--QHWHD EEGVPQE- GAP---ATPSA[L:-- B FSLAESVH ELCUAMLEKGILAYSLSLREMQSHRAQVVAJQAIRFSG [ THARE [CEAAL- 2
hzIP2 147 -- -FE--LHSH -[€- HLPSP-------- SKGP - @SLSHESVF QLA NIARKGLVVIEVGME LEIES: WATFY I MLAT- [SHRE €A T- D SEGGRGL
hZIP3 144 ---eeemememeemeees HALYVEPH -[6- HGPSEVQGL-- SEASR:--LUs [IARALSARSVF YAVEETLVAVLGIS VA SAPLEDBAKYAITVSA [P ME € elIGIES}---QGVPGSV
hZIP11 169 -----e--emmmmmememenaees LPE EGAVPVEERGNE: AQPGGSSiR- | [ H NV ‘ L dNg-ETWRFWi G TER HEAEA




3. Computational sequence analysis of ZIP channels

J)LIXUH $OLIQPHQW RI DOO KXPDQ =,3 FKDQQHOV IURP 70 WR &iIWHUPLQXV FRQWLQX

hzZIP4 577 SEA
hZIP5 463 LTP
hZIP6 675 VSM
hzZIP7 401 GPG
hzIP8 385 APNI
hZIP10 749 ITL
hZIP12 621 VQD
hZIP13 302 TAA
hzZIP14 358 SAN
hZIP9 232 ATGVA
hZIP1 257 AQSV
hZIP2 242 AQAV
hZIP3 247 ASVL
hzIP11 284 ILP

$PLQR DFLG VHTXHQFHV EHWZHHQ 70 DQG WKH & WHUPRUGXD ORI Q@O® XKPOX WK3H FKREBQIPHSN POWRAINSOH VHT

Residues that were at least 50% identical (black) and complementary (grey) were shaded using the BoxShade 3.21 online program. The predicted TM regions
(Taylor and Nicholson 2003) are indicated in boxes with black borders.

a (ZIP9, TM6), AAPVMSM,; b (ZIP13, TM6), QSPKGVV
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3. Computational sequence analysis of ZIP channels

3.3.2 lIdentification of unique characteristics of the LIV i1 subfamily

:KHQ FRPSDUL Q J subtamily wah all the other ZIP channels, the
/,9i VXEIDPLO\ GHPRQVWUDWHG VRPH XQLTXH FKDUDI
ORQJHU 1iWHURALMMKI/S): BLAPALLY motif (Fig. 3.6); PEST motifs in
ZIP6 and ZIP10 (Fig. DGGLWLRQDO KLVWLGLQHIULFK UHJI
(Fig. 3.4 and 3.8) and the extracytosolic loop between TM2 and TM3 (Fig. 3.4
and 3.9); and a HEXPHEXPHGD motif within TM5 (Fig. 3.9). These salient

features were individually analysed.

3321 $ ORQJ 1iWHUPLQXV FRQWDLQLQJ D &3%//< PRWL
Amino acid residues in the N iterminus of each ZIP channel were

counted (Fig. 3.5). The LIV i1 subfamily members KDG D ORQJ 1jWthiUPLQ X

an average of 230 amino acids, ranging from 68 amino acids in ZIP13 to 408

amino acids in ZIP10 (Fig. 3.5). In contrast, the N iterminus of the other ZIP

channels was 18 times shorter than the LIV i1 subfamily, having an average of

13 amino acids and ranging from 6 amino acids in ZIP9 to 31 amino acids in

ZIP1 (Fig.35) 7KHVH GDWD FRQILUPHG WKDWpoOmi@eRtQJ 1iW

FKDUDFWHULVWLF RI WKH /,9i VXEIDPLO\ )XUWKHUEF

suggested a more complex SRVWiWUDQVODWLRQDO PHFKDQL\

subfamily than the other subfamilies, since signal sequences are contained in

WKH 1iWH(C#8léngaX &t al. 1985) DQG SRVWiIiWUDQVODWLRQDO

WKH 1iWHUPLQXVY KDYH EHHQ MRzl avriRolobpootéing-L S D W

(Lai et al. 2015). Noteworthy, a signal sequence is D i DPLQR DFLG

sequence that plays an important role in targeting a protein into a secretory

pathway or integrating a protein into cellular membranes. A potential

ER iretention signal peptide ARGL (residues 2 i5) has been detected in the

N iterminus of ZIP7, consistent with the unique localisation of ZIP7 in the ER

(Taylor et al. 2004). Another potential ER iretention signal peptide with

sequence RKLS (residues 3 i6) is present in the N iterminus of ZIP6 (Taylor et

al. 2003) and might explain the ER localisation of the pro iprotein form of ZIP6

prior to its plasma membrane relocation (Hogstrand et al. 2013). Additionally, a

potential cleavage site was seen in the N iterminus of ZIP6 and ZIP10, and this

will be discussed in Section 3.3.3.
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3. Computational sequence analysis of ZIP channels

JLIXUH 6 WU XFW X U HubdRamWy &f IR cBdnnels

The LIV-1 subfamily

N N

Membrane 1 2113
Cytoplasm] H
| (0-14)
B Other ZIP channels
H
PEY A A®
Membrane 1 2113 4 5|6 7118
Cytoplasm] m
“ (0-3)

7KLY VFKHPDWLF LOOXVWUDWHY D VLPSOLILHGHRWWU XF WKRIMS R U M/
to other ZIP channels (B). DLVWLQFWLYH IHDWXUHV RI WKLV VXEIDPLO\ LQFC
DGGLWLRQDO KLVWLGLQHIULFK UHJLR Q \¢ytasQlicvioEgHbetwaHTWR L Q XV D (
and TM3. Numbers of the HX repeats detected in particular regions are indicated in brackets.

These numbers represent combined numbers of consecutive HX motifs, where H stands for

histidine and X stands for any amino acid.

1 WKH DPLQRIWHUPLQXV & WKH FDUER[\OIWHUPLQXV + WKH KL
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3. Computational sequence analysis of ZIP channels

J)LIXUH 1XPEHUV RI UHVLGXHV LQ WKH 1iWHUPLQXV

Number of amino acid residues

0 200 400 600 800 1000
[ ZzIP4 8 | —375— | 647| |
ZIP5 214 ] 326 | 540
ZIP6 326 | 429 | 755
ZIP7 [ 136 | 333 | 469
— ZIP8 130 ] 330 | 460
ZIP10 408 | 423 | 831
ZIP12 368 | 323 | 691
ZIP13 [69] 302 | 371
| ZIP14 95 ] 397 | 492
(1 )< zipe § 301 | 307
( zIP1 3 293 | 324
Cir )= zp2 g 300 | 309
| zIP3 § 305 | 314
{ z2p11 § 333 | 342

ON-terminus OFrom TM1 to C-terminus

This bar chart reveals sizes of all human ZIP channels. Numbers inside the bars indicate
DPRXQWY RI DPLQR DFLG UHVLGXHV LQ WKH 1iWHUPLRXWREBG LC
70 WR WKH &iIWHUPLQXV IXPEHUV RXWVLGH WKH EDUV LQGLFDW
/,9i WKH /,9i VXEIDPLO\ , VXEIDPLO\, ,, VXEIDPLO\ ,
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3. Computational sequence analysis of ZIP channels

Another unique characteristic of the LIV i1 subfamily is the CPALLY
motif, which is located in the N iterminus immediately proximal to TM1 (Taylor
and Nicholson 2003). This motif consisted of three highly conserved cysteine
residues and a proline residue, which was 100% identical across this subfamily
(Fig. 3.2 and 3.6). This motif was present in the majority of the LIV il subfamily
members (Fig. 3.2 and 3.6), but absent in all the other subfamilies (Fig. 3.2).
Importantly, ZIP7 and ZIP13 were the only two ZIP channels in the LIV il
subfamily that did not have this motif (Fig. 3.6). ZIP7 did not have any cysteine
residue in this region, whereas ZIP13 had only one cysteine residue at the distal
end of this region (Fig. 3.6). Even though this motif was present in ZIP4 and
ZIP12, the second cysteine residue in the middle of this region was replaced
with a serine residue (Fig. 3.6), which is structurally similar to cysteine but have
a sulphur atom in the thiol group replaced with an oxygen atom.

Figure3.6 7KH &3%$//< PRWLI LQ WKH /,9i VXBh&LLO\ RI =,3

hziP4 270 [BLE.RDIAATELSEQACIIPEAIAQISER G
hziP5 158  [BLNESEIVN:[ELSPAART IPR{GAL
hziP6 264 [@FN.SKR'TSHEMGIQVRNATHgNY

hzIP8 74  [BLII.EE FSLHEFSNATQ! SSHSV (o

Brorrs
fo)
7]
e

B 2
S

hzIP10 337 [ELNVTQUEKY, [€HGANS[EITDLFTY! L)Q Le
hziP12 341 [@F=.RAAVEI FLQKGLSIEKEOgKQ SFe 9] LECSe
hziP14 91 [@FESGIEFTAHNFSEQSRGSSELQE[S;T MOl BE Al

hziP7 96  -YEHEAYHRGHGHDHEHSHGGY GEgs: 38D [BA---
hzIP13 33 SQ A RSRGTAT[S

The CPALLY motif of ZIP4, ZIP5, ZIP6, ZIP8, ZIP10, ZIP12, and ZIP14 were aligned using the

TCoffee multiple sequence alignment program, with the equivalent region in ZIP7 and ZIP13

shown separately. Residues that were at least 70% identical (black) and complementary (grey)

were shaded using the BoxShade 3.21 online program. This CPALLY motif is a region in the
l1iIWHUPLQXVY XSVWUHDP RI 70 WKDW FRQWDLQV WW&yldHand FRQV HC
Nicholson 2003). This motif is absent in ZIP7 and ZIP13.

The CPALLY motif has been proposed to provide substantial structural
support for the LIV il subfamily members, given that cysteine residues in the
CPALLY motif contain thiol groups needed for formation of disulphide bonds
(Taylor and Nicholson 2003), which normally stabilise the tertiary structure of

proteins (Lodish et al. 2000). Furthermore, there was a highly conserved
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3. Computational sequence analysis of ZIP channels

cysteine residue in TM5 immediately proximal to the HEXPHEXGD motif
(Fig. 3.10). This cysteine residue was present in all the LIV il subfamily
members, but it was exceptionally replaced with a leucine residue in ZIP7 and
ZIP13 (Fig. 3.10). The binding of the cysteine residues in the CPALLY motif to
this additional cysteine residue in TM5 might provide a control mechanism for
zinc movement through the pores of the ZIP channels (Taylor et al. 2007). The
absence of these cysteine residues both in the CPALLY motif and in TM5 of
ZIP7 and ZIP13 therefore suggested that these zinc channels might employ a
different mechanism for controlling the pores without a need for these cysteine

residues.

A Hispanic American, who presented with a phenotype of acrodermatitis
enteropathica, has been reported to have two homozygous mutations of the
ZIP4 gene, C309T and P84L (Wang et al. 2002). Interestingly, residue C309 is
the third cysteine residue in the CPALLY motif of human ZIP4 (Wang et al.
2002). This report therefore further highlights the importance of this motif in the
function of ZIP channels. Plausibly, the functional impairment of ZIP4 in this
patient might be partly attributed to the disruption of the tertiary structure of
ZIP4 caused by the lack of the cysteine residue in this motif. Nevertheless, the
effect of the lack of the second cysteine in this motif in normal human ZIP4 and
ZIP12 (Fig. 3.6) on their function was not evident. This might be due to the
presence of multiple additional cysteine residues in the N iterminus far proximal
to the CPALLY motif (Fig. 3.2), which might provide sufficient thiol groups for
structural support and pore control for ZIP4 and ZIP12.

3322 $ 3(67 VLWH LQ WKH 1iWHUPLQXV RI =,3 DQG =,3
A PEST motif is a hydrophilic region comprising a 12 amino-acid cluster

that is rich in proline (P), glutamate (E), serine (S), and threonine (T), in the

absence of positively icharged residues such as arginine, histidine, and lysine

(Rogers et al. 1986; Rechsteiner and Rogers 1996). The PEST motif has been

recognised as a potential targetfor XELTXLW L Q D W IpR@dlRitl ckchiaye H G

(Meyer et al. 2011; Ramakrishna et al. 2011). The PEST motif was searched for

in all human ZIP channels. Strong PEST motifs with PEST scores above the

threshold score of +5 were uniquely detected in ZIP6 and ZIP10 (Fig. 3.7),

which were not present in any other ZIP channels in the LIV i1 subfamily. ZIP6
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3. Computational sequence analysis of ZIP channels

had only one strong PEST motif in its N iterminus upstream of the CPALLY
motif, with a PEST score of +5.07 (Fig. 3.7, the sequence underneath a green
solid line). ZIP10 had two PEST motifs: one in the N iterminus proximal to the
CPALLY motif and the other in the cytosolic loop between TM3 and TM4, with
PEST scores of +16.60 and +7.97, respectively (Fig. 3.7, the sequences above
green dashed lines). Noteworthy, there were also many other PEST motifs
present that were reported as poor PEST motifs, with PEST scores ranging
from i5.77 to i23.57 in ZIP6 and from +2.38 to i25.86 in ZIP10, which were
assumed to be negative.

*HQHUDOO\ D 3(67 PRWLI LV OLQNHG WR D VKRU
since it predestines the protein to be proteolytically degraded through a
ubiquitnaWLR QiPHGLDWH G (MeyeF &t DaQ POALR; Ramakrishna et al.
2011). However, in contrast to this general role in negatively regulating a protein
by enhancing proteolytic degradatitRQ D 3(67 PRWLI LQ WKH &D9
YROWDJHiIJDWHG FDOFLXP FKDQQHOV LV UHTXLUHG
cleavage that leads to activation of the channels (Sandoval et al. 2006).
Consistent with this finding, both ZIP6 (Hogstrand et al. 2013) and ZIP10
(Ehsani et al. 2012) XQGHUJR 1iWHUPLQDO FOHDYDJH RU HF
which triggers zinc transport function of these zinc channels. For ZIP6, this
l1iWHUPLQDO SURWHRO\WLF FOHDYDJH LQ EUHDVW FD
=,3 WR WKH SODVPD PHPEUDQH =,3 iPHGLDWHG
SKRVSKRU\ODWLRQ RI *6.1i QXFOBOQG GRWHMIQWIRQDRV
(TIFDGKHULQ gWeé eplthélid)-mEsenchymal transition (EMT), a process
necessary for migration and metastasis (Hogstrand et al. 2013). This
1iWHUPLQDO FOHDYDJH RU HFWRIiGRPDOdoQequiteH 8BrGLQJ P
activation of ZIP10 LQ JLQFi RU FDGPLXPIiGH(EKsanYet &. ZOR2ZQ G LW L R
even though the involvement of this mechanism in EMT has not been reported.
Given the fact that both ZIP6 and ZIP10 are associated with breast cancer
metastasis (Kagara et al. 2007; Hogstrand et al. 2013) and are activated by
proteolytic cleavage (Ehsani et al. 2012; Hogstrand et al. 2013), inhibition of this
SRVWiIWUDQVODWLRQDO HYHQW LQ WKHVH =,3 FKDQQH

breast cancer treatment.

73



3. Computational sequence analysis of ZIP channels

Figure 3.7 Alignment of ZIP6 and ZIP10 with analysis of the PEST motifs

hzIP6 1 --- BARGLSYIL /AL SVTRPLEEL FA---A BFPQTTEHEIPNWEGINVDLRIST EQUHIQJE VRMEEN ISV e AN [§ DK FRIHIH
hziP10 1MKVH [HTEFCIIC MIEIFHHCONHAREE DHGPRLHRQHRE! ELEFEKFSKQRENELKN Y EXNGERNEE GRS FE. ERAI TN/ Te ' GEARVIVEN
hZIP6 94 [§"HDHHBREHESBHERH$S HEgHSHE EFHSEOEHSHINHAA-EGKIGKALSP- [F1F]i------- E3SSGKDIERSQGGAFRPHEASCGER----NVK B
hziP10 101  [§ED-LGHRRVELBILAVQEGKEFHENEQHENELNSENQTVEVS TIGENHHEDPEETVEVSVIBDKHMHERHRLU: HHERL HEHLOENNTHHFHE
hziP6 181  EVEAEVTST NYRTVSEGRFLETIETPRFE LFPKB
hzIP10 200 ElPEERGEPSNEPSTETNKTQEQSDVKLPKGKRKKKGRKSNENSEVITPGFPPNHDQGEQYEHYHNAMPEHFLPER-NGHIZE G-H{®

CPALLY

hzIP6 219 SSSTP [FSVTSKE--VS FLBEG KTNES!SERRRGFMBRITNENPEEFNA

hzIP10 298 D  [RDNEGEFHTRHFERP:VKINANISL [ DLNED:HHHEELNVIQEEKY YEHEA! SgI STDLF TNl ERFDKLLVEDIN
T™M1 T™M2
hZIP6 314 ----- > SAEEellAVileCal 21 SIS BLSLLGVILVPBNNQIGFKFLL | SGORUHLLPHIgRCHEHSHEHISAISIR (s HE

hzIP10 390 KDKNL  [FEDEANGASN]CEl IS B ISTHREVIRV | RQG GG MSGIE\HLLPHSeEeHRHSHEHA(eRes EHSHGE
TM3

hziP6 408  ESQNIEESAYESTVEITAREE KL ERV T FQ:EDK KR Q-KKPEND I VEJKIQISKYESELETNEE-—-KVD  IBIRTEGYFADSE

hzIP10 485 ENKRIEE-- BAVLUEMVEe N FI=ENC RIFEH BEQG dekWFMKRN=:STG: KESDHKIIN IPDSEWLQLKPLAYBIISVVSEFLNETE

hzIP6 501 P  EHRESEPA--- [LEEEEVITABARPQE!YNEYVPRGCKNKCHEETL EQSDDLIHERHE YEHN I EHANNAGPERS - SQRERE:AE

hzIP10 582 L  [DL=CNESPPKNY.CIE=EK JOESESDGHTIH--------- E EBLH-AAH---N ERG=NZT - GNAIVERKEREHSHGPCISGSE =TI

TM4 T™5 TM6

hZIP6 593 ET WMVIMG LHNFSDGLAIG/ Eﬂ SE AVFCHELPHELGDFAVLLKAGMT gm W @AT@IF El-mEﬁ Wils
hZIP10 667 EN E MVIMGDEGIHNFSDGLAIGA A@ (ﬁ \VFCHELPHELGDFAVLLKAGMTVK EE]L m LI ETA E(El\ll

T™M7 T™8
hzIP6 693 [ PEMINDAEBHASEAGIFHEI QNG HEIML 1 SIBIERKIVF GINF|
hzIP10 767  REG PEMI{€DERNEF (e G-l ONNGE LFG ML T BINERKIVF (81 QF ]
Amino acid sequences of ZIP6 and ZIP10 were aligned using the TCoffee multiple sequence alignment program. Residues that were at least 70% identical (black)
DQG FRPSOHPHQWDU\ JUH\ DFURVYV DOO WKH /,91 WNMXEMRHOA, R BEithkogak UTHe YrkdictedHT®/1 déylons (Taylor and

Nicholson 2003) (orange boxes), the CPALLY motif (a blue box), and the PEST maotifs (the ZIP6 motif beneath a green continuous line, and the ZIP10 motifs above
green dashed lines) are indicated. The PEST motifs were analysed using Emboss Pestfind platform (Rogers et al. 1986).
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3. Computational sequence analysis of ZIP channels

, W LV DOVR QRWHZRUWK\ WKDW =,3 DQRWKHU PF
KDV EHHQ UHSRUWHG WR EH DFWLYDWHG E\LDE 1iW
deficiency (Kambe and Andrews 2009), regardless of the absence of a strong
PEST motif in this ZIP channel. Additionally, ZIP1 was the only ZIP channel in
all the other subfamilies that also had a PEST motif, with sequence
KEQSGPSPLEETR (positions 134 to 146, PEST score +11.14), which was
located in the cytosolic loop between TM3 and TM4. A PEST motif in the human
calcium receptor predestines the protein to lysosomal degradation (Zhuang et
al. 2012). Furthermore, a PEST motif is present in a cytosolic loop of a
pathological protein in Tangier disease called ABCS1 with a high PEST
prediction score, and this motif was shown to be responsible for
&DOSDLQIPHGLDWHG GHJUDGDWLRI®Q (WRang/eKdL.\20@BR WK R OF
These findings therefore implied that the presence of a PEST site in the
cytosolic loop between TM3 and TM4 of ZIP1 and ZIP10 might be responsible
for the lysosomal degradation of these ZIP channels, consistent with a report of
ZIP1 being degraded through lysosomal degradation (Huang and Kirschke
2007). However, the exact contribution of this site to the degradation of either
ZIP1 or ZIP10 has not been investigated.

3.3.2.3 +LVWLGLQHIULFK UHJLRQV L Qcwasolt [adpsy/ HUPLQ XV
The presence of a histidine irich region in the long variable cytosolic loop
between TM3 and TM4 has been recognised as a common characteristic of the
ZIP family (Taylor and Nicholson 2003). This region has been proposed to be a
potential zinc ibinding domain of the ZIP channels (Guerinot 2000).
Interestingly, histidine irich areas were also detected in the N iterminus and the
extracytosolic loop between TM2 and TM3 of many members of the ZIP family,
particularly those belonging to the LIV il subfamily (Fig. 3.2 and 3.3). We
therefore investigated the numbers of histidine residues as well as the HX
repeats, with the generic formula of (HX)n (H, histidine; X, any amino acid; n,
number of consecutive HX motifs) in the whole sequences of the ZIP channels.
The numbers of both histidine residues and the HX repeats were also
individually determined in the N iterminus, the extracytosolic loop between TM2

and TM3, and the intracytosolic loop between TM3 and TM4.
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3. Computational sequence analysis of ZIP channels

Overall, the LIV il subfamily members had an average of 35 histidine
residues and 9 HX repeats, which was 3.5 times and 5 times higher than other
ZIP channels, respectively (Fig. 3.8A), suggesting a higher zinc ibinding
capacity of the LIV i1 subfamily than other subfamilies. In the N iterminus of the
LIV i1 subfamily members, there were up to 52 histidine residues (in ZIP10) and
up to 30 HX repeats (in ZIP10), with an average of 17 histidine residues and 8
HX repeats (Fig. 3.8B). However, no histidine residue was present in the
N iterminus of ZIP13, and no HX repeat was present in the N iterminus of ZIP5,
ZIP8, ZIP13 and ZIP14 (Fig. 3.8B). There was neither histidine residue nor HX
repeat present in the N iterminus of all the other ZIP channels, except ZIP11,

which had a histidine residue with no HX repeat (Fig. 3.8B).

Figure 3.8 Histidine residues and the HXrep HDWV LQ WKH 1iWHUPLQ X\
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These bar charts reveal numbers of histidine residues and the HX repeats in the whole

VHTXHQFH $ DQG LQ WKH 1iWHUPLQ X Vhe umbRrs oHEFHX rep@ats KD Q Q H ¢

represent combined numbers of consecutive HX motifs, where H stands for histidine and X

stands for any amino acid. /,9i WKH /,9i VXEIDPLO\ , VXEIDPLO\ ,
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3. Computational sequence analysis of ZIP channels

In the region between TM2 and TM3, an average of 3 histidine residues
and 2 HX repeats were present in the LIV i1 subfamily, yet many members of
this subfamily, including ZIP5, ZIP8, ZIP13 and ZIP14, did not have an HX
repeat (Fig. 3.9A). Among the other ZIP channels, the HX repeats were present
only in ZIP9, which had 5 HX repeats in this region (Fig. 3.9A). Provided that
ZIP9 is a gatekeeper of zinc release from cellular stores in chicken cells, which
lacked endogenous ZIP7 (Taniguchi et al. 2013), the presence of the HX
repeats in this extracytosolic loop of ZIP9 suggested that this region might be
used for sensing zinc in cellular stores and thereby controlling zinc release from
the stores. To confirm the histidine irich cytosolic loop as a shared feature of
the ZIP family, the LIV il subfamily members were demonstrated to contain an
average of 6 HX repeats in the intracytosolic loop between TM3 and TM4,
whereas the other ZIP channels had an average of 2 HX repeats in this
cytosolic loop (Fig. 3.9B). The 2 exceptions in which no HX repeat was present
in this region were ZIP13 and ZIP11 (Fig. 3.9B).

Even though the additional presence of the HX repeats in the
1iWHUPLQXYV D Qdgtosli€ tbopl pegtedEn TM2 and TM3 was shown to
EH D SURPLQHQW FKDUDFWHULVWLF RI WKH /,OH VXE
observed. This particular characteristic was therefore considered to be highly
YDULDEOH DQG UDWKHU QRQiIVSHFLILF WR WKLV VXEI!
of the HX repeats could by no means be overstated. Investigations of the role of
WKH KLVWLGLQHIULFK UHSHDWY KDYH EHHQ HIJWHHQVL"
proteins of Arabidopsis thaliana (AtMTP), which, like ZnT transporters, belong
WR WKH FDWLRQ GLIIXVLRQ IDFLOLWDWRU IDPLO\ 7Kl
been shown to function as a cytosolic zinc sensor (Kawachi et al. 2008; Tanaka
et al. 2013; Tanaka et al. 2015), a regulator of zinc transport (Tanaka et al.
2013), and a determinant of metal selectivity (Podar et al. 2012), supporting the

role of histidine residues in zinc selectivity (Hoch et al. 2012).

s



3. Computational sequence analysis of ZIP channels

Figure 3.9 Histidine residues and the HX repeats in the cytosolic loops
between TM2 and TM3, and between TM3 and TM4
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These bar charts reveal numbers of histidine residues and the HX repeats in the region
between TM2 and TM3 (A) and the region between TM3 and TM4 (B) for each ZIP channel.
The numbers of the HX repeats represent combined number of consecutive HX motifs, where H
stands for histidine and X stands for any amino acid.

/,91 WKH /,9i VXEIDPLIQNK I, subfaxnidy D P L

,Q =Q7 D PDPPDOLDQ =Q7 WUDQVSRUWHU WKH K
been shown to play a major role in zinc binding (Suzuki et al. 2005).
,PSRUWDQWO\ =Q7 FRQWDLQV KLVWLGLQHiUWaK UHJL
membrane (Kambe et al. 2015) and has been reported WR ELIiGLUHFWLR
transport zinc (Valentine et al. 2007). The unprecedented presence of
KLVWLGLQHIULFK UHJLRQV RQ ERWK VLGHV RIHWKH P
/,9i VXEIDPLO\ WKHUHIRUH VXJJHVWHG D SRVVLWLOLW
DOVR EH FDSDEOH RI IDFLOLWi@2dngly. $upPRdrting/ thid Q VS R L
VXJIJHVWLRQ \HDVW .( DQ (5iORFDWHG =,3 RUAVKROR
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3. Computational sequence analysis of ZIP channels

of facilitating bidirectional zinc transport in Saccharomyces cerevisiae
(Kumanovics et al. 2006). Nevertheless, this notable bidirectional zinc transport

has yet to be proved for human ZIP channels.

Additionally, the absence of the HX repeats in ZIP11 and ZIP13 was a
remarkable finding, making the role of these two channels as zinc transport
proteins questionable. Nevertheless, there are pieces of evidence proving the
role for both ZIP11 (Yu et al. 2013) and ZIP13 (Jeong et al. 2012) in zinc
transport. These observations suggested that the presence of individual
histidine residues anywhere in the protein might be sufficient for zinc transport
function of these ZIP channels, thereby making the role of the HX repeats in
zinc transport, rather than the function of these ZIP channels, questionable.

3.3.2.4 A HEXPHEXGD consensus motif in TM5

In TM5, the motif HEXPHEXGD was prominently conserved across the
LIV i1 subfamily members, with apparently low similarity in all the other ZIP
channels (Fig. 3.3), consistent with a proposal of this motif as a consensus motif
for this subfamily (Taylor and Nicholson 2003). This consensus motif matches
the region that is reported to be zinc ibinding in zinc metallopeptidases (zincins)
(Hooper 1994), suggesting that this region could be a catalytic zinc ibinding site
of the ZIP channels. In the LIV il subfamily, the two glutamate residues (E), the
proline residue (P), the second histidine residue (H), the glutamine residue (G),
and the aspartate residue (D) in this motif showed 100% identity (Fig. 3.10).
The two X residues (any amino acids) also showed a relatively high degree of
identity and similarity across the LIV i1 subfamily (Fig. 3.10). Collectively, these
observations supported the HEXPHEXGD motif as a consensus motif for the
LIV i1 subfamily.

Notably, the initial histidine residue (H) of the HEXPHEXGD motif was
replaced with a glutamate residue (E) in ZIP8 and ZIP14 (Fig. 3.10), the two ZIP
channels which were grouped together in the same sub ibranch of the
phylogenetic tree (Fig. 3.1). Furthermore, these two ZIP channels did not have
the additional HX repeats either in the N iterminus (Fig. 3.8B) or in the
extracellular loop between TM2 and TM3 (Fig. 3.9A). Both the histidine residues
(Hoch et al. 2012) and the HX repeats (Podar et al. 2012) are needed for zinc
selectivity of the ZIP channels over other metals. The lack of these components
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in ZIP8 and ZIP14 might therefore explain their ability to also facilitate the
cellular uptake of bivalent metals other than zinc, such as cadmium (Dalton et
al. 2005; Girijashanker et al. 2008), manganese (He et al. 2006; Girijashanker
et al. 2008), and iron (Liuzzi et al. 2006; Wang et al. 2012; Zhao et al. 2014).
Interestingly, ZIP14 has been shown to participate in pathogenesis of iron
overload in hepatocytes of hemochromatotic mice (Jenkitkasemwong et al.
2015). Ironically, according to a metal cation competition assay in
ZIP8 iretrovirally itransfected cells, cadmium uptake via ZIP8 is most effectively
inhibited by manganese, followed by mercury, lead, copper, zinc and then
caesium, suggesting exceptionally high affinity of ZIP8 for manganese even in
preference to zinc (He et al. 2006). Not surprisingly, these two zinc channels
have now become known as canonical manganese importers in the nervous
system (Chen et al. 2015).

J)LIXUH 70 RI =,3 FKDQQHOV LQ WKH /,9i VXEIDPLO!'

HEXPHEXGD
l_l_\

L7 1 S\ CHERPHELGDF ALY
hZIPS 414 AVCHE o

hZIP6 626 AVECHHIPHELGDF ML L3
hzIP7 349 TV MHEYPHEIGDFALe)

hzIP8 334 \JLCEEFPHELGDYALLY
hzIP10 700 A\[FCHE G

hzZIP12 571 TIRNANLCHE LLS
hziP13 248 L[

hZIP14 367 AILOEERPHELGORALLY

$PLQR DFLG VHTXHQFHV RI 70subdfamilp énémbarK weré, 8lipned using the
TCoffee multiple sequence alignment program. Residues that were at least 70% identical
(black) and complementary (grey) were shaded using the BoxShade 3.21 online program. The
FRQVHQVXV PRWLI RI W Kuith 5e8ienseXHEXBPHHEXGD is indicated.

3.3.3 ZIP channel phosphorylation site discovery with kinase prediction

Since ZIP7 was discovered to be activated by CK2 imediated
phosphorylation on residues S275 and S276 (Taylor et al. 2012), it was
hypothesised that other phosphorylation sites either in ZIP7 or in other ZIP
channels might also be involved in postitranslational regulation of ZIP

channels. We therefore comprehensively explored the phosphorylation sites in
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all the ZIP channels using multiple online databases, including PhosphoNET
(Kinexus Bioinformatics Corporation), PHOSIDA (Gnad et al. 2011) and
PhosphoSitePlus (Hornbeck et al. 2015). To reduce the huge number of the
phosphorylation sites to a manageable level and to exclude the less likely sites,
only the sites that had been experimentally confirmed in mammalian cells by
mass spectrometry were selected and listed along with their kinase prediction
(Table 3.2; Fig. 3.11). Only the residues located in the cytosolic loop between
TM3 and TM4 were included, given the presence of a conserved
mixed icharged area in this cytosolic loop immediately proximal to TM4 (Taylor
and Nicholson 2003), which indicated this cytosolic loop as a reactive region
likely to interact with other proteins (Zhu and Karlin 1996). Furthermore, the two
experimentally iconfirmed phosphorylated residues in ZIP7, S275 and S276,
are also located in this particular cytosolic loop (Taylor et al. 2012).

A total of 29 such phosphorylation sites were detected in the cytosolic
loop between TM3 and TM4 of ZIP3, ZIP4, ZIP6, ZIP7, and ZIP10 (Table 3.2;
Fig. 3.11). Residues S275 and S276 of ZIP7 (Sharma et al. 2014) were the only
VLWHV WKDW KDG DOUHDG\ EHHQ FRQILKThApot &t &\ VLWF
2012), whereas all the other residues have been detected only by mass
spectrometry ibased proteomics. In ZIP3, 7 sites were detected, including
residues S125, S129, S131, Y133, Y147, S156, and S163 (Table 3.2;
Fig. 3.11). In ZIP4, only one residue, S490, was reported by a study to be
phosphorylated (Table 3.2; Fig. 3.11). In ZIP6, residues S471, Y473, S478,
T479, Y493, Y528, and Y531 were detected (Table 3.2; Fig. 3.11). In ZIP7,
besides S275 and S276, phosphorylation on residues S293 and T294 had also
been reported (Table 3.2; Fig. 3.11). In ZIP10, as many as 10 residues were
detected to be phosphorylated, including residues T536, S539, T540, S546,
T553, S570, S573, T583, S591, and Y596 (Table 3.2; Fig. 3.11). Interestingly,
the sites that were predicted to be phosphorylated by CK2 with the highest
prediction scores for the individual sites were present not only in ZIP7, but also
in ZIP3 (S129), ZIP6 (S478), and ZIP10 (S583 and T583) (Table 3.2; Fig. 3.11).
It is therefore plausible that CK2 might also phosphorylate ZIP3, ZIP6, and
ZIP10 on these potential sites, thereby triggering cellular zinc influx and

replenishing zinc into the stores.
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3. Computational sequence analysis of ZIP channels

Table 3.2 Phosphorylation sites in the cytosolic loop between TM3 and TM4 of ZIP channels with predicted kinases
(updated 10 ™ August 2015)

21p Site Sequence Reference No. of Predicted kinase Function of the
9 (mass spectrometry) 2 rec. ° (gene symbol) predicted kinase °©
ZIP3  S125 LETFNAGSDVGSDSE (Franz-Wachtel et al. 2012) 15 Rho-associated protein  N/A
kinase 1 (ROCK)
S129 NAGSDVGSDSEYESP (Weber et al. 2012) 13 Protein kinase CK2 Cell cycle progression, apoptosis,
(CSNK?2) transcription, viral infection
S131 GSDVGSDSEYESPFM (Phanstiel et al. 2011) 3 Inhibitor of nuclear factor Protection against DNA damage-
kappa-B kinase epsilon induced cell death.
(IKBKE)
Y133 DVGSDSEYESPFMGG (Phanstiel et al. 2011) 1  Mast/stem cell growth Cell survival and proliferation,
factor receptor Kit (KIT) haematopoiesis, stem cell
maintenance, gametogenesis, mast
cell development, migration and
function
Y147 GARGHALYVEPHGHG (Palacios-Moreno et al. 2015) 184 Tyrosine-protein kinase Negative regulation of cell
FRK (FRK) proliferation

S156 EPHGHGPSLSVQGLS (2010) CST Curation Set 1017049 5  Serine/threonine-protein Cellular metabolism, growth and
kinase mTOR (MTOR)  survival.

S163 SLSVQGLSRASPVRL  (2009) CST Curation Set 6183 ¢ 1 None

ZIP4  S490 NPEPRRLSPELRLLP  (Brill et al. 2009) 1  Mitogen-activated protein Cell proliferation, differentiation,
kinase 13 (MAPK13) transcription and development
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3. Computational sequence analysis of ZIP channels

ZIp Site Sequence Reference No. of Predicted kinase Function of the
9 (mass spectrometry) 2 rec. ° (gene symbol) predicted kinase ¢
ZIP6  S471 VEIKKQLSKYESQLS (Zhou et al. 2013) 2  Calcium/calmodulin- N/A

dependent protein kinase
type Il gamma (CAMK2G]

Y473 IKKQLSKYESQLSTN (Wu et al. 2010) 1 NA N/A

S478 SKYESQLSTNEEKVD  (Sharma et al. 2014) 15 Protein kinase CK2 Cell cycle progression, apoptosis,
(CSNK?2) transcription, viral infection

T479 KYESQLSTNEEKVDT  (Wu et al. 2010) 4  DNA-dependent protein Molecular sensor for DNA damage
kinase (PRKDC)

Y493 TDDRTEGYLRADSQE (Palacios-Moreno et al. 2015) 10 DNA-dependent protein  Molecular sensor for DNA damage
kinase (PRKDC)

Y528 HAHPQEVYNEYVPRG (Palacios-Moreno et al. 2015) 122 Tyrosine-protein kinase Host-virus interaction
Lck (LCK)

Y531 PQEVYNEYVPRGCKN (Palacios-Moreno et al. 2015) 61 N/A N/A

ZIP7  S275 RSTKEKQSSEEEEKE (Sharma et al. 2014) 13 Protein kinase CK2 Cell cycle progression, apoptosis,

(CSNK2) transcription, viral infection

S276 STKEKQSSEEEEKET  (Sharma et al. 2014) 14  Protein kinase CK2 Cell cycle progression, apoptosis,
(CSNK2) transcription, viral infection

S293 VQKRRGGSTVPKDGP (Olsen et al. 2010) 1 MAP kinase-activated Cytokines production, endocytosis,
protein kinase-2-3 cell migration, chromatin
(MAPKAPK2-3) remodelling and transcriptional

T294 QKRRGGSTVPKDGPV (2008) CST Curation Set 4745 ¢ 1  Serine/threonine-protein Cell survival, cell proliferation
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3. Computational sequence analysis of ZIP channels

ZIp Site Sequence Reference No. of Predicted kinase Function of the
9 (mass spectrometry) 2 rec. ° (gene symbol) predicted kinase ¢
ZIP10 T536 KWFMKQNTEESTIGR (Shiromizu et al. 2013) 4  Serine/threonine-protein DNA damage response
kinase ATR (ATR)

S539 MKQNTEESTIGRKLS  (Kettenbach et al. 2011) 7  Serine/threonine-protein  Cell survival, Cell proliferation
kinase pim-1 (PIM1)

T540 KQNTEESTIGRKLSD (Sharma et al. 2014) 3 Leucine-rich repeat Regulation of dardarin production
serine/threonine-protein  (mutation involved in pathogenesis
kinase 2 (LRRK2) RI S3DUNLQVRQYV GLVH

ZIP10 S546 STIGRKLSDHKLNNT (Sharma et al. 2014) 5  Serine/threonine-protein Cell survival, Cell proliferation
kinase pim-1-3 (PIM1-3)

T553 SDHKLNNTPDSDWLQ (Sharma et al. 2014) 5  Mitogen-activated protein Cell proliferation, differentiation,
kinase 8-10 (MAPKS8-10) migration, transformation and

programmed cell death.

S570 PLAGTDDSVVSEDRL  (Sharma et al. 2014) 2  Serine/threonine-protein Cell survival, Cell proliferation
kinase pim-1-2 (PIM1-2)

S573 GTDDSVVSEDRLNET (Sharma et al. 2014) 1  Protein kinase CK2 Cell cycle progression, apoptosis,
(CSNK?2) transcription, viral infection

T583 RLNETELTDLEGQQE (Sharma et al. 2014) 1  Protein kinase CK2 Cell cycle progression, apoptosis,
(CSNK?2) transcription, viral infection

S591 DLEGQQESPPKNYLC (Sharma et al. 2014) 13 Cyclin-dependent kinase Cell cycle
1-2 (CDK1-2)

Y596 QESPPKNYLCIEEEK (Sharma et al. 2014) 9  Tyrosine-protein kinase  Immunity
SYK (SYK)

a For the sites where there is more than one reference, only the latest one is shown as a representative for each site.

b No. of rec. , number of records, representing the number of proteomic studies that detected phosphorylation at the individual residues using mass spectrometry.
¢ Functions of the kinases were retrieved from the UniProt Knowledgebase (UniProtKB, The UniProt Consortium) (The UniProt Consortium 2015)

d CST curation set , curation sets from Cell Signaling Technology, Inc.
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3. Computational sequence analysis of ZIP channels

Figure 3.11 Potential phosphorylation sites and kinases for ZIP channels

ZIP3
»ROCK (8125)
»CKR2 (8129)
»IKBKE (S131)
»KIT (Y133)
/‘;-FRK (Y147)
»MTOR  (S156) ZIP10
»ATR  (T536)
/ >PIML  (S539)
»LRRK2 (T540)
ZIP4 »PIM3 (S546)
»MAPK13 (S490) »MAPKS8 (T553)
»CRK2 (S573,5583)
ZIP6 »PIM2 (S570)
»CAMK2G (S471) »CDK2 (S591)
»CKR2 (S478) »SYK (Y596)
»PRRKDC (T479,Y493)
»LCK (Y528)

ZIP7
v’ CR2 (s275,58276)
> MAPRAPK3 (S293)
> PIM1 (T294)

Phosphorylation sites with kinase prediction of all ZIP channels were searched for in the
PhosphoNET (Kinexus Bioinformatics Corporation), the PHOSIDA (Gnad et al. 2011), and the
PhosphoSitePlus (Hornbeck et al. 2015) databases. The sites that had been experimentally
confirmed by mass spectrometry in mammalian cells and that located in the cytosolic loop
between TM3 and TM4 were selected. Predicted kinases with the highest prediction scores are
shown. The potential phosphorylation sites are found in ZIP3, ZIP4, ZIP6, ZIP7, and ZIP10.
ZIP7 S275 and S276 are the only two sites that have been confirmed using site ispecific
methods (Taylor et al. 2012).

The hallmarks of cancer comprise six biological features that cancer cells
need to acquire during carcinogenesis: sustained proliferation, growth
suppressor evasion, cell death resistance, immortality, angiogenesis, and
invasion/metastasis (Hanahan and Weinberg 2011). Considering the predicted
kinases for ZIP3, ZIP4, ZIP6, ZIP7, and ZIP10 (Table 3.2; Fig. 3.11), in
correlation with the hallmarks of cancer, all these ZIP channels had at least one

predicted kinase whose function was contributory to some of these hallmarks.
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3. Computational sequence analysis of ZIP channels

The kinases predicted for ZIP3 included CK2, which promotes proliferation; KIT,
which promotes proliferation and migration; and MTOR, which promotes
proliferation and survival (Table 3.2 and 3.3; Fig. 3.11). The kinase predicted for
ZIP4 included MAPK13, which promotes proliferation (Table 3.2 and 3.3;
Fig. 3.11). Besides CK2, ZIP7 was predicted to be phosphorylated by
0$3.%$3. i ZKLFK SURPRWH FHOO PLJUDWLRQ DQG 3,0
proliferation and migration, whereas ZIP10 was predicted to be phosphorylated
E\ 3,0 i DV ZHOO DV 0%$3. i ZKLFK SURPRWH FHO
PLJUDWLRQ DQG &'. i ZKLFK SURPRWR2ZF#OBDI;SUROL
Fig. 3.11). It is noteworthy that the functions of these kinases were obtained
from UniProt Knowledgebase (The UniProt Consortium 2015), which might not
have included all their functions in the literature. Moreover, because none of the
potential phosphorylation sites, except residues S275 and S276 of ZIP7, had
EHHQ FRQILUPHG XVLQJ VLWHIiIVSHFLILF PHWKRGY WK|

carcinogenesis still need further investigations.

Table 3.3 Association of the kinases predicted for the phosphorylation
sites in ZIP channels with carcinogenesis

Hallmarks of cancer

ZIP channels associated with predicted kinases
Proliferation Survival Migration
ZIP3 3 3 3
ZIP4 3
ZIP6 3
ZIP7 3 3
ZIP10 3 3

Phosphorylation sites with kinase prediction for all the ZIP channels were searched for in the
PhosphoNET (Kinexus Bioinformatics Corporation), the PHOSIDA (Gnad et al. 2011), and the
PhosphoSitePlus (Hornbeck et al. 2015) databases. Functions of the predicted kinases with the
highest prediction scores for all the phosphorylation sites in each ZIP channel were looked for in
the UniProt Knowledgebase (The UniProt Consortium 2015). In correlation with the proposed
hallmarks of cancers (Hanahan and Weinberg 2011), every ZIP channel has at least one
predicted kinase that contributes to some of these hallmarks of cancer.
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3. Computational sequence analysis of ZIP channels

3.3.4 Analysis of potential phosphorylation sites in ZIP7

To determine evolutionary conservation of residues S275 and S276 in
ZIP7, which might imply potential importance of these residues in ZIP7
post itranslational control, ZIP7 amino acid sequences in different animal
species were aligned. ZIP7 sequences had been reported in mammals (human,
Sumatran orang-utan, chimpanzee, gorilla, rhesus monkey, dog, cat, rabbit,
bovine, horse, pig, sheep, panda, mouse, and rat), an amphibian (African
clawed frog), fishes (zebrafish, Atlantic salmon, and trout), and a plant (maize)
(Fig. 3.12). Evolutionary conservation of the protein sequences was clearly
seen across the eukaryotic species (Fig. 3.12). Importantly, the two consecutive
serine residues equivalent to S275 and S276 in human ZIP7 were highly
conserved across the mammalian species (Fig. 3.12 and 13, the red box).
Furthermore, these two residues were located in a region that had a sequence
consistent with WKH FRQVHQVXV PRWLI IRW/RE;ITELQ&GELQI V
serine; T, threonine; E, glutamine; X, any amino acid) (Fig. 3.12 and 13, the red
box). Additionally, multiple acidic amino acids were present distal to these sites
(Fig. 3.12 and 13, the red box). These features collectively increased the
SRVVLELOLW\ IRU &. iPHGLDWirh& 199K;RVe§gioRabd Oibnd/ L R Q
2003) ZKLFK KDV DOUHDG\ EHHQ FRQILUPHG(Té&Xdr &J VLWL
al. 2012).
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Figure 3.12 Alignment of ZIP7 in various animal species
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Chimpanzee 101 H € | QUERCAP GRIKOBL DRV TLWAYALGATVLISAAPFFVLFLIPVESNIPRHRELLQILLSFASGGLLGDAFLHLIPHALEPHS RS

Gorilla 101 H € | QUERCAP GRIKOBL DRV TL WAYALGATVLISAAPFFVLFLIPVESNIPRHRELLQILLSFASGGLLGDAFLHLIPHALEPHS RS

Rhesus 101 H q Y RES AP GO DV TLWAYALGATVLISAAPFFVLFLIPVE SNPRHRSLLQILLSFASGGLLGDAFLHLIPHALEPHS|ES
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3. Computational sequence analysis of ZIP channels

Figure 3.12 Alignment of ZIP7 in various animal species (continued)

T™3 I CK2-phosphorylated serine residues I

Human 210 [SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK EGHSHG el A HIE e HEH I ROF RS KE eSS REVQG STV ARIE - - @8- ASER-- €L
Orang-utan 210 [SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK EGHSHGHell e S . REVQG IV AIEY - - W8]~ ASSER-- €L
Chimpanzee 210 [SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK EGHSHG el He S REVERG SV AIIEY - - o) ASEER-- €L
Gorilla 210 SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK Sl GHSHE Gl HIE S REVAGESIP [BIER- [~ [{e)- ASSEIR-- €LE
Rhesus 210 SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK SlGHSHGHeg S HIE e GEVQGESVAIBIER - [ [ ASSEIR-—- €L
Dog 210 SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK SgliGHSHGHegHiIHEHIES NESHGEMSIRLLBIE - [ [{ef- SEET- €S
Cat 210 SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK SglGHSHGHegHEHETg R GESHG ESIC LB - [ [{e]- SHEEK--V-Q

Rabbit 216 SGQGPILSVALWVLSGIVAFLVVEKFVRHVK SElGHSHGF el HyHEHES GVLAG ESUGHBLSY - G- Asl- PEERLT- €S
Bovine 210 [SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK ERGHSHG g HEHeHES GLLRIG ESIRAIE - i Jol- ASEZA-- €S
Horse 208 [SGQGPILSVGLWVLSGIVAFLVVEKFVRHVKERGHSHGHegHIHEHES GELRIG EINMG eI - i [GER-- SEECRT-- [-S
Pig 210 [SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK I SHSHGHEgHEHEHES GSHG EIRAIIE - i [{8H-SG E=A-- €S
Sheep 210 [SGQGPILSVGRVLSGIVAFLVVEKFVRHVKG GlGHSHGHegHeHe IS GALRIG EIRAIE - i {o)- AEQERA-- €S
Panda 210 SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK SglGHSHGHeRHEHEHIER GEPRIGENSIIELLOIE - [ [{ef- SEEsT—- €S
Mouse 218 - SGQGPILSVGLWVLSGIVAFLVVEKFVRHVK SgliGHSHGHE i HHeg GELRIGENIGR [BIEld - [ [{eS- PEEA-- €S
Rat 204 @ [SAGPILSVGLWVLSGIVAFLVVEKFVRHVK GlGHIHEHG A GoLRIG EOIGH - [ el PEEET-- €S
Frog 227 EG---QsHSQ [ LN A KIEHE G HeHG Il HAV PGKIVRGLKESETVQHE-------- K [ GNEPL--Q-S

Zebrafish 211 [HEES A CEMING Y G [ WVEGIVAFLVVEKFVNEKIG G s HS HEHSE - AHER T [OKKGBKVY-- S @KPTKKTVET--S-S
Salmon 194 [HeR WA CRMIE\ G [ W\EGIVAFLVVEKFVHREKEG Hesli G HeHS HARYAY [KAK €--E [ KES-K EK---T-T

Trout 221 [HeR WA CaMIS\ G [ WVEGIVAFLVVEKFVZNKIECNESNG HeH HARA [KAK E--E [BIKE-- SKDEKTPKG-EEK--T-T

Maize 198 BAHEHAHAHSL(IYEISYIFENL G- ER M YWVEDNSQNJIEEMERRT-- FHE-—- ENEK- EHESSIRARLNYQKSDTDGKDIDHAEEEPSVNDTTGKISEEE--ATIR  [§SS-- EKATBIEEATNS- GRD- PAHEFAPSIS-N

T™M4 TM5 TM6 T™7 TM8

Human 314 DLRVSGYLNLAADLAHNFTDGLAIGASFRGGGLTTMTVLLHEVPHEVGDFAILVQSGCSKKQAMRLQ LPFTAGGFIYVATVSVLPELLRELSESI LEVLGLLGG
Orang-utan 314 WVLPFTAGGFIYVATVSVLPELL RIS LEVLGLLGG|
USSP RN | RVS 5 YLNLAADLAHNFTDGLAIGASFRG Gy WVLPFTAGGFIYVATVSVLPELL RIS LEVLGLLGG|
Gorla 315 DLRVSYLNLAADLAHNFTDGLAIGASFRGCY VWLPFTAGGFIYVATVSVLPELLRESIGHSI [EVLGLLGG]
Rhesus 314 [DLRVSEYLNLAADLAHNFTDGLAIGASFRGGREIL TTMTVLLHEVPHEVGDFAILVQSGCSKKQAMRLOL VVLPFTAGGFIYVATVSVLPELLRERSRSI LEVLGLLGG]
Dog 314 [DLRVSBYLNLAADLAHNFTDGLAIGASFRGGREIL TTMTVLLHEVPHEVGDFAILVQSGCSKKQAMRLOL ACCEO\ REASR QISLLEVLGLLGG]
Cat 314 [DLRVSBYLNLAADLAHNFTDGLAIGASFRGGREIL TTMTVLLHEVPHEVGDFAILVQSGCSKKQAMRLOL AEQUGPGIVLPFTAGGFIYVATVSVLPELLREERGSI LEVLGLLGG]
Rabbit 320 DLRVSGYLNLAADLAHNFTDGLAIGASFRSSJGIL TTMTVLLHEVPHEVGDFAILVOSGCSKKQAMRLQ €AGGAGP@IVILPFTAGGFIYVATVSVLPELLREZECESI LEVLGLLGG]
Bovine 314 SFRGGRGILTTMTVLLHEVPHEVGDFAIL VILPFTAGGFIYVATVSVLPELLRE5ESI [EVLGLLGG]
Horse 312 AGQIGPGIILPFTAGGFIYVATVSVLPE( [ REASFQRSILEVIGLLGG|
Pig 314 HLTTMTVLLHEVPHEVGDFAILVQSGCSKKQAMRLQ SAEGGGIBAGYIGPG VL PFTAGGFIVVATVSVLPELLREMGENS LEVLGLLGG|
Sheep 314 VILPFTAGGFIYVATVSVLPELLRE #5089 L LEVLGLLGGJVNMMVLIAR,
Panda 316 AGQIGPG VL PFTAGGFIYVATVSVLPELLREMGSENS [EVIGLLGG|
Mouse 321 DLRVS fGILTTMTVLLHEVPHEVGDFAILVQSGCSKKQAMRITABAL AGTACALLTEGGARS VVLPFTAGGFIYVATVSVLPELLRERSISI LEVLGLLGGEMMVLIAHLY
Rat 313 [DLRVSBYLNLAADLAHNFTDGLAIGASFRGGREIL TTMTVLLHEVPHEVGDFAILVOSGCSKKOAMRLOB TAIGALAGTATZGGAVG VLPFTAGGFIYVATVSVLPELLRERERSLLEVLGLLGGRMMVLIAHLY
Frog 318 LIVSCYLNLAAIHNFTDGLAIGASIYEREVCINTTH I PDFAILVQSGOTKIEANILQLETA LPFTAGGFI SHy- [ES- £/ [T e[l [EAVIVIREQFE
Zebrafish 295 DIKIVSGY LNLAAIQIHNFTDGLAIGAS R GRAVICENTTH | PDFAILVQSGOTKISANSLQLLTA Y VI AVIlVLPELUXER Sl CS 1 LEN ANl L[SG\eMMVLIAZH
Samon 265 DRIV G Y LN AAIANFTOGLAIGAS NGV CUN TR T] CDFAILVQEGERKEANSIQULTA VATV PEQYS, SRe R SUIEl BV GINVIVMVLIZZNE
Tout 301 [DIRVS G YLNLAAIFNFTOGLAIGAS NG UV TR Tl LHEVPHEIGDFAILVQSGBRKNANSIQLLTA VY IATYTVLPELRE SSRe I SWAVENl B YGINVIVVLIZZE
Maize 334 SNL VEGY LNIEEDENHNF TD @M EIAF NREelv e GIAT TREE AHEIPEE VG DEGIL 55 GGINEL AN EA | ECEINEE VARG NDQKIT- [[KEVAQL|SEANE D ALAEISLYE

Amino acid sequences of ZIP7 from mammals (human, Sumatran orang-utan, chimpanzee, gorilla, rhesus monkey, dog, cat, rabbit, bovine, horse, pig, sheep,
panda, mouse and rat), an amphibian (African clawed frog), fishes (zebrafish, Atlantic salmon and trout), and a plant (maize) were aligned using the TCoffee multiple
sequence alignment program. Residues that were at least 70% identical (black) and complementary (grey) were shaded using the BoxShade 3.21 online program.
The regions equivalent to the TM regions (orange box) and the serine residues S275 and S276 (red box) in hZIP7 are indicated.
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3. Computational sequence analysis of ZIP channels

JLIXUH 7KH &. iISKRVSKRU\ODWHG VLWHYV LQ
—m
Human 270 KEKQSSEEEEHN)
Orang - utan 270 KEKQSSEEEENS
Chimpanzee 270 KEKQSSEEEEHN)
Gorilla 270 KEKQSSEEEEHKS
Rhesus 270N KEKQSSEEEEHKS
Dog 270 KEKQSSEEEENKA
Cat 270 KEKQS‘SEEEE A
Rabbit 270P
Bovine 270 d
Horse 268 KEKQS‘SEEEE d
Pig 270 KEKQSSEEEEK
Sheep 270 KEKQS‘SEEEE d
Panda 272
Mouse 270 S
Rat 270 S
Frog 277 DDATEKE
Zebrafish 255 ARNSKDS ESDrK eQ < <GEKDKVVS
Salmon 238P @ [§----- 3
Trout 266P  [§----- -
$PLQR DFLG VHTXHQFHV RI =,3 IURP PDPPDOV KcKimpaQzees XPDW U

gorilla, rhesus monkey, dog, cat, bovine, horse, pig, sheep, panda, mouse, and rat), an
amphibian (African clawed frog), and fishes (zebrafish, Atlantic salmon and trout) were aligned
using the TCoffee multiple sequence alignment program. The region equivalent to residues
i RI KXPDQ =,3 LV VKRZQ 5HVLGXHV WKDW ZHUH DO OHDYV
complementary (grey) were shaded using the BoxShade 3.21 online program. The serine
residues equivalent to S275 and S276 of ZIP7 are indicated in a red box.

3.3.5 Analysis of potential phosphorylation sites in ZIP6

7R H[SORUH WKH SRVVLELOLW\ WKDW =,3 ZDV SR\
phosphorylation like ZIP7, all available ZIP6 sequences in different animal
species were aligned. ZIP6 sequences were found in mammals (human,
FKLPSDQ]J]HH 6XPDWUDQ RUDQJIXWDQ PDUPRVHW JLE
dog, mouse, and rat) and zebrafish (Fig. 3.14). The sites that had been reported
to be phosphorylated by mass spectrometry were investigated for their
evolutionary conservation, focusing on residue S478, which was predicted to be
phosphorylated by CK2, and the sites in the vicinity, including residues S471
and T479 (Fig. 3.14 and 3.15). Additionally, even though phosphorylation on
residue S475 had not been experimentally confirmed, the sequence in this
region matched established consensus motifs for multiple kinases. The residue
S475 was therefore listed as a predicted phosphorylation site, according to the
Human Protein Reference Database (Keshava Prasad et al. 2009).
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3. Computational sequence analysis of ZIP channels

Figure 3.14 Alignment of ZIP6 in various animal species

Human
Chimpanzee
Gorilla
Orang-utan
Marmoset
Gibbon
Tasmanian Devil 1 MLQETT
Cat 1 —eee-
Dog 1 -

Mouse 1
Rat 1-

>

ILTFAL

I LTFAL

Zebrafish 1 MTHEICTRSGRRASGVECRIAAERAYFRVRGLPVANMIGWWPRIINIIZCRIGA GSedEs-V|

Human 113 ------DHEHHSEH
Chimpanzee 113 - DHEHHSDH
Gorilla 113 - DHEHHSDH
Orang-utan o[ J———
Marmoset
Gibbon
Tasmanian Devil
Cat 103 --
Dog
Mouse 114 DHEHHSDHEHHSDH
Rat o[- —
Zebrafish Ty A ——

Human 252
Chimpanzee 252
Gorilla 252

Orang-utan 240
Marmoset 247

Gibbon 246
Tasmanian Devil 218
Cat 231

Dog 231
Mouse 261
Rat 237

Zebrafish 234 TH

QECFNASKLLTSHGMGIQVPLNATEFNYLCPAIINQIDARSC
QECFNASKLLTSHGMGIQIPLNATEFNYLCPAIINQIDARSCLI
QECFNASKLLTSHGMGIQVPLNATEFNYLCPAIINQIDARSC
QECFNASKLLTSHGMGIQVPLNATEFNYLCPAIINQIDARSC

QEQANASKLLTSHGMGIQVPLNATEFNYLCPAIINQIDARSCLI
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3. Computational sequence analysis of ZIP channels

Figure 3.14 Alignment of ZIP6 in various animal species (continued)

T™M2 T™3 P
Human 366 VGTLSGDAFLHLLPH$HASHHHSHSHEEPAMEMKRGPLFSHLSSGMHESTWKGELTALGGLYFMFLVEHVL K YE! S PAVLEEEEVMIAH
Chimpanzee 366 GTLSGDAFLHLLPH$HASHHHSHSHEEPAMEMKRGPLFSHLSSGMHEESTWKGLTALGGLY FMFLVEHVLTLIKQFKDKKKKNQKKPENDDRESKY |
Gorilla 366 GTLSGDAFLHLLPH$HASHHHYHEEPAMEMKRGPLFSHLSSQNIfAYS IKQFKDKKKKNQKKPENDDRGESK g PAVLEEEEVMIAH
Orang-utan 354 VGTLSGDAFLHLLPH$HASHHHSHSHEEPAMEMKRGPLFSHLSS 5 IKQFKDKKKKNQKKPENDDRSE£K Y| s H PAILEEEEVMIAHA
Marmoset 361 GTLSGDAFLHLLPH$ SNA IKQFKDKKKKNQKK PERIHKHQLSKYESQL! VLEEEEVMIAHA
Gibbon 360 GTLSGDAFLHLLPH IKQFKDKKKKNQKKPENDDRGEEK Y® *AILEEEEVMIAHA
Tasmanian Devil 333 \VGTLSGDAFLHLLPH HASHHI-N SRGPLFSHLSSQNIEEP 5 A g S VLEEEEVMIEHP
Cat 346 \VGTLSGDAFLHLLPH HAEHSHSHEEPA A RGPLFSHLSENIEES 5 PAILEEEEVMIAHA
Dog 346 GTLSGDAFLHLLPH$HASHHHSHSEAREMKRGPLFSHLSSQNI PAILEEEEVMIAHA
Mouse 376 VGTLSGDMLHLLPHS /—\S[HSHSHEEPAMEMKRGPLFS 5 LEEEEVMIAHAHH
Rat 352 5 i ES LEEEEVMIAHAHP)
Zebrafish 394 b
Human 526 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISH)I 3 LSSGLSHFSMEMPHELGDFAVL
Chimpanzee 526 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISH) b LSSGLSHFSMEVPHELGDFAVL
Gorilla 526 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISH) b LSSGLSHFSMEVPHELGDFAVL
Orang-utan 514 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISH) Y SREELKDAGIATLAWMVIMGDGLHNFSDGLAIGAAFTEGLSSGLS FRHSLPHELGDFAVL LYNALSAMLAYLGMAT
Marmoset 521 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISH) YSREELKDAGIAT! LYNALSAMLAYLGMAT
Gibbon 520 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISH) 'YSREELKDAGIATLAWMVIMGDGLHNFSDGLAIGAAFTEGLSSGLSFRHSLPHELGDFAVL LYNALSAMLAYLGMAT
Tasmanian Devil 493 EVYNEYERGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHQNHHP ) AWMVIMGDGLHNFSDGLAIGAAFTEGLSSGLSFRH PHELGDFAVL
Cat 506 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISH) YSREELKDAGIAT AWMVIMGDGLHNFSDGLAIGAAFTEGLSSGLS FRHSLPHELGDFAVL LYNALSAMLAYLGMAT
Dog 506 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISDIE==EEY SREELKDAGIATLAWMVIMGDGLHNFSDGLAIGAAFTEGLSSGLSFHEBLPHELGDFAVL LYNALSAMLAYLGMAT
Mouse 536 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHGNISH) YSREELKDAGIAT!
Rat 512 EVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHH(SNEIQ Y SREELKDAGIATLAWMVIMGDGLHNFSDGLAIGAAFTEGLSSGLS FRHSLPHELGDFAVL
Zebrafish 512 3 3 WMVIMGDGLHNFSDGLAIGAAFTEGLSSGLSTSVAVFCHELBPHEMGLK
Human 682
Chimpanzee 682
Gorilla 682
Orang-utan 670
Marmoset 677 IFALTAGLFMYVALVDMVI
Gibbon 676 IFALTAGLFMYVALVDMV
Tasmanian Devil 649
Cat 662
Dog 662
Mouse 692
Rat 668

Zebrafish 669

$PLQR DFLG VHTXHQFHV RI =,3 IURP PDPPDOV KXPDQ FKIFPESDRMHW 6XPPRQ DTD R P DyQidipyaHGYratpandc DW GR
zebrafish were aligned using the TCoffee multiple sequence alignment program. Residues that were at least 70% identical (black) and complementary (grey) were

shaded using the BoxShade 3.21 online program. The regions equivalent to the PEST site (the motifs underneath a green continuous line), the CPALLY motif (a

blue box), the predicted TM regions (orange boxes), and the potential phosphorylation sites (red boxes with red arrows) in human ZIP6 are indicated. The PEST

motifs were analysed using Emboss Pestfind platform (Rogers et al. 1986).
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3. Computational sequence analysis of ZIP channels

Figure 3.15 The potential phosphorylation sites in ZIP6

Human 465
Chimpanzee 465
Gorilla 465
Orang - utan 453
Marmoset 460
Gibbon 459
Tasmanian Devil 432
Cat 445
Dog 445
Mouse 475
Rat 451

$PLQR DFLG VHTXHQFHV RI

S478
T479

[s471] [5475]

2 ¥ ) 2
EIKKQLSKYESQLSTNEEK
EIKKQLSKYESQLSTNEEK
EIKKQLSKYESQLSTNEEK
EIKKQLSKYESQLSTNEEK
IKKQLSKYESQLANEEK
EIKKQLSKYESQLSTNEEK
EIKKQLSKYESQLSTNEE
EIKKQLSKYESQLSTNEEK
EIKKQLSKYESQLSTNEEK
FEKKQLSKESQLENEEK
FEKKQLSKYESQLSTNEE

IURP PDPPDOV KXPDQ @KLPSDC

:,3

marmoset, gibbon, Tasmanian Devil, cat, dog, mouse, and rat) were aligned using the TCoffee

PXOWLSOH VHTXHQFH DOLJQPHQW SURJUDP

7KH UHJKRBDRTXLYL

ZIP6 is shown. Residues that were at least 70% identical (black) and complementary (grey)
were shaded using the BoxShade 3.21 online program. The serine and threonine residues
equivalent to S471, S475, S478 and T479 of human ZIP6, which are potential phosphorylation

sites in this region, are indicated in red boxes.

Like ZIP7, a high degree of evolutionary conservation was observed in

ZIP6 across different mammal species (Fig. 3.14). Residues S471, S475, and

S478 were 100% identical, whereas residue T479 was 83.33% identical

(Fig. 3.14 and 3.15). The high conservation of these potential phosphorylation

sites identified these sites as important residues for ZIP6 functional control.
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3. Computational sequence analysis of ZIP channels

3.4 Chapter summary

The computational sequence analysis of ZIP channels confirmed the
XQLTXH FKDUDFWHULVWLFV RI WKH /,9i VXHI@OWLOV DF
proposed in a previous study (Taylor and Nicholson 2003). The LIV i1 subfamily
members had an apparently longer N iterminus than the other subfamilies
(Fig. 3.5), suggesting a more complex post itranslational control for these ZIP
channels. Furthermore, the N iterminus of the LIV il subfamily members,
except ZIP7 and ZIP13, contained a CPALLY motif, a sequence upstream of
TM1 containing 3 consensus cysteine residues (Fig. 3.6). The presence of the
cysteine residues in the CPALLY motif as well as another cysteine residue in
TM5 might explain a mechanism whereby these ZIP channels control zinc
movement through their pores (Taylor et al. 2007) 8 QLTXHO\ IRU WKH 1iW
of ZIP6 and ZIP10, there is a PEST motif (Rogers et al. 1986; Rechsteiner and
Rogers 1996) (Fig. 3.7), consistent with the previous reports that highlight
proteolytic cleavage asakey SRVWiWUDQVODWLRQ@B®arRHZIPXOD QLV P
(Ehsani et al. 2012; Hogstrand et al. 2013). Moreover, the HX repeats, which
are generally detected in the cytosolic loop between TM3 and TM4, were
QRWDEO\ SUHVHQW LQ WKH ZXIitwddiid Paophtwedn QM2 &K H H[W
70 Rl WKH PDMRULW\ RI WKH 3.89nd B.X)E InipBrtagily, a) L J
+(;3+(;3+*" PRWLI LQ 70 ZDV XQLIRUPO\ SUHVHQW LQ
and totally absent in all the other subfamilies, confirming its uniqueness for this
subfamily (Taylor and Nicholson 2003) (Fig. 3.10).

Furthermore, the exploration of phosphorylation sites revealed multiple
sites in the cytosolic loop between TM3 and TM4 of ZIP3, ZIP4, ZIP6, ZIP7, and
ZIP10, which had been confirmed by mass spectrometry in mammalian cells
(Table 3.2; Fig. 3.11). The two adjacent serine residues in ZIP7, S275 and
6 ZHUH VKRZQ WR EH KLJKO\ OLN H@hosphowletien,IRU &.
DQG WKLV KDV UHFHQWO\ EHHQ FRQILUPHQ@a}a EIQJ VLW
al. 2012). Importantly, residue S478 on ZIP6 was predicted to be a
CK2 iphosphorylated site (Table 3.2; Fig. 3.11). This serine residue on ZIP6
and the nearby residues, including S471, S475 and T479, were proved to be
highly conserved across different mammal species (Fig.3.14 and 3.15),
implying that these residues might be important for the ZIP6 functional control.

These potential sites on ZIP6 will be further investigated in Chapter 6
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Chapter 4.
Characterisation of pZIP7 antibody
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4. Characterisation of pZIP7 antibody

4.1 Introduction

In the previous chapter, the computational analysis demonstrated a
number of different potential phosphorylation sites in ZIP3, ZIP4, ZIP6, ZIP7,
and ZIP10. Among these sites, only the two residues in ZIP7, S275 and S276,
have been experimentally confirmed by site ispecific procedures to be
phosphorylated by CK2, resulting in activation of ZIP7 imediated zinc release
from the stores (Taylor et al. 2012). ZIP7 has been proposed to be involved in
development of tamoxifen resistance in breast cancer cells and contributory to
aggressive behaviours in the tamoxifen iresistant cells (Taylor et al. 2008b).
Furthermore, ZIP7 gene expression is independently predictive of poor clinical
outcome of breast cancer (Taylor et al. 2007; Nimmanon and Taylor 2015). An
indicator of ZIP7 activity could therefore become clinically useful. Our group
have developed a monoclonal antibody that recognises ZIP7 only when
phosphorylated on residues S275 and S276. This chapter therefore aims to
characterise this antibody by investigating the specificity of this antibody to this
phosphorylated form of ZIP7 and its potential usefulness in determining ZIP7

function.

Firstly, to determine the specificity of this antibody, immunofluorescence
ZDV SHUIRUPHG LQ WKH FHOOV WKDW ZHUH WUDQVIH
phosphomimetic mutant (S275D/S276D), and a ZIP7 phosphoablative mutant
(S275A/S276A). Secondly, using immunofluorescence and Western blotting,
WKH DELOLW\ RI WKLY DQWLERG\ WR GHWHIFQJ QLOB iF
treatment was investigated. Thirdly, its potential usefulness in recognising the
increase in ZIP7 function in WDPR[LIHQiIUHVLVWDQW 0&)i FHOOV
(Knowlden et al. 2003), was examined. Finally, the antibody was used to
investigate two ZIP7 mutants, ZIP7 P190A and E363K, which have been

reported in two patients suffering from an immunodeficiency disease.

4.2  Materials and methods

DNA constructs of ZIP7 S275A/S276A, P190A, and E363K had been
LOQVHUWHG LQWR DQ DPSLFLOOLQiUHVLVWDQW SF'1$
and were amplified by transformation of the sinJOHiIiXVH -@&. coli
competent cells (Promega). Polymerase chain reaction (PCR) using a forward

primer specific to ZIP7 and a BGH reverse primer confirmed the presence of the
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4. Characterisation of pZIP7 antibody

correctly iorientated ZIP7 DNA in 1 out of 10 clone for ZIP7 S275A/S276A
(Fig. 4.1A) and all clones for P190A and E363K (Fig. 4.1B). The plasmids of
ZIP7 WT, S275A/S275A, S275D/S275D, P190A, and E363K were purified
using the HiSpeed Plasmid Maxi Kit (Qiagen). The plasmid DNA solution was
analysed with a UV spectrophotometer, showing OD260/0D280 ratios within a
desirable range of 1.8i2.0, signifying the purity of the DNAs, and
concentrations ranging from 0.74i3.50 pg/uL (Table 4.1). Additionally, the
plasmid DNA was analysed with 1% agarose gel electrophoresis, showing a
strong band between 5000-7000 bp (expected size = 6283 bp) (Fig 4.2).

Figure 4.1 Bacterial transformation for ZIP7 mutants

A. o
©
©
S5 ZIP7 S275A/S276A
0
= 1 2 3 4 5 6 7 8 9 10 tve -ve
=
1 kbp —> == -
B. g ZIP7 P190A ZIP7 E363K
© \ A
5' ) [
< 1 2 3 4 5 1 2 3 4 5 +ve -ve
1 kbp—> e — o — — —_—— — — -—

The JM109 E. coli competent cells were transformed with the pcDNA3.1/V5-His-TOPO that
contains the DNA of ZIP7 S275A/S276A (A), and ZIP7 clinical mutants, P190A and E363K (B).
Presence of the DNA inserts and their orientation in the plasmid vector were verified by PCR
using a specific ZIP7 forward primer and a BGH reverse primer. The PCR products were
separated by 1% agarose gel electrophoresis, revealing a band of approximately 900 bp
(expected size = 903 bp), which was approximately the same size as the positive control. Clone
10 of the S275A/S276A mutant, clone 1 of the P190A mutant, and clone 1 of the E363K mutant
were selected for plasmid preparation.
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Table 4.1 Concentrations and OD260/280 ratios of prepared plasmids

. Concentration 0D260/280
Plasmid

(Mg/uL) Ratio
ZIP7T WT 1.12 1.931
ZIP7 S275A S276A 3.50 2.000
ZIP7 S275D S276D 0.74 1.900
ZIP7 P190A 1.22 1.937
ZIP7 E363K 1.16 1.966

J)LIXUH 30DVPLG SUHSDUDWLRQ IRU ZLOGIiW\SH DQG

A. ZIP7 B. ZIP7

1kb Ladder
S275AIS276A
$276D/S276D
1kb Ladder

{ wn
WT2
P190A
E363K

- - -

LI

i

5 kbp—>

5 kbp —> ==

L
a«
€

Plasmids of ZIP7 S275A/S276A and S275D/S276D mutants (A), as well as wild itype ZIP7 (WT)
and the clinical mutants, P190A and E363K (B), were purified using the HiSpeed Plasmid Maxi
Kit (Qiagen). The purified plasmid DNAs were analysed with 1% agarose gel electrophoresis,
showing a strong band of between 5000-7000 bp (expected size = 6283 bp).

Please refer to Chapter 2 for the methods of transfection and treatments
(Section 2.1), immunofluorescence (Section 2.3), Western blotting (Section 2.4),

flow cytometry (Section 2.5), and zinc assays (Section 2.6).
4.3 Results and discussion

4.3.1 Wild itype and mutant ZIP7 constructs are robustly transfected
To verify the purified plasmids of ZIP7 constructs, immunofluorescence
using a V5 antibody was performed. The V5 antibody targets the C iterminal V5

tag of the plasmid constructs. Immunofluorescence images revealed that
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20i30% of cells transfected with the ZIP7 S275A/S275A, S275D/S275D
(Fig. 4.3A), P190A, and E363K (Fig. 4.4A) mutants expressed V5, suggesting a
transfection rate of 20 i30%. This transfection rate was comparable to that of
wild itype ZIP7 (Fig. 4.3A and 4.4A). An ERlike localisation pattern of the
recombinant proteins was observed in enlarged images of the transfected cells
(Fig. 4.3B and 4.4B). This staining pattern was consistent with two previous
studies in which wild itype ZIP7 recombinant protein was demonstrated to
co ilocalise with Calreticulin, an ER marker, in CHO cells (Taylor et al. 2004)
and the ER ilocated variant B of ZnT5 in HelLa cells (Thornton et al. 2011),

confirming the ER localisation of ZIP7.

Figure 4.3 A robust transfection of ZIP7 S275A/S276A and S275D/S276D
A B
DAPI . DAPI

0&)i FHOOV ZHUH WUDQVIHFWHG Zaht\ZKP7Zrbubatis VB2 BOA/S278A (AA)
and S275D/S276D (DD). Immunofluorescence was performed using a V5 antibody, which was
conjugated to Alexa Fluor 488 (green), with DAPI nuclear staining (blue). Representative
microscopic views were captured using a 63x magnification lens. The images reveal that

i RI WKH FHOOV DUH WUDQVIHFWHG ZLWK SRR/H W LY HP X WAD/QINL\Q
ZKLFK LV FRPSDUDEOH WR WKH WUDQVIHFWLR®Y RLWKH LMIGDHW VI HF
cells (B) reveal a roouVW H[SUHVVLRQ Rl WKH UHFRPELQDQW SURWHLC
localisation of ZIP7.
Scale bar,25 P

ZIP7TWT

ZIP7 AA

ZIP7 DD
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Figure 4.4 A robust transfection of ZIP7 P190A and E363K
A B
DAPI V5 DAPI | V5

o -. -.
- P190A-. -.
- E363K-. --

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGIiW\PKWDHIWNY DQG V
and E363K. Immunofluorescence was performed using a V5 antibody, which was conjugated to

Alexa Fluor 488 (green), with DAPI nuclear staining (blue). Representative microscopic views

were captured using a 63x magnification lens. The images reveal that i Rl WKH FHOOV DU
transfected with the ZIP7 mutants, as judged by positive V5 staining, which is comparable to the
WUDQVIHFWLRQ ZLWK ZLOGiW\SH =,3 $ &ORVFEOU YHMHAD R ID WRHE
expression of the recombinant proteinV ZLWK D W\SLFDO (5iOLNH ORFDOLVDWLR
Scale bar,25 P

4.3.2 pZIP7 antibody binds ZIP7 when phosphorylated on S275/S276

The pZIP7 antibody has been generated by the Biogenes GmbH
Company against peptide TKEKQ pS pS EEEEK (positions 270 i281) (Fig. 4.5).
To determine the specificity of the antibody to this phosphorylated form of ZIP7,
immunofluorescence was performed in cells transfected with different ZIP7
constructs, including wild itype ZIP7, a ZIP7 phosphoablative mutant
(ZIP7 S275A/S276A), or a phosphomimetic mutant (ZIP7 S275D/S276D).
Noteworthy, in the ZIP7 phosphoablative mutant, residues S275 and S276 were
substituted for alanine to prevent phosphorylation, whereas in the
phosphomimetic mutant, these two residues were substituted for aspartate,
which structurally mimics phosphoserine (Nordle Gilliver et al. 2010). A V5
antibody was used to identify the recombinant proteins.

100



4. Characterisation of pZIP7 antibody

Figure 4.5 The peptide epitope of the pZIP7 antibody

ZIP7
ER (f
4115]16]]7](8
Cytoplasm
PCSP
TKEKQ| S | S | EEEEK
275 276

This schematic illustrates the predicted structure of ZIP7, which is located in the ER (Taylor and

Nicholson 2003; Taylor et al. 2004) DQG DFWLYDWHG E\ &. iPHGLDWHG SKR!
residues S275 and S276 (Taylor et al. 2012). A monoclonal antibody that recognises ZIP7 when

residues S275 and S276 are phosphorylated have been developed. The epitope sequence of

the antibody is TKEKQ pS pS EEEEK (positions 27 i

ER, the endoplasmic reticulum.

The result revealed that 40% of the FHOOV WUDQVIHFWHG ZLWK
(V5 ipositive cells) were positive for pZIP7 (Fig. 4.6). Percentage of the
pZIP7 ipositive cells increased to virtually 100% in the cells transfected with the
ZIP7 phosphomimetic mutant, but decreased to 0% in the cells transfected with
the ZIP7 phosphoablative mutant (Fig.4.6). The presence of some
QRQIWUDQVIHFWHG FHOOV ZLWK VWURQJ S=,3 VWDLQ
staining for the phosphoablative mutant (Fig. 4.6). Additionally, overlay images
RI WKH FHOOV WUDQVIHFWHG ZLWK ZLOGIiWPRSIAVI=FK3
mutant that were pZIP7 ipositive demonstrated that pZIP7 and V5 were
co ilocalised, with an ERilike staining pattern (Fig. 4.6). Altogether, these
findings suggested that the pZIP7 antibody could bind to either the
phosphorylated form of wild itype ZIP7 or the phosphomimetic construct, but
could not recognise the phosphoablative construct, indicating the specificity of
this antibody to ZIP7 when residues S275 and S276 were phosphorylated.
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Figure 4.6 pZIP7 antibody recognition of ZIP7 when phosphorylated

V5 pZIP7 Overlay

Wild-type

SIS

Phosphomimetic
mutant

ED DN

Phosphoablative
mutant

HMA AR

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,3 D =
(5275D/S276D), and a ZIP7 phosphoablative mutant (S275A/S276A). Immunofluorescence

was performed using V5 and pZIP7 antibodies, which were conjugated to Alexa Fluor 488

(green) and Alexa Fluor 594 (red), respectively, with DAPI nuclear staining (blue).
Representative microscopic views were captured using a 63x magnification lens.

Scale bar, 25 P

4.3.3 pZIP7 antibody detects zinc iinduced ZIP7 activation

To investigate the ability of the antibody to recognise a ZIP7-mediated
zinc wave after external zinc stimulation, immunofluorescence and Western
EORWWLQJ ZHUH SHUIRUPHG LQ FHOOV WUDQVIHFW
immunofluorescence, approximately 40% of the cells transfected with wild itype
ZIP7, probed with V5, overexpressed pZIP7 before zinc treatment (Fig. 4.7).
PercenWDJH RI WKH S=,3 iSRVLWLYH FHOOV VLJQLILFDC
UHVXOW RI iPLQXWH H[WHUQDQGL7)]LZre ishdphd?eX OD W L
pyrithione was also added to the treatment to enhance ZIP7 activation, given
that zinc pyrithione, not zinc alone, produced effects comparable to an external

zinc stimulation at the same treatment duration (Taniguchi et al. 2013).
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Figure 4.7 Increased ZIP7 phosphorylation after zinc stimulation
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0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGIiW\2H & ,BLQF7SORG Z
10 0 VRGLXP S\UdrVWKmiRu@esl Immunofluorescence was performed using V5 and

pZIP7 antibodies, which were conjugated to Alexa Fluor 488 (green) and Alexa Fluor 594 (red),
respectively, with DAPI nuclear staining (blue). A representative microscopic view captured

using a 63x magnification lens is shown (A) with percentages of the transfected cells that are

positive for pZIP7 demonstrated in a bar graph as mean of 4 representative fields + standard

error (B). Statistical significance is compared between the cells with and without zinc treatment.

Scale bar,25 P p<0.05.

Using Western blotting, the total ZIP7 antibody (Taylor et al. 2008b)

recognised protein bands at 40 and 35 kDa (Fig. 4.8), which were predicted to
UHSUHVHQW WKH UHFRPELQDQW =,3 FRQWDLQLQJ D i
endogenous ZIP7, respectively. In contrast, the pZIP7 antibody recognised a
distinct band at 48 kDa (Fig. $ IN'D FKDQJH LQ VL]H KDV EHHQ
phosphorylation on two serine residues in a protein molecule (Bin et al. 2011).
The difference in size of the pZIP7 band from the upper total ZIP7 band by
8 kDa (Fig. 4.8) therefore supported the presence of other phosphorylation sites
in ZIP7 in addition to residues S275 and S276. Importantly, residues S293 and
T294 were detected as potential phosphorylation sites in ZIP7 (Table 3.2;
Fig. 3.11). Hypothetically, simultaneous phosphorylation on these two residues
could be responsible for this big mobility shift on the blot (Fig. 4.8).
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Figure 4.8 pZIP7 antibody detection of a distinct band at 48 kDa

pZIP7  Total ZIP7

48 kDa == &

4= 40 kDa
S €= 35 kDa

0&)Ii FHOOV ZHUH WUDQVIHFWH GnniubMsI&itirgLviass pakfardnidd asing the
pZIP7 and the total ZIP7 antibodies. A protein band of 48 kDa was detected with the pZIP7
antibody, whereas protein bands of 40 and 35 kDa were detected with the total ZIP7 antibody.

To confirm the immunofluorescence results, which demonstrated the
ability of the pZIP7 antibody to detect zinc iactivated ZIP7 (Fig. 4.7), a course of
zinc treatment was performed in cells transfected with wild itype ZIP7. To verify
the samples, Western blotting of pS473 AKT was performed first. AKT is a
direct downstream effector of zinc release from cellular stores, which has been
shown to be phosphorylated on S473 at 5 minutes after zinc treatment in
MCF i7 cells transfected with wild itype ZIP7 (Taylor et al. 2012). This AKT
activation is compatible with early CK2 imediated ZIP7 phosphorylation on
residues S275 and S276, which was detected at 2 minutes after zinc treatment
(Taylor et al. 2012). Given the instantaneous activation of AKT after zinc
treatment, AKT phosphorylation was considered as a good indicator of the
ZIP7 imediated zinc release from cellular stores. Consistent with the previous
study, AKT activation was detected at 5 minutes after zinc treatment and
became markedly increased at 10 minutes after zinc treatment (Fig. 4.9A).
Probing with a V5 antibody confirmed the constant transfection levels in all the
samples, and densitometric data normalised to V5 statistically confirmed the
AKT activation at 5 minutes after zinc treatment (Fig. 4.9A). These data verified

ZIP7 activation in these samples of zinc itreated cells.
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A. 0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZL@0GOW)}SBF=S3D XMVQG
10 0 VRGLXP S\UinMWiKdabRi@rig was performed using a pS473 AKT antibody.
Protein bands of pS473 AKT (60 kDa) and fiactin (45 kDa) are demonstrated.
Densitometric data normalised to V5 are shown in a bar graph as mean * standard
error (n = 3). Statistical significance is compared to time 0.

*p < 0.05, ***p < 0.001.
B. 0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZL@0GOW)}BBF=SDXVQG

10 0 VR GL XkhicgheUImmunoblotting was performed using the pZIP7 and the total
ZIP7 antibodies. Protein bands of pZIP7 (48 kDa), total ZIP7 (40 kDa) and iactin
(45 kDa) are demonstrated. Densitometric data are shown in a bar graph as mean of
pZIP7/total ZIP7 ratios + standard error (n = 2). Statistical significance is compared to
time 0.

*p <0.05 *p<0.01.
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Using these verified samples, Western blotting analysis of pZIP7 and
total ZIP7 was performed. The Western blot showed a gradual increase in
pZIP7 levels after zinc treatment (Fig. 4.9B). In contrast to the pZIP7 levels,
WRWDO =,3 OHYHOV VWDJHG WKH VDPH WKURXJKRXYV
stimulation (Fig 4.9B). Densitometric data presented as pZIP7/total ZIP7 ratios
detected significant ZIP7 phosphorylation at 2 minutes after zinc treatment
(Fig. 4.9B). This ZIP7 activation at 2 minutes was compatible with the AKT
activation at 5 minutes after zinc treatment (Fig. 4.9A). Collectively, these
results demonstrated that the pZIP7 antibody was able to recognise ZIP7
activation by phosphorylation on residues S275 and S276 after zinc stimulation,

and was potentially useful for determination of ZIP7 activity.

4.3.4 pZIP7 antibody detects increased ZIP7 activation in TAMR cells

It has already been established that TAMR (tamoxifen iresistant) breast
cancer cells, which derive from endocrine isensitive MCF i7 cells (Knowlden et
al. 2003), have increased cellular zinc levels, corresponding to the increase in
ZIP7 protein levels in TAMR cells when compared to MCF i7 cells (Taylor et al.
2008b). Exploiting this cell model, we examined the ability of the pZIP7 antibody
to detect the increase in ZIP7 activity. We firstly tested three different
JLQFiIVHOHFWLYH G\HV WKDW KDG EHHQ ZLGHO\ XVHG
Zinquin (Kd for Zn?* Q0 89 OLJKW )OXR]EGi15nMz gl =Q
fluorescence), and Newport Green (Kd for Zn?* = 1uM, green fluorescence).
MCFi FHOOV ZHUH WUDQVIHFWH GredtedWHth Zib©fGriB0\SH =,
minutes, and analysed using FACS analysis in live cells.

Using Zinquin, the fluorescence intensity gradually increased throughout
WKH iPLQXWH FRXUVH RI.AIQA). MoWevEr W PEHN @ &stmeht J
failed to reverse the change and the difference in fluorescence intensity was not
DSSDUHQW EHWZHHQ WKH WUDQVIHFWHG D4IGA)WKH QI
suggesting that Zinquin was neither specific nor sensitive to zinc. On the
contrary, the fluorescence intensity of Fluozin i3 increased at 5 minutes after
JLQF WUHDWPHQW LQ ERWK WKH WUDQVIHFWBGWEK®G
levels remained constantly high after 5 minutes (Fig. 4.10B). The fluorescence
intensity was apparently higher in the transfected cells than in the
QRQIWUDQVIHFWHG FHOOV WKURXJKRXW 4X08H TR&R X UV H

106



4. Characterisation of pZIP7 antibody

rises in the intensity were completely abolished by zinc chelation (Fig. 4.10B).
7TKHVH GDWD VXJJHV W3 @sWdDsahsiti@exXard lsgetific to zinc
and was potentially useful for future investigations. On the other hand, the
fluorescence intensity of Newport Green slightly increased at 10 minutes after
JLQF VWLPXODWLRQ IRU ZHl.OOG)WNEHNewp8rt Gieed
fluorescence intensity apparently decreased to even below the baseline levels
after zinc chelation (Fig. 4.10C). However, no remarkable change in
IOXRUHVFHQFH LQWHQVLW\ RI 1HZSRUW *UHHQ ZDV G
control (Fig. 4.10C). The findings for Newport Green therefore suggested that
this fluorescent dye was specific, but not sensitive, to zinc, consistent with its

relatively high dissociation constant for zinc.

Fluozin i3 is structurally related to calcium fluorescent probes fluo-3 and
fluo-4, having chelator structure resembling calcium chelator BAPTA (Kikuchi et
al. 2004). It has excitation and emission peaks at 494 nm and 518 nm, which
are not altered by addition of zinc or any other transition metals, and its
detection of zinc is not perturbed by high amounts of calcium or magnesium
(Zhao et al. 2008). Weak fluorescence was induced by a high amount of
calcium at 40 M, with substantially lower sensitivity reported for other metals
(Gee et al. 2002). Given WKH VSHFLILFLW\ DQG VHQiVwaaLYLW\
selected for further investigation.

To confirm the increased zinc levels in TAMR cells compared to 0&) i
cells, TAMR cells were loaded with Fluozin i3 and imaged using fluorescence
microscopy. All the microscopy and camera settings, particularly the exposure
time, were kept the same for all the images in each experiment, to validate the
comparison between different samples. TAMR cells were shown to have a slight
increase in green fluorescent intensity, which signified a mild increase in cellular
free zinc levels in the cells, when compared to MCF i7 cells (Fig. 4.11A). To
semi iquantitatively compare the fluorescence intensity in these images, the
total corrected cellular fluorescence (TCCF) was calculated using the equation
TCCF = integrated density + (area of selected cell x mean background
fluorescence) (McCloy et al. 2014). This calculation proved statistical
significance of the small increase in the Fluozin i3 fluorescence intensity in
TAMR cells when compared to MCF i7 cells (Fig. 4.11B).
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Figure 4.10 Zinc measurement using different dyes
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Newport Green. The cells were treated with 100 B zinc plus 10 0 VRGLXP S\UltWeKLRQH
medium with full serum. Fluorescence intensity was measured in live cells using FACS analysis.

73(1 zDV DGGHG DIWHU WKH iPLQXWH FRXUVH RI JLQF WM HDWRPF}
LOQWHQVLWLHV Rl =LQTXL&nhd Mewpdi® &iedr. (T) in the transfected cells are
demonstrated DQG FRPSDUHG WR WKH BRQiIWUDQVIHFWHG FHO
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Figure 4.11 Increased zinc in TAMR cells suggested by zinc imaging
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MCF-7 TAMR

0&)i FHOOV DQG WDPR[LIHQIUHVLVWDQW 0&)i FHOOQ@XRKI]4GBI FHO!
(green) and fixed in 4% formaldehyde. The nuclei were stain with DAPI (blue). A representative

microscopic view was captured with a 63x magnification lens using the same exposure time and

other settings (A). Fluorescence intensity was determined in at least 4 representative images

using ImageJ software (Schneider et al. 2012). The total corrected cell fluorescence was

calculated by subtracting the integrated density with the background intensity (McCloy et al.

2014) and presented in a bar graph as mean * standard error (B).

Scale bar,25 P p<0.05.

To confirm the increased zinc levels in TAMR cells as shown using
fluorescence microscopy, the fluorescent intensity was also measured using
FACS analysis. Live cells were treated with zinc and TPEN, and zinc levels

were presented as Fluozin i3 saturation, which was calculated using the
. . xy _
equation )OXR]JLQi VDWXU DWTS rr where F = basal

fluorescence intensity, FO = minimum fluorescence intensity after TPEN
treatment, and Fmax = maximum fluorescence intensity after zinc treatment
(Qin et al. 2013) )OXR]JLQi V ONWDAMP &¥lls Rv@s 16%, which was 3
times as high as MCF i7 cells (Fig. 4.12A). A course of zinc treatment was then

performed. An increase in zinc levels as a result of zinc release from cellular
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stores by ZIP7 was detected at 5 minutes after zinc treatment in both TAMR

and MCF i7 cells, and the increase was reversed by zinc chelation, verifying the

specificity of the dye to zinc (Fig.4.12B). Furthermore, the )OXR]JLQi
fluorescence intensity was higherin TA0O5 FHOOV WKDQ LQ 0&)i FHOO\
the 30-minute course of zinc treatment (Fig. 4.12B). The results of zinc assays,

both using fluorescence microscopy and FACS, therefore agreeably confirmed

the significant increase in zinc levels in TAMR cells when compared to MCF-7

cells. Nevertheless, zinc imaging was shown to be less effective than FACS in

detection of the increased zinc levels in TAMR cells.

Figure 4.12 Increased zinc in TAMR cells confirmed by FACS analysis
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This result was confirmed by another student in the group, Silvia Ziliotto,
who compared ZIP7 activation in different cell lines, including TAMR cells and
MCF i7 cells, using the pZIP7 antibody. Immunofluorescence of pZIP7
demonstrated that virtually 100% of TAMR cells were positive for pZIP7,
whereas only 8% of MCF i7 cells were seen to be pZIP7 ipositive (Fig. 4.13A).
Confirming this increase in ZIP7 activation, Western blotting was performed.
AKT activation was used as an indicator of ZIP7 activation, given that AKT is a
direct downstream effector of ZIP7 imediated zinc release from cellular stores
(Taylor et al. 2012). The Western blot of pAKT demonstrated a twofold increase
in AKT activation when compared to MCF i7 cells (Fig. 4.13B). This increased
AKT activation was compatible with the 3 ifold increased zinc levels in TAMR
cells observed in the Fluozin i3 assays using FACS (Fig. 4.12A) and suggestive
of an increase in ZIP7 activity in TAMR cells when compared to MCF i7 cells.
Importantly, the Western blot of pZIP7 showed that pZIP7 levels were
significantly increased 8 ifold in TAMR cells when compared to MCF i7 cells
(Fig. 4.13C). Collectively, these data showed that the pZIP7 antibody was able
to detect the increase in ZIP7 activation, and reflect the high zinc levels in
TAMR cells.

4.3.5 pZIP7 antibody detects impaired function of ZIP7 clinical mutants

Two siblings who suffered from a blistering skin condition in the first few
days of life have been observed with failure to thrive, (Hambleton S., personal
communication). Family history indicated childhood blistering conditions on both
sides of the family, and their maternal grandmother had been diagnosed with
zinc deficiency. The blood profile of the patients revealed a marked increase in
7iIFHOO SRSXODWLRQ ZLWK BdditiS eelsl and abbdrcerdf B ' i
cells. The profile was compatible with Bruton agammaglobulinemia. A genetic
test was performed at Newcastle University, showing a compound
heterozygous mutation of ZIP7; one allele harboured a P190A mutation, and the
other an E363K mutation. As part of collaboration with Newcastle University,
recombinant ZIP7 DNA with each mutation was created from our wild itype ZIP7

plasmid construct and sent to our laboratory group for further experimentation.
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Figure 4.13 Detection of increased ZIP7 activity in TAMR cells
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(TAMR cells). For immunofluorescence, the cells were immunostained using the pZIP7

antibody, which was conjugated to Alexa Fluor 593 (Red), and the nuclei were stained with
'$3, EOXH $ UHSUHVHQWDWLYH PLFURVFRSLF YEBDBEWXWOEE XVQQ

a 63x magnification lens (A), showing that 8 Rl 0&)i FHOOV DQG YLUWXDOO\

cells are positive for pZIP7. For immunoblotting, protein bands of pS473 AKT (60 kDa), pZIP7
(48 kDa), and iDFWLQ N'D DUH GHP R Qé&h¥itdhizvicHiGta &b pAKT and

pZIP7, normalised to fiactin, are presented in bar graphs as mean + standard error (n = 3).

Statistical significance is compared between the two cell types.
Scale bar,25 P p<0.01, *** p < 0.001. Courtesy of Silvia Ziliotto.
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The mutations of P190A and E363K are located in TM2 and TM5,
respectively (Fig. 4.14). Both of these TMs are highly conserved across the
/,91i VXEIDPLO\ RI =,3 FE&K3.Q@QeHE36BK jriuthtion interestingly
LQYROYHV WKH /,9i VXEIDPLO\ FRQVHQVXV PRWLI +(::
also a potentLDO JLQFiELQGLQJ UHJLRQ WKDW LTafior VHQW L
and Nicholson 2003) (Fig. 4.14). The potential effect of the E363K mutation on
the zinc transport function of ZIP7 is therefore reasonable. Glutamate (E) is a
negatively charged amino acid that has a high affinity towards zinc ions,
whereas lysine (K) is a positively charged amino acid that cannot bind to zinc
(Trzaskowski et al. 2008). Inas muchas WKH JLQFIELQGLQJ DPLQR DFL
LV ORFDWHG LQ WKH SRWH Q WaybCanpLNTRAISID@3N BSRUW U
VXEVWLWXWLRQ IRU D QRQI]JLQFIELQGLQJ DPLQR DFLG
ZLWK WKH JLQFIWUDQVSRUW IXQFWLRQ RI WKH FKDC
mutation, the P190 mutation does not directly affect the notable zinc ibinding
site in TM5. Nevertheless, according to an amino acid sequence analysis
comparing the sequences of the ZIP channels to the
haemagglutininesterase ifusion glycoprotein of influenza C virus, TM2 was
predicted to interact with TM5 in maintaining the pore region in the tertiary
structure of the ZIP channels in the LIV il subfamily (Taylor and Nicholson
2003). Moreover, transmembrane helix kinks, which are crucial for membrane
protein structure, typically occur at proline residues (Yohannan et al. 2004). As
a result, a mutation affecting the residue P190 could have some negative effect
on the conformation and the pore generation of ZIP7, thereby adversely

influencing the function of ZIP7 in mobilising zinc across the ER membrane.

The purified plasmids of ZIP7 P190A and E363K were verified for their
transfection efficiency and their expression within the cells by
immunofluorescence using a V5 antibody. The result revealed that both these
mutant constructs were robustly transfected into cells (Fig. 4.4). Furthermore,

DQ (5iOLNH VWDLQLQJ SDWWHUQ zZDV DOVR REVHUYH
suggesting that the mutations did not affect ZIP7 in terms of its protein
production, stability, or delivery to the ER membrane.
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Figure 4.14 Locations of the ZIP7 P190A and E363K mutations

O
s s Eol Bl MG AT

ZIP7 P190A

N
ER

1[2][3 a| 5] le]|7]/8
Cytoplasm

ZIP7 E363K
O
L8 T BN L85 VP HEVGDFATL VS
| HEXPHEXGD |

This figure illustrates the predicted structure of ZIP7, with mutation sites and amino acid
sequences of the ZIP7 clinical mutants, P190A and E363K, indicated. The mutations are
located in TM2 and TM5, respectively. Importantly, both the residues P190 and E363 are 100%
LGHQWLFDO DFURVYV WKH /,9i VXEIDPLO\ RI =,3 ¢XPQQHINO W KIHQ\GH W
JOXWDPDWH UHVLGXH RI WKH /,9i VXEIDPLO\ FRQVHQVXV PRWLI +
ER, the endoplasmicretLFXOXP 1 WKH DPLQRiIWHUPLQXV & WKH FDUER]\(

4.3.5.1 Both ZIP7 P190A and E363K are able to produce a zinc wave

To investigate the effects of the ZIP7 clinical mutants on zinc
homeostasis, free zinc levels in the cytosol after stimulation of ZIP7 imediated
zinc release from cellular stores were determined. MCF i7 cells were
transfected with ZIP7 P190A and E363K, and loaded with Fluozin i3. The
fluorescence intensity was determined using FACS analysis. The Fluozin i3
fluorescence intensity in the cells tUDQVIHFWHG ZLWK ZLOGIiW\S
significantly increased at 5 minutes after zinc stimulation (Fig. 4.15), consistent
ZLWK WKH =,3 iPHGLDWHG JLQF UHTFapov et dlURE).FHOO X
The rise in fluorescence intensity was successfully abolished by zinc chelation
(Fig. 4.15). The cells transfected with either mutant also demonstrated a
dramatic increase in fluorescence intensity, which was comparable to wild itype

ZIP7 and responsive to zinc chelation (Fig 4.15). However, the increase did not
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show a statistical significance, except for ZIP7 P190A at 10 minutes after zinc
stimulation (Fig 4.15). In contrast, the non itransfected cells showed a slight
increase in zinc levels with no statistical significance, and zinc chelation
resulted in an apparent decrease in zinc levels (Fig 4.15). These findings
therefore suggested that the two ZIP7 mutants were able to transport zinc in a
PDQQHU FRPSDUDEOH WR ZLOGIiIW\SH =,3 U+tPREZEHOH W\ H
the zinc levels before zinc treatment, a statistically significant increase was
seen only at 10 minutes for ZIP7 P190A, and was not detected at any time point
for ZIP7 E363K (Fig 4.15). This might imply that regardless of the increase in
zinc levels after zinc treatment, both these mutants had impaired zinc release
IXQFWLRQ FRPSDUHG WR ZIRJ Bl9avA SuHctiona& befe@ tBan
ZIP7 E363K.

Figure 4.15 Zinc wave production by the ZIP7 P190A and E363K mutants
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standard error (n = 3). Statistical significance is compared to time 0.

*p <0.05.
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Additionally, immunofluorescence in cells transfected with the ZIP7
P190A and E363K mutants and loaded with Fluozin i3 was also performed to
image the transfected cells, expecting to visualise the difference in zinc levels
between the transfected and the non itransfected cells in the same fields
(Fig 4.16). Nevertheless, no change in fluorescence intensities of Zinquin and
Fluozin i3 could be seen in either the cells transfected with wild itype ZIP7 or
the ZIP7 mutants, when compared to the adjacent non itransfect cells in the
same visual fields (Fig 4.16). One possible explanation was that the dyes were
leaked out from the cells during the immunostaining steps, which required a

permeabilising agent to allow the V5 antibody to bind the recombinant proteins.

4.3.5.2 ZIP7 E363K shows less AKT activation than ZIP7 P190A
$.7 DFWLYDWLRQ ZDV GHWHFWHG LQ 0&)i FHOOV

ZLWK ZLOGiW\SH =,3 DW P L Q XtWTawor 2t &V 2012).LTQi& W UHL
AKT activation was delayed to 10 minutes after zinc treatment in the cells
transfected with ZIP7 S275A/S276A, a phosphoablative mutant which cannot

be phosphorylated on residues S275 and S276 (Taylor et al. 2012). This delay

in the AKT activation suggests that the ZIP7 phosphoablative mutant did not

activate AKT, and that the endogenous ZIP7 did after 10 minutes. The AKT

activation was again employed as an indicator of ZIP7 activity in the
investigation of the effects of the Z190A and E363K mutations on

=,3 iPHGLDWHG JLQF UHOHDVH IURP FHOOXODU VWRUH"

In the cells transfected with wild itype ZIP7, pAKT levels started to
increase at 2 minutes after zinc treatment (Fig. 4.17A, B). The levels reached
the peak at 10 minutes and remained constantly high until 20 minutes after zinc
treatment (Fig. 4.17A, B). For ZIP7 S275A/S276A, which was used as a
negative control, the transfected cells demonstrated a gradual increase in pAKT
levels at 2 and 5 minutes after zinc stimulation (Fig. 4.17A, B). The levels were
unexpectedly higher than that for wild itype ZIP7 (Fig. 4.17A, B). Interestingly,
although high variability was observed, the pAKT levels for ZIP7 S275A/S276A
slightly decreased at 10 minutes and dramatically decreased, becoming
significantly less than wild itype ZIP7, at 15 and 20 minutes after zinc
stimulation, (Fig. 4.17A, B).
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Figure 4.16 Zinc imaging in cells transfected with ZIP7 P190A and E363A
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and E363A. TheVH =,3 FRQVWUXFWV FRQWDLQHG D &IWHUPLQDO 9 WD
Zinquin (25uM, blue) and Fluozin-3 (5uM, green), treated with 20 0 JLQF SOXVVRGLXP
pyrithione, and fixed in 4% formaldehyde. Immunofluorescence was performed using a V5

antibody, which was conjugated to Alexa Fluor 594 (red). Representative microscopic views

were captured using a 63x magnification lens. The result reveals no definite alteration in zinc
FROQWHQW LQ WKH WUDQVIHFWHG 9 iSRVLWLYH FHOOV

Scale bar, 25 P
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4. Characterisation of pZIP7 antibody

Like wild itype ZIP7, both the clinical mutants showed marked increases

in pAKT levels up to 10 minutes after zinc stimulation (Fig. 4.17A, B). The pAKT

levels for the ZIP7 P190A mutant did not change after 10 minutes, whereas, like
the ZIP7 S275A/S276A mutant, the pAKT levels for the ZIP7 E363K mutant
dramatically decreased and became significantly lower than the levels for
wild itype ZIP7 (Fig. 4.17A, B).

Figure 4.17 Ability of the ZIP7 P190A and E363K mutants to activate AKT
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FHOOV ZHUH WUWR VZIHFG®MESH =,3 :7 DQG =,3 PXWDQWV 6
P190A, and E363K. The cells were treated with 20 0 JLQF SOXV VRGLXP S\ULWKLRC
Immunoblotting was performed using a pS473 S$.7 DQWLERG\ ZLWK D IiDFWLQ D
normalisation. Protein bands of pS473 pAKT (60 N'D D QG iD Fbd) @re demonstrated

as representative results of 3 independent experiments (A). Densitometric data normalised to

iDFWLQ DUH GHPRQVWUDWHG LQ D EDU JUDSK DV PHDQO" VWD
SigQLILFDQFH LV FRPSDUHG WR ZLOGiW\SH =,3

*p <0.05.
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4. Characterisation of pZIP7 antibody

In summary, this experiment demonstrated that the ZIP7 P190A mutant,
which showed an AKT activation pattern comparable to wild itype ZIP7, could
transport zinc more effectively than the ZIP7 E363K mutant, which showed an
AKT activation pattern similar to the ZIP7 S275A/S276A mutant. Noteworthy, no
bands were detected at time O at the exposure times used to detect the signals
because of the tremendous AKT activation as a result of zinc treatment, and the
very low basal levels of AKT activation at time O in comparison with the
zinc iactivated levels. The pAKT levels during the course of zinc treatment were
therefore compared to wild itype ZIP7 at the same time points rather than
comparing to time 0. Moreover, there was a discrepancy between the
representative blot and the densitometric data shown in the figure because of

the high variability of the results.

4.3.5.3 pZIP7 antibody detects halted ZIP7 P190A and E363K activation
Residues P190 and E363 are not in the same region as residues S275
and S276. Nevertheless, a conformational change caused by the P190A and
E363K mutations might interfere with CK2 binding and thereby prevent ZIP7
phosphorylation on residues S275 and S276. To investigate whether the
mutations adversely affected ZIP7 phosphorylation after zinc treatment,
Western blotting using the pZIP7 antibody was performed in the cells
transfected with the ZIP7 S275A/S276A, P190A, and E363K mutants.
Confirming a previous experiment in this chapter (Fig. 4.9B), a typical activation
pattern of ZIP7 was seen in the cells transfected with wild itype ZIP7
(Fig. 4.18A, B). A similar pattern of ZIP7 activation was also detected for ZIP7
P190A, but with no statistical significance (Fig. 4.18A, B). In contrast, both
ZIP7 E363K and S275A/S276A failed to demonstrate an increase in pZIP7

levels after zinc stimulation (Fig. 4.18A, B). These findings suggested that the

( . PXWDWLRQ LQWHUIHUHG ZLWK WKH &. iPHGLDWH}H

residues S275 and S276 to an extent comparable to the S275A/S276A
PXWDWLRQ ZKHUHDV WKH 3 $ PXWDWLRQ

phosphorylation to a lesser extent. Importantly, the Western blotting of pZIP7
was consistent with the Western blotting of pAKT, showing the impaired
function for both of ZIP7 P190A and E363K, with the P190A mutant working
better than the E363K mutant did, thereby further suggesting the potential

usefulness of this antibody.
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4. Characterisation of pZIP7 antibody

Figure 4.18 Activation of the ZIP7 P190A and E363K mutants by zinc

A. Zinc WT ZIP7 Zinc ZIP7 AA
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0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,3 $% DQG =
P190A, and E363K. The cells were treated with 20 0 JLQF SOXVN VRGLXP S\ULWKLR(
,PPXQREORWWLQJ ZDV SHUIRUPHG XVLQJ WKH S=,3 DQWLERG
normalisation. Protein bands of pZIP7 (48 N'D DQG iDFkb&)Cure demonstrated as
representative results of at least 3 independent experiments (A). Densitometric data normalised

WR iIDFWLQ DUH GHPRQVWUDWHG LQ D EDU JUDSK DVstiedHDQ “ V\
significance is compared to time 0.

*p < 0.05.

It is noteworthy that without zinc treatment, the pZIP7 levels for
ZIP7 E363K and S275A/S276A were consistently higher than the levels for
ZLOGIiW\SH =,3 PDIA ThisFurprisingly high basal ZIP7 activation for
either ZIP7 S275A/S276A or E363K was consistent with a previous study that
showed apparently KLJK SKRVSKRiVHULQH OHYHOV LQ WKH
ZIP7 S275A/S276A at time O (Taylor et al. 2012). One plausible explanation
ZDV WKDW WKH SURORQJHG RYHUH[SUHVVLRQ RIMVWKH"
during the overnight transfection might have resulted in an increase in

transcription of the endogenous ZIP7 as a compensatory mechanism.
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4. Characterisation of pZIP7 antibody

To confirm the Western blotting of pZIP7 in the cells expressing
ZLOGiW\SH =,3 DQG WKH =,3 FOLQLFDO PXWDQWV L
DQWLiIS=,3 DQWLERG\ ZzDV SHUIRUPHG LQ WKHIMQU»DQ VI
treatment. A V5 antibody was also applied for identification of the transfected
FHOOV )RU ZLOGiW\SH =,3 SHUFHQWDJH RIRWKWLWHD
for pZIP7 increased from 40% before zinc treatment to 58% after zinc treatment
(Fig. 4.19A). In contrast, only 8% and 3% of the cells transfected with
ZIP7 6 $ 6 $ ZHUH S=,3 i SRVLWLYH EHIRUH DQG DIW
respectively (Fig. 4.19B). Noteworthy, the ZIP7 positivity in the cells
overexpressing ZIP7 S275A/S276A was comparable to the basal ZIP7
DFWLYDWLRQ LQ WKH QRQIWUDQVIHFWHBARDRQIWUHDW!

For the clinical mutants, 38% of the cells overexpressing ZIP7 P190A
(Fig. 4.19C) and 37% of the cells overexpressing ZIP7 E363K were positive for
pZIP7 (Fig. 4.19D). The positivity rates in the clinical mutants were comparable
WR WKH FHOOV WUDQVIHFWHG ZLWK ZLOGIiIW\SH =,
(Fig. 4.19C). However, neither of the mutants showed an increase in pZIP7
positivity after zinc stimulation (Fig. 4.19C, D). These data suggested that the
clinical mutants could be recognised by the pZIP7 antibody. However, the
PXWDWLRQV VLJQLILFDQWO\ LQWHUIHUHG ZLWK WHEK
phosphorylation on residues S275 and S276 of ZIP7. Importantly, given that the
antibody did not detect the ZIP7 activation in these mutants, it might be implied
that this antibody was able to indicate the impairment of ZIP7 function, even
though it was not able to detect the difference between the two clinical mutants.
The discrepancy between the results from the immunofluorescence and the
Western blotting PLJKW EH GXH WR WKH OHVV VHQVLWLYLW\

nature of the immunofluorescence technique.
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4. Characterisation of pZIP7 antibody

Figure 4.19 Impaired activation for the ZIP7 P190A and E363K mutants
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0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiIW\SH =86 : % DQG =
(AA), P190A, and E363K. The cells were treated with 20 0 JLQF SOXVVRGLXP S\ULWKLR(
Immunofluorescence was performed using V5 (green) and pZIP7 (red) antibodies, which was

conjugated to Alexa Fluor 488 (green) and Alexa Fluor 594 (red), respectively, with DAPI
QXFOHDU VWDLQLQJ EOXH $ UHSUHVHQWBWLIH $LFUBYBRSLF Y
ZIP7 P190A (C), and ZIP7 E363K (D) captured using a 63x magnification lens is presented. The
percentages of the transfected cells that are positive for pZIP7 are shown in bar graphs as

mean of 4 representative fields + standard error. Statistical significance is compared to time 0.

Scale bar,25 P p<0.05.
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4. Characterisation of pZIP7 antibody

All the results for the ZIP7 clinical mutants, P190A and E363K, are
summarised in Table 4.2. Both of the clinical mutants were able to mobilise zinc
ions from the stores and able to produce a zinc wave, although the increase in
zinc levels was not significant. However, the ZIP7 E363K mutant showed
impaired ZIP7 activation by phosphorylation on residues S275 and S276. This
impaired ZIP7 activation by the E363K mutation was consistent with a
sSiJQLILFDQW GHFUHDVH LQ $.7 DFWLYDWLRQ ZKHQ FRP
minutes after zinc treatment. In contrast, the ZIP7 P190A mutant could be
phosphorylated on residues S275 and S276 after zinc stimulation, although no
statistical significance was observed. Moreover, the P190A mutant could
DFWLYDWH $.7 DIWHU JLQF VWLPXODWLRQ WR WKH H[V
These results collectively suggested that the ZIP7 P190A mutant had less
functional impairment than the ZIP7 E363K mutant, further supporting the
crucial involvement of the HEXPHEXGD motif in TM5 in the zinc transport
(Taylor and Nicholson 2003). Importantly, the pZIP7 antibody was able to reflect
the functional impairment of these two mutants, and when using the Western
blotting technique, this antibody could even demonstrate the superior
functionality of ZIP7 P190A over E363K. These data therefore further supported

the potential usefulness of this antibody in determining ZIP7 function.

Table 4.2 Result summary for ZIP7 P190A and E363K

ZIP7 constructs
WT P190A E363K AA

Changes after zinc stimulation

Increase in zinc level 999 99 99 +
AKT activation 999 99 9 9
ZIP7 activation (by Western blotting) 999 99 8 8
ZIP7 activation (by immunofluorescence) 999 8 8 8

999 7KH FKDQJHV IRU ZLOGiW\SH =,3 DV UHIH
99 7KH FKDQJHV FRPSDUDEOH WR ZLOG{W\SF
9 7KH FKDQJHV VLJQLILFDQWO\ OHVV WKDQ
8 No change detected.

t Not investigated
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4. Characterisation of pZIP7 antibody

4.4  Chapter summary

This chapter has provided pieces of evidence supporting that our pZIP7
antibody is both specific to the S275/S276 iphosphorylated form of ZIP7 and
potentially useful for determining ZIP7 function. Using an immunofluorescence
technique, the specificity of the antibody was confirmed by its ability to
recognise ZIP7 when residues S275 and S276 were mutated to aspartate,
which structurally mimics phosphoserine (Fig. 4.6). In contrast, the mutation of
these residues to alanine, a non iphosphorylatable amino acid, could prevent
the binding of the antibody (Fig. 4.6). Using the same technique, there was a
significant increase in the percentage of cells transfected with wild itype ZIP7
that were pZIP7 ipositive, suggesting the ability of the antibody to detect ZIP7

activation upon 10 iminute zinc treatment (Fig. 4.7).

Employing the Western blotting technique, an 8 kDa mobility shift of the
pZIP7 band (at 48 kDa) when compared to the total ZIP7 band (at 40 kDa) was
observed (Fig. 4.8). Furthermore, the pZIP7 levels were significantly increased
at 2 minutes after zinc treatment when normalised to the total ZIP7 levels
(Fig. 4.9), confirming that the antibody could detect a zinc wave. The ZIP7
activation at 2 minutes after zinc treatment was consistent with a previous
report (Taylor et al. 2012) and compatible with the AKT activation at 5 minutes
after zinc treatment both in this project (Fig. 4.9) and in the previous report
(Taylor et al. 2012). The ability of the antibody to determine ZIP7 activity was
further highlighted by the finding that the pZIP7 levels were significantly
increased in TAMR cells when compared to the parental MCF i7 cells (Fig. 4.12
and 4.13), consistent a previous report of an increase in pZIP7 activity in TAMR
cells (Taylor et al. 2008b). Additionally, this antibody was also able to detect
impaired ZIP7 function in the two ZIP7 clinical mutants, P190A and E363K
(Fig. 4.15i4.19; Table 4.2). Collectively, the data in this chapter confirmed the

potential usefulness of this pZIP7 antibody for determining ZIP7 activity.
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Chapter 5:
Exploration of downstream effectors of

ZIP7-mediated zinc release
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

5.1 Introduction
ZIP7 is ubiquitously H{SUHVVHG (5 PHPEUBM HhQBIYWHG

triggered by phosphorylation (Taylor et al. 2004; Taylor et al. 2008b; Taylor et

al. 2012). ZIP7 has therefore been designated as a gatekeeper for zinc release

from cellular stores and a hub of cellular tyrosine kinase activation (Hogstrand

et al. 2009). The activation of cellular tyrosine kinases is thought to be mainly

through the inhibitory effect of zinc ions that have been released from cellular

stores on protein tyrosine phosphatases, such as protein tyrosine phosphatase

1B (Haase and Maret 2005; Bellomo et al. 2014). Notably, protein tyrosine
SKRVSKDWDVHY DUH VWURQJO\ LQKLELWHG HYHQ E

nanomolar levels of zinc ions (Wilson et al. 2012).

Our group have previouVO\ UHYHDOHG WKDW iPLQ JLQF
WDPR[LIHQIUHVLVWDQW 0&)i EUHDVW FDQFHU FHO
phosphorylation of both receptor tyrosine kinases (RTKs), namely EGFR
(ErbBl), ErbB2, ErbB3, ErbB4, DQG ,*)i 5 DQG D QRQIUHFHSWR
kinase, namely Src (Taylor et al. 2008b). Importantly, ZIP7 knockdown by
transfection with ZIP7 siRNA was shown in the same study to prevent the
SKRVSKRU\ODWLRQ RI (*)5 ,*)i 5 DQRG depeRderBYJRYLQJ \
the activation of these signalling molecules. All of these downstream effectors of
=,3 iPHGLDWHG ]JLQF UHOHDVH IURP FHOOXODU VWR
substrates of protein tyrosine phosphatase 1B (Bourdeau et al. 2005), and
responsible for the aggressive behaviours of breast cancer cells that have
acquired tamoxifen resistance (Taylor et al. 2008b). The activation of these
tyrosine kinases in turn results in activation of ERK1/2 and AKT, which have
EHHQ VKRZQ WR EH SKRVSKRU\ODWHG ZKHQ L-B®WHGV \
ZIP7 phosphorylation on residues S275 and S276 (Taylor et al. 2012).

To gain a deeper undHUVWDQGLQJ RI WKH UROH RI =,3
signalling, this chapter aimed to explore other cellular kinases that are potential
GRZQVWUHDP HIIHFWRUV RI =,3 iPHGLDWHG ]JLQF UH

employing antibody arrays for tyrosine phosphorylation of human receptor
WA\URVLQH NLQDVHV DQG VLWHIiIVSHFLILF SKRVSKRU\OD
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

5.2 Materials and methods

The antibody arrays that were used consisted of the human
SKRVSKRIUHFHSWRU W\URVLQH NLQDVH 57. 5"
SKRVSKRiIPLWRJHQIiDFWLYDWHG SURWHLQ NLQDVH 08¢
DQG SKRVSKRINLQDVH 5 ' 6\VWHPV $5< % DQWLERCG
phosphorylation of some kinases according to the array signals were confirmed
using Western blotting. Please refer to Chapter 2 for the methods of transfection
and treatments (Section 2.1), antibody array procedures (Section 2.9) and
Western blotting (Section 2.4). The antibodies used for Western blotting are
listed in Tables 2.1 and 2.2.

5.3 Results and discussion

To explore potentLDO WDUJHW PROHFXOHV RI =,3 iPHGL
IURP FHOOXODU VWRUHV =,3 ZDV RYHUH[SUHVVHG LC
transfection. Furthermore, ZIP7 was also activated by treating the cells with
exogenous zinc. This zinc treatment has been shown WR WULJJHU =,3 iPHG
zinc release from cellular stores, resulting in activation of cellular kinases
(Taylor et al. 2012). According to this previous study, CK2 binds to ZIP7 and
induces ZIP7 activation by phosphorylation on residues S275 and S276 at 2
minutes after zinc treatment, resulting in AKT activation at 5 minutes in cells
WUDQVIHFWHG ZLWK ZLOGiW\SH =,3 DQG ®GWLWRLQIWI
S275A/S276A, which is a ZIP7 null mutant. The same study also showed that
the activation at 10 minutes in the cells transfected with the ZIP7 null mutant is
attributed to the action of endogenous ZIP7 in the cells. To allow adequate time
for zinc release from cellular stores and phosphorylation of kinases with limited
DFWLYDWLRQ RI GRZQVWUHDP SDWKZD\V WULJJHUHG

treatment was performed for 10 minutes.

Three different types of antibody arrays were utiised WKH SKRVSKRi57
DUUD\V WKH SKRVSKRINLQDSKRUBKRIA¥$3D @@ UDKWY 8\
WKHVH DUUD\V SKRVSKRU\ODWLRQ RI DV PDQ\ DV
arrays), 43 FHOOXODU NLQDVHV ZLWK UHODWHG WRWDO
arrays), DQG 0$3.V ZLWK UHODWHG NLQDVHV WKH SKRYV
be simultaneously investigated. For each type of array, the data are presented

in four figures and a table. These four figures include (1) images of the signals
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on the arrays (Fig. 5.1, 5.5 and 5.9), (2) a bar graph showing densitometric
values of the pairs of corresponding duplicate dots for all the kinases detected
(Fig. 5.2, 5.6 and 5.10), (3) a heat map generated from the densitometric data
(Fig. 5.3, 5.7 and 5.11), and (4) a bar graph showing densitometric values for
WKH NLQDVHV WKDW ZHUH FODVVLILHG DV :PDUNHG
(Fig. 5.4, 5.8 and 5.12). Noteworthy, a heat map graphically presents relative
values of different types of samples for individual kinases as colours, where
blue colour represents the lowest value in the row and red colour represents the
highest value in the row according to the indicated scale (Fig. 5.3, 5.7 and
5.11). However, the values in the rows do not give any representation of

abundance.

In addition, the table for each type of the arrays indicates the kinases that
are phosphorylated DV D UHVXOW RI HLWKHU ZLOGiW\SH =,3
treatment (Table i £Qch table, the kinases were arbitrarily divided into
2 groups, based on the differences in signal density: marked increase (> 10,000
GHQVLW\ XQLWYV DQG PLOG LQFUHDVH i GHQV
positive results due to the variability of background intensity, the differences by

less than 2,000 units were considered negative.

5.3.1 Multiple RTKs are phosphorylated by ZIP7 overexpression or zinc

7KH SKRVSKRi57. DUUD\V GHWHFWHG RQO\ WKH
phosphorylation of different RTKs, with no specific phosphorylated residues
LGHQWLILHG ,Q 0&)i FHOOV ZLWKRXW WUHDWRBQW R
tyrosine phosphorylation of ErbB3 (Fig. i =,3 RYHUH[SUHVVLRC(
shown to decrease tyrosine phosphorylation of ErbB3, but caused a 18 ifold
increase in tyrosine phosphorylation of EGFR (Fig. i 7D B.OH
Confirming a previous study in our group (Taylor et al. 2008b) iPLQXWH JLQF
treatment induced tyrosine phosphorylation of EGFR, ErbB2, ErbB3, and ErbB4
(Fig. i 7 D B.OH Furthermore, the treatment also caused marked
increases (>10,000 density units) in ALK, EphAl, and RYK tyrosine
phosphorylation (Fig. i 7D B.OH whereas only mild increases
(2,00 i GHQVLW\ XQLWV ZHUH VHHQ IRU $[O Fi5HW
)*)5  ,*)i 5DQG 7LHi W\URVLQH SKRVIKRUADBMHRQ )L
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

J)LIXUH 3KRVSKRi57. DUUD\V LQ 0&)i VWLPXODWHG 2

o0 @0
MCF-7

L1

EGFR  ErbB3

q/ / »e

LR J
WT-ZIP7

[ L]

EGFR ErbB2 ErbB3 ErbB4 RYK ALK  EphA1

®/ //-

o9
EGFR ErbB2  EphA7 FGFR3

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQGIWIERAF=S30XQG WU

sodium pyrithione for 10 minutes. Tyrosine phosphorylation of selected receptor tyrosine

NLQDVHV 57.V ZDV GHWHUPLQHG XVLQJ WKH KXPDQ&BKRVSKF

Systems). Signals for each tyrosine kinase are presented as a pair of duplicate spots, with three

pairs of dark reference spots on the upper left, upper right, and lower left corners for alignment.

The kinases that show conspicuous changes in tyrosine phosphorylation (>10,000 density units)

LQ WKH QRQiIWUDQVIHFWHG JLGFFQ URDWHIGH FNOD@VIHPHWHG QRQ
:7i=,3 ZKHQ FRPSDUHG WR WKH QRQiIWUDQVIHFW HGS IQFROQN W G H PQV

addition, the kinases that show increases in tyrosine phosphorylation in the transfected

JLQFIiIWUHDWHG FHO@V ZRHQ3FRPSDUHG WR WKH QRQIWUDQVIHFV
0&)i +Zn) are also indicated.
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JLIXUH '"HQVLWRPHWULF DQDO\VLV RI SKRVSKRi57. DUUD\V LQ 0&)i VWLPXODWHG ZLWHK
140 -
mMCF-7
120 - _ B oWT-ZIP7
] OMCF-7 + Zn
§100 | OWT-ZIP7 + Zn
o
E |
2 80 -
(73]
c
S
o 60 -
= m ]
£
& 40 -
20 -
0 11 [1 m |_H |_| !_H ’_H ’—H | ’—H m

ALK Axl c-Ret EGFR EphA1 EphA4 EphA7 ErbB2 ErbB3 ErbB4 FGFR3 Fit-3 IGF-IR  RYK

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK Z120G WLQR S G 0\DUREG WKUWPH B Wdd BOKAIRWEEHTyrosine phosphorylation of selected
UHFHSWRU W\URVLQH NLQDVHV 57.V ZDV GHWHUPLQHG XDV @&D SyidinsK REnBitQmStKcRIdSateRpirésentdd @whie&nRG@he D U U
duplicate dots for each kinase.
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J)LIXUH $ KHDW PDS RI SKRVSKRi57.V DFWLYDWHG E\

relative

TowW min row max

MCF-7
WT-ZIPT
MCF-7 + Zn
WT-ZIPT + Zn

RTE
ALK

c-Ret
EGFR
EphAd
R
Eph&aT
ErbB2
ErbB3
ErbB4
FGFR3
Fi-3
IGF-IR
R

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQGIWIERAF=S30XQG WU
sodium pyrithione for 10 minutes. Phosphorylated receptor tyrosine kinases (RTKs) were
GHWHUPLQHG XVLQJ WKH KXPDQ SKRVSKRi57. DQWLERIS bPODVWD\V
JHQHUDWHG XVLQJ D *(1(i( PDWULJ[ Y4 pxDra KTieVBoaRIQND@E. DQDO\V
Densitometric values in relation to other samples for each kinase are presented as a spectrum

of colour where blue colour represents the lowest value in the row and red colour represents the

highest value in the row according to the indicated scale, irrespective of the absolute signal

intensities.

:LOGiW\SH =,3 WUDQVIHFWLRQ SOXV ]JLQF WUHD
increases in tyrosine phosphorylation (>10,000 density units) of ALK, EGFR,
ErbB2, EphA7, and FGFR3, with mild increases in tyrosine phosphorylation
i GHQVLW\ XQLWV R] FEQEHWWT)i ZKHQ FRPSD
WKH JLQFIWUHDWHGFi@ &)ii FHODDB/MOMHThese increases in
tyrosine phosphorylation further confirmed the involvement of ZIP7 in the
tyrosine phosphorylation of these kinases. On the contrary, the dependency
upon ZIP7 function of tyrosine phosphorylation of Axl, ErbB3, ErbB4, EphAl,
EphA4, RYK, DQG 7 Ldaild not be confirmed, suggesting the possible
presence of an alternative pathway that could activate these kinases without a
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

QHHG IRU =,3 iPHGLDWHG JLQF UHOHDVH IURP FHOOX
results detected activation of eight RTKs as a result of both ZIP7
overexpression and zinc treatment. Importantly, three of these RTKs, namely

EGFR, ErbB2, and ,*)i 5 KDG EHHQ H[SHULPHQWDOO\ GHPF
GRZQVWUHDP HIIHFWRUV Rl =,3 iPHGLDWH ]J(M@@#orUHOHD
et al. 2008b).

Figure 5.4 RTKs activated by ZIP7 or zinc (increases by >10,000 units)
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0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\268 8,BLQF/ 80XV D(
10 0 VRGLXP S\Ud WHKninkt€sHTyrosine phosphorylation of selected receptor tyrosine
NLQDVHV 57.V ZDV GHWHUPLQHG XVLQJ WKH KXPDQ SKRVSKF
Systems). Average densities of the duplicate spots for the kinases that show conspicuous

increases in tytRVLQH SKRVSKRU\ODWLRQ ! GHQVLW\ XQLWYV
JLQFIWUHDWHG FHO@QV RO&WKH WUDQVIHFWHG QRQIWUHDWHG F
FRPSDUHG WR WKH QRQiIWUDQVIHFWHG QRQiWUHDW G WIHOD VW K K&
kinases thDW VKRZ LQFUHDVHV LQ W\URVLQH SKRVSKRU\GDMHAR®MV LQ
:7i=,3+=Q ZKHQ FRPSDUHG WR WKH QRQIWUDQVIHFMHaEe |[LQFiWl
also included.

132



5. Exploration of downstream effectors of ZIP7-mediated zinc release

Table 5.1 RTKs phosphorylated by ZIP7 overexpression or zinc

RTKs phosphorylated by ZIP7 overexpression a

Marked increase: ALK EphA7
(> 10,000 units) EGER FGER3
ErbB2
Mild increase: FIiSHW YOWi i
i XQLW\ )i 5

RTKs phosphorylated by zinc  °

Marked increase: ALK ErbB4

(> 10,000 units) EGER EphAl
ErbB2 RYK
ErbB3

Mild increase: Ax| FGFR3

i XQLWA c-Ret ,¥)i 5

EphA4 ZLHI
EphA7
YOW i

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQWGIWIEBF=S30XWWQG WU
sodium pyrithione for 10 minutes. Tyrosine phosphorylation of selected receptor tyrosine
NLQDVHV 57.V ZDV GHWHUPLQHG XVLQJ WKH KXPDQ SKRVSKF
Systems). Average densities of the duplicate spots for the kinases were determined.

a30DUNHG LQFUHDVH™ DQG 3PLOG LQFUHDVH" DUH QtyrBdin& UDULO\
phosphorylaton LQ WKH WUDQVIHFWHG JLQFIWUHDWHG FHOOV ZKHQ FF
JLQFIWUHDWHG FHOOV DFFRUGLQJ WR GHQVLWR KHWNLGHBEGIMO\V L
VKRZ LQFUHDVHYVY LQ W\URVLQH SKRVSKRU\ODWQR K B QVKRP & L) D k(¢
WR WKH QRQIWUDQVIHFWHG QRQIWUHDWHG FHOOV DUH DOVR LQF
b30DUNHG LQFUHDVH" DQG 3:PLOG LQFUHDVH" DUH OQtyradin¢/f UDULO\
phosphorylaton LQ WKH QRQIWUDQVIHFWHG JLQFIiWUHDWHG FHOOV
QRQIWUDQVIHFWHG QRQiIWUHDWHG FHOOV DFFRUGLQJ WR GHQVLYV
7KH NLQDVHV WKDW DUH XQGHUOLQHG DUH WVA\URVLQHiISKRVSKRU\
The kinasesthDW DUH VKRZQ LQ UHJXODU IRUPDWWLQJ DUH W\URVLQH
ZIP7 overexpression.
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

5.3.2 Multiple kinases are phosphorylated by ZIP7 overexpression or zinc

To extend the exploration to cellular kinases other than RTKs, we
employed the phospho ikinase arrays to determine activation of up to 43
different cellular kinases with 2 related total proteins. In contrast to the
SKRVSKRi57. DUUD\V WKH SKRVSKRINLQDVH DUUD\V
phosphorylated residues in the kinases. Many kinases were already
SKRVSKRU\ODWHG LQ 0&)i FHOOV ZLWKRXW ]JLQF WUH
(Fig. $vV D UHVXOW RI WUDQVIHFWLRQ ZLWK ZLOGIW
apparent increases in phosphorylation (>10,000 density units) Rl Fi-XQ 6
CREB (S133), p70 S6 (T421/S424), STAT2 (Y689), STAT5a (Y694), and
WNK1 (T60), when compared to the 0&)i FHOOV ZLWKRXW WUI

(Fig. i 7 D B.OH Furthermore, mild decreases in phosphorylation
i density units ZHUH DOVR REVHUYHG IRU S 6
7 < &KNi 7 +63 6 6 67%$7 < 3'*)5 <

Hck (Y411), JNK (T183/Y185, T221/Y223), and PRAS40 (T246), when
compared to the 0&)i FHOOV ZLWKRXW WUDQVIAPB@ARQ )L.
Among these increases, either marked or mild, statistical significance compared
to the 0&)i FHOOV ZLWKRXW WUDQVIHFWLRQ ZDV GHW|
(S78/S82) phosphorylation (Fig. 5.8). Noteworthy, a replicate revealed an
LQFUHDVH LQ $03.ylathiKIR/MEXLR density units as a result of ZIP7
overexpression. However, this increase was not reproducible, since the other

batch directly contradicted this increase by instead showing a marked decrease.

As a result of zinc treatment, phosphorylation of $.7 6 $03..
7 &5 (% 6 *6 .1 . 6 6 +63 6 6 -1
7 < 7 < S . 0%$3. 7 < S 6 7 6
STAT2 (Y689), STAT5a (Y694), STAT5a/b (Y694/Y699), and STATS5b (Y699)
was markedly increased (>10,000 density units) (Fig. i 7D B.QHON
the contrary, only mild increases in phosphorylation i density

units) were observed for c-Jun (S63), EGFR (Y1086), ERK1/2 (T202/Y204,
T185/Y187), FAK (Y397), Fgr (Y412), MSK1/2 (S376/S360), Lck (Y394),
PRAS40 (T246), RSK (S380/S386/S377), STAT6 (Y641), and TOR (S2448)
(Fig. i 7D B.OH Among these kinases, only the increases in
*6.1 . +63 -1. S . 0%8nd STAT5a phosphorylation were
statistically significant (Fig. 5.8).
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

To investigate whether the increases following zinc treatment were
PHGLDWHG E\ =,3 FHOOV ZHUH ERWK WUDQVDMAWEHG
with zinc. Among the kinases activated by zinc, phosphorylation levels of CREB
6 *6.0 . 6 6 +63 6 6 S6(F421/S424), PRAS40
(T246), and WNK1 (T60) were markedly increased (>10,000 density units)
ZKHQ FRPSDUHG WR WKH QRQIWUDQVIHFWHG JLQFiW
contrary, phosphorylation levels of AKT (S473), Fi-XQ 6 ERK1/2
(T202/Y204, T185/Y187), FAK (Y397), JNK (T183/Y185, T221/Y223), and
STAT5a (Y694) ZHUH PLOGO\ LQFUHDVHG i GHQVI
FRPSDUHG WR WKH QRQIWUDQVIHFWHGFJLQRFIWUHDW |
Table 5.2). These increases confirmed that the phosphorylation of these
NLQDVHV ZDV =,3 iGHSHQGHQW +RZHYHU RYB®) WKH |
phosphorylation was statistically significant (Fig. 8QH[SHFWHGO\ S
MAPK (T180/Y182), which showed a marked increase in phosphorylation
following ZIP7 overexpression in the cells without zinc treatment, revealed a
PDUNHG GHFUHDVH LQ SKRVSKRU\ODWLRQ LQ WKH =,2
FHOOV ZKHQ FRPSDUHG WR WKH QRQIWUD®GWHFWHG
However, due to the high variation of the data between the duplicates, this

decrease was not statistically significant (Fig. 5.8).

Interestingly, multiple kinases were shown to be phosphorylated as a
result of ZIP7 overexpression in the |JLQFIiIWUHDWHG FHOOV ZLWK
increases in phosphorylation as a result of zinc treatment alone. Among these
notable kinases, p53 (S46) and p53 (S392) were markedly phosphorylated

! GHQVLW\ XQLWV ZKLOVW $.7 7 &KNi 7
Lyn (Y397), p70 S6 (T421/S424), and Yes (Y426) were mildly phosphorylated
( i GHQVLW\ XQLWYV )LJ UnexpectediyO total

iEaDWHQLQ OHYHOV ZHUH DOVR PDUNHGO\ LQFUHDVH
result of ZIP7 transfection plus zinc treatment, when compared to zinc treatment
DORQH )LJ ie 5.2).7Th&s® data therefore revealed not only the
NLQDVHV WKDW ZHUH SKRVSKRU\ODWHG WKURXJK WKl
mechanism, but also the kinases that might be phosphorylated through an
DOWHUQDWLYH =,3 iPHGLDWHG SDW K@2borthyQheddsél QGHQ'
RI WKH KLJK YDULDELOLW\ EHWZHHQ WKH WZBUBDW FK

the statistical analysis was rather limited.
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

J)LIXUH B3KRVSKRINLQDVH DUUD\V LQ 0&)i VWLPXODYV
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0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQWGIWIEAF=S30XWWQG WUl
sodium pyrithione for 10 minutes. Phosphorylation of selected kinases was determined using

WKH KXPDQ SKRVSKRINLQDVH DQWLER Gign&dUforDea¢h kihdse6ard WH PV
presented as a pair of duplicate spots, with three pairs of dark reference spots on the upper left,

upper right, and lower left corners for alignment. The kinases that show conspicuous changes in
phosphorylation (>10,000 density units) inthe non i WUDQVIHFWHG JLQFIiWUHDWHG FHC
RU WKH WUDQVIHFWHG QRQiIWUHDWHG FHOOV :7i=,3 ZKHQ FI
QRQIWUHDWHG FHOOV 0&)i DUH LQGLFDWHG ,Q DGHBLWIQRQ V
phosphorylation in the transfected zn FIWUHDWHG FH OHZN) wh&r €oBipared to the
QRQIWUDQVIHFWHG ]LQF i WHIZH) MW &6 ifdidade@.V 0&)f
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

JLIXUH "HQVLWRPHWULF DQDO\VLV RI SKRVSKRINLQDVH DUUD\V LQ 0&)i VWLPXODWHG
180 = MCF-7
OoWT-ZIP7

. 160 OMCF-7 + Zn

3 140 | OWT-ZIP7 + Zn

)

= 120

-

2100 N

G 80

o

0 1

Z 60

©

& 40

§ i I
AKT AKT | AMPK | AMPK | Chk-2 | c-Jun | CREB | EGF-R |[ERK1/2| FAK Far Fyn GSK-3
af a2 a/p
S473 T308 T183 T172 T68 S63 S133 | Y1086 | T202, | Y397 Y412 | Y420 | S21/S9
Y204,
T185,
Y187
0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZRPO© ®@i\WM\GH SO0V R G LW B HD\ WHW® KainBw@kiPhosphorylation of selected kinases at

the residues indicated below the names of the kinases was determined using the human phospho ikinase antibody arrays (R&D Systems). Densitometric data are
presented as mean of the duplicate dots for each kinase + standard error (n=2).
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I l
T
7]
Hck | HSP27 | HSPBO | JNK | Lek | Lyn |MSK1/2| p38a = p53 | p53 | p53 | p70S6 | p70 S6
Y411 S78, - T183, Y394 Y397 S376, T180, 5392 S46 S15 T389 T421,
582 Y185, S360 Y182 5424
T221,
Y223

FHOOV ZHUH WUDQVIHFWHG ZLWK ZRO @iW\GH SO30VYR G LW B HD BoHWD KainBv@skiPhosphorylation of selected kinases at
WKH UHVLGXHV LQGLFDWHG EHORZ WKH QDPHV RIKXRD QN SERVI$SK RZINV GCHMHD @ WQ B RSXMD TN Hea'aré \ V W
presented as mean of the duplicate dots for each kinase + standard error (n=2).
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

Figure 5.6 Densi WRPHWULF DQDO\VLV RI SKRVSKRiIiNLQDVH DUUD\V LQ 0&)i VWLPXODWHG ZLWK

140 - m MCF-7
OWT-ZIP7
120 - L @MCF-7 + Zn
o OWT-ZIP7 + Zn
S 100 -
=
Z 80 - l l
n
G
o .
o 60 I
=
©
6 40 1
o
e i 1
0 @ ill—lﬁ i E‘m i;m i “uull
PDGFR | PRAS RSK Src STAT2 | STATS | STATS5 | STATS | STAT6 | TOR | WNKT1 Yes B-
B 40 1/2/3 a a/b b Catenin
Y751 T246 5380, Y419 Y689 Y694 Y694, Y699 Y641 52448 T60 Y426 -
5386, Y699
S377
0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZRPO© ®@i\WM\GH SOOVYR G LW B HD\ WHW® KainBw@kiPhosphorylation of selected kinases at

WKH UHVLGXHV LQGLFDWHG EHORZ WKH QDPHV RIKXRD N ISKRVISYK RZINV CUHMAHD @ WQ BRGAMEERONTNAK Hea'aré \ V W

presented as mean of the duplicate dots for each kinase + standard error (n=2).
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

J)LIXUH $ KHDW PDS RI SKRVSKRiINLQDVHYV DFWLYDW|

relative
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EGF-R 1088}

ERKE12Z2 (T202M 204, T135M 187
FAK M 387

Far M'412)

Fyn M420)

GSK-3a/b (321/55)
Hck 411}

HSP2T (STa/S82)
HSPS0

JHE (T183M 185, TZ21M 223
Lck (394)

Lvn (397

MSK1/2Z (S376/5360)
p3Ba (T80 182)

pa3 (53592)
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pS3 (515)

p70 56 (T389)

pT0 S8 (T421/5424)
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RSEAS203 (S380/S388/53TT)
Zre (419
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STATSa/b (eSS4 8009
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WNICT (TE0)
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0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQWGIWIEAF=30XWWQG WUF
sodium pyrithione for 10 minutes. Phosphorylation of selected kinases at the residues indicated

ZDV GHWHUPLQHG XVLQJ WKH KXPDQ SKRVSKRIiINLQDWHheatQWLERG
map was generated using a GENE-E matrix visualization and analysis platform (The Board

Institute). Densitometric values in relation to other samples for each kinase are presented as a

spectrum of colour where blue colour represents the lowest value in the row and red colour

represents the highest value in the row according to the indicated scale, irrespective of the

absolute signal intensities.
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

Figure 5.8 Kinases activated by ZIP7 or zinc (increases by >10,000 units)
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0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQWGIWISAF=S30XQG WU
sodium pyrithione for 10 minutes. Phosphorylation of selected kinases at the residues indicated

EHORZ WKH QDPHV RI WKH NLQDVHV ZDV GHWHUPLQHERKGEFLQJ W|
arrays (R&D Systems). Average densities of the duplicate spots for the kinases that show
conspicuous increases in phosphorylation (>10,000 density units) iQ WKH QRQiIWUDQVIH
JLQFIWUHDWHG FHO@QV RO&WKH WUDQVIHFWHG QRQIWUHDWHG F
FRPSDUHG WR WKH QRQIWUDQVIHFWHG QRQIWUHDW &G WIHRO®D VW K &
kinases that show increases in phosphorylation in the traQVIHFWHG JLQFiWUHDWH
:7i=,3+=Q ZKHQ FRPSDUHG WR WKH QRQiIWUDQVIHF®hHae JLQFiWL
also included. Densitometric data are presented as mean +* standard error (n=2).

*p<0.05 *p<0.01
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

Table 5.2 Kinases phosphorylated by ZIP7 overexpression or zinc

Kinases phosphorylated as a result of ZIP7 overexpression a

Marked increase:
(> 10,000 units)

Mild increase:
i XQLWYV

Fi-XQ 6
CREB (S133)
*6.i . 6 6
HSP27 (S78/S82)
p53 (S15)

p53 (S46)

p53 (S392)

AKT (S473)

AKT (T308)
&KNi 7

ERK1/2
(T202/Y204,T185/Y187)

FAK (Y397)
Hck (Y411)
HSP60

p70 S6 (T421/S424)
PRAS40 (T246)
STAT2 (Y689)
STAT5a (Y694)
WNK1 (T60)
i&DWHQLQ

JNK
(T183/Y185,T221/Y223)

Lyn (Y397)

p38 . MAPK (T180/Y182)
p70 S6 (T389)

PDGFR (Y751)

STATGE (Y641)

Yes (Y426)

Kinases phosphorylated as a result of zinc treatment

b

Marked increase:
(> 10,000 units)

Mild increase:
i XQLWYV

AKT (S473)
$03.. 7
CREB (S133)
*6.i . 6 6
HSP27 (S78/S82)

JINK
(T183/Y185,T221/Y223)

c-Jun (S63)
EGFR (Y1086)

ERK1/2
(T202/Y204,T185/Y187)

FAK (Y397)
Far (Y412)

p38 . MAPK (T180/Y182)
p70 S6 (T421/S424)
STAT2 (Y689)

STAT5a (Y694)
STAT5alb (Y694/Y699)
STAT5b (Y699)

WNK1 (T60)

MSK1/2 (S376/S360)
Lck (Y394)

PRAS40 (T246)

RSK (S380/S386/S377)
STAT6 (Y641)

TOR (S2448)
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQWGIWIERF=330XWQG WUt
sodium pyrithione for 10 minutes. Phosphorylation of selected kinases was determined using

WKH KXPDQ SKRVSKRINLQDVH DQWLERG\ DUUD\V 5 ' GXSWOHPBWISY
spots for the kinases were determined.

a 3 0DUNHG LQFUHDVH" DQG 3:PLOG LQFUHDVH" DUH DUELWUDU
phosphorylation in tKkH WUDQVIHFWHG JLQFIWUHDWHG FHOOV ZKHQ FRPS
JLQFIWUHDWHG FHOOV DFFRUGLQJ WR GHQVLWR KHWNLLEG DIV® Y OWKILD
VKRZ LQFUHDVHY LQ SKRVSKRU\ODWLRQ LQ WKHRWSD@MIBGHWWHG (
QRQIWUDQVIHFWHG QRQiIWUHDWHG FHOOV DUH DOVR LQFOXGHG

b 3 0DUNHG LQFUHDVH" DQG 3PLOG LQFUHDVH" DUH DUELWUDU
SKRVSKRU\ODWLRQ LQ WKH QRQiIWUDQVIHFWHG JLQFKWMUHDWH
QRQIWUDQVIHFWHG QBEcQrdwgudtbnaltbingetrictdaal@sis as indicated.

The kinases that are in bold are phosphorylated by ZIP7 overexpression alone.

The kinases that are underlined are phosphorylated by zinc alone.

The kinases that are shown in regular formatting are phosphorylated by both zinc and ZIP7
overexpression.

The phosphorylation of AKT (S473) and ERK1/2 (T202/Y204) as a result
of ZIP7 overexpression or zinc treatment (Fig. i 7D B.Q)Hhas
SUHYLRXVO\ EHHQ VKRZQ WR UHVXOW IURP ellBariPHGLL
stores (Taylor et al. 2008b) ZKLFK LV WULJJHUHG E\ &. |
phosphorylation of ZIP7 on residues S275 and S276 (Taylor et al. 2012). The
JLQFILQGXFHG SKRVSKRSB\(ORWMSLRY) ERKIL/2S(T202/Y204),
1.7 < DQG MAPK (T180/Y182) (Fig. i 7 D B.Q)Hhas
also been reported in SH-SY5Y neuroblastoma cells using Western blotting in a
previous study that linked this phosphorylation to the pathogenesis of
$O]KHLPHUYVAGENVAHDROOY ,PSRUWDQWO\ WKH SKRVSKR
data further suggested that this phosphorylation of p70 S6, ERK1/2, JNK, and
S . 0%$3. zZzDV PHGLDWHG E\ =,3 I1RWHZRUWK\ V
phosphorylation of AKT on T308, which was reported in the previous study (An
et al. 2005) ZDV QRW GHWHFWHG E\ WKH $FHRVIKRINLQD
Table 5.2). However, this phosphorylation was shown to be induced by ZIP7

overexpression using these arrays (Fig. i 7D B.OH

The phosphorylation of p38 DMAPK as a result of zinc treatment and
HSP27 as a result of both zinc treatment and ZIP7 overexpression
(Fig. i 7 D B.Q)Heeds to be considered because of the fact that these
proteins are related to cell stress (Coulthard et al. 2009; Vidyasagar et al.
2012). Their activation might suggest cell stress caused by the procedure of
transfection or zihnctr HDWPHQW 1HYHUWKHOHVVY WKHVH WZR
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

have also been reported to play important roles in other cellular processes.
Importantly, both p38 DMAPK (Hong et al. 2014) and HSP27 (Wei et al. 2011)

have been reported to promote breast cancer migration and metastasis. Given

that ZIP7 is a zinc channel that contributes to breast cancer aggressiveness
partiFXODUO\ LQ HQGRFULQH (Thfd leV &l R@D8Y), Fie@ QwvoO L Q HV
kinases might in fact be involved in the carcinogenetic pathways that were
WULJIJHUHG E\ =,3 iPHGLDW H ¢GelljlaQskords HaheDthaA thé) R P
HISHULPHQWDOO\ILQGXFHG FHOO VWUHVV

Interestingly, the phosphorylation of p53 on S15, S46, and S392 was
VKRZQ WR EH VROHO\ =,3 iGHSHQGHQW ZLWKHQW DQ'
(Fig. i 7TDEOH 6 iSKRYVSKRQA330Gd3 WeenGssociated with its
DELOLW\ WR ELQG WR DSR &Oméen ¢t laH Q1Y Hadd JHQH
6 iISKRVSKRU\ODWHG S KDV EHHQ VKRZQ WRSEH WU|
phosphorylation on S46 in the apoptotic process (Perfettini et al. 2005). This
ILQGLQJ IURP WKH SKRVSKRINLQDVH DUUD\V PLJKW
apoptotic process induced by ZIP7 overexpression, which might or might not be
confounded by the transfection procedure. In contrast to the phosphorylation on
S46 and S15, the p53 phosphorylation on S392 has been controversially
reported both to suppress and to promote tumorigenesis, and is under ongoing
investigations (Dai and Gu 2010) VXSSRUWLQJ WKH LQYROYHPHQW

zinc signalling in cancer pathogenesis.

5.3.3 Multiple MAPKs are phosphorylated by ZIP7 overexpression or zinc

To confirm the activation of various cellular kinases and to explore the
DFWLYDWLRQ RI PRUH LVRIRUPV RI 0$3.V WKH SKR
employed. Like WKH SKRVSKRINLQDVH DUUD\V WKH SKRVSKF
indicated phosphorylation of kinases, but also specified the residues in the
kinases that were phosphorylated. In the resting state, phosphorylation of
*6.1 . (S21/S9), HSP27 (S78/S82), and p70 S6 (T421/S424) was detected
(Fig. 5.9). Outstandingly, ZIP7 overexpression alone could markedly induce
SKRVSKRU\ODWLR@R/ERN &N p70 S6 (T421/S424) with increases
in signal intensity by >10,000 density units. Furthermore, ZIP7 overexpression
also mildly induced phosphorylation of HSP27 (S78/S82), CREB (S133), and
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ERK1 (T202/Y204) with increases in signal intensity by i GHQVLW\
units (Fig. 5.9 i5.12, Table 5.3).

&RQVLVWHQW ZLWK WKH SKRVSKRINLQDVH DUUD\
arrays revealed many kinases that were phosphorylated as a result of zinc
treatment. AKT (S473, S474, S472), AKT1 (S473), AKT2 (S474), CREB (S133),

(5. 7 < *6.1 . 6 6 +63 6 6 -1. 7 <
T221/Y223), and p70 S6 (T421/S424) were shown to have marked increases in
phosphorylation (>10,000 density units ZKHQ FRPSDUHG WR WKH 0&
without treatment or transfection (Fig. i 7 D 5B)HON the contrary,

ERK2 (T185/Y187), JNK2 (T183/Y185), MSK2 (S360), DQG S . 7 <

were shown to have mild increases in phosphorylation ( i GHQVLW\
unts ZKHQ FRPSDUHG WR WKH 0&)i FHOOV ZLWKRXW
(Fig. i 7 D BBHAmMong these kinases, all the kinases that were

markedly phosphorylated as aresultof =,3 RYHUH[SUHVVLRQ LQ WKH
cells again revealed marked increases (>10,000 density units) in
SKRVSKRU\ODWLRQ DV D UHVXOW Rl =,3 RYHUH[SUHV
except ERK1 (T202/Y204), which showed only a mild increase ( i

density units) (Fig. i 7D BB)H In addition, mild increases in
phosphorylation ( i GHQVLW)\ ofiX ERK® \(T185/Y187), JNK
(T183/Y185, T221/Y223) and JNK2 (T183/Y185) were also seen in the

=, 3 iRYHUH[SUHVVLQJ JLQFIWUHDWHG FHOOV ZKHQ FRF
JLQFiIWUHDWHG HHO O VD BISHCollectively, these data confirmed
substantial ZIP7 involvement in the phosphorylation of these kinases on the

particular sites.

$IJUHHLQJ ZLWK WKH SKRVSKRIiNho§yBtdid of GoBAVD W k

6 ZDV LQGXFHG VSHFLILFDOO\ E\ ZLOGIiW\SHBH¥,3 W
observed as a result of zinc treatment (Fig. i 7 D B.B)Hagain raising
the question of whether the transfection procedure confounded the experiment.

MRUHRYHU WKH SKRVSKRU\ODWLRQ RI WBHDMARK O VWL
and HSP27 (S78/S82), which resulted from zinc treatment or ZIP7
overexpression, was also confirmed (Fig. i 7D BQB)HCell stress

induced by the experiments therefore needed to be carefully considered.
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

Figure 5.9 Phospho- 0$3. DUUD\V LQ 0&)i VWLPXODWHG ZLWK -
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HSP27  JNK pan p70 S6 GSK-3pB

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQWGIWISAF=S30X/QG WU
sodium pyrithione for 10 minutes. Phosphorylation of selected PLWRJIJHQIDFWLYDWHG ¢
kinases 0$3.V ZDV GHWHUPLQHG XVLQJ WKH KXPDQ SKRVSKRIi0$3.
Systems). Signals for each kinase are presented as a pair of duplicate spots, with three pairs of
dark reference spots on the upper left, upper right, and lower left corners for alignment. The
kinases that show conspicuous changes in phosphorylation (>10,000 density units) in the
QRQIWUDQVIHFWHG JLQFIWUHDPWH®RUFMXH WUDPVIHFWHG QRQI
:7i=,3 ZKHQ FRPSDUHG WR WKH QRQIWUDQVIHFW HGG IQFROQN W G H PQ\
addition, the kinases that show increases in phosphorylation in thH WUDQVIHFWHG JLQFiW
FHOOV :74=Q@ ZKHQ FRPSDUHG WR WKH QRQIWUDQVIHFXHG JLQF
are also indicated.
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5. Exploration of downstream effectors of ZIP7-mediated zinc release

YLIXUH 'HQVLWRPHWULF DQDO\VLV RI SKRVSKRi0$3. DUUD\VzihdQ 0&)i VWLPXODWHG ZL\
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mMCF-7
90 B 3 OWT-ZIP7
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2 50 B B
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AKT | AKT1  AKT2 CREB | ERK1 | ERK2 |GSK-3| GSK-3 HSP27| JNK | JNK2 | MSK2 | p38a | p53 |p70 S6
alb b
pan | S473 | S474 | S133 | T202/ | T185/ | S21/ | S9 | S78/ | pan | T183/ S360 T180/ | S46 | T421/
Y204 | Y187 @S9 sS82 Y185 Y182 S424

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQGiW\BHK F~,SOXMEGR &/IUXHD \8 Hfar VIK IVMR@ad. Phosphorylation of selected
PLWRJHQiIDFWLYDWH GMARKR) 4t khie @sMue® indicdted below the names of the kinasHY ZDV GHWHUPLQHG XVLQJ WKH KXPDQ SKRYV
arrays (R&D Systems). Densitometric data are presented as mean of the duplicate dots for each kinase.
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5. Exploration of downstream effectors of zinc

Figure5.11 $ KHDW PDS RI SKRVSKRi0$3.V DFWLYDWHG E\
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MC)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQGIW\ERQF SOXMIG WUF

sodium pyrithione for 10 minutes. Phosphorylation of selected PLWRJHQIDFWLYDWHG
kinases (MAPKSs) at the residues indicated was determined using the human phosph Ri0$3.
antibody arrays (R&D Systems). The heat map was generated using a GENE-E matrix
visualization and analysis platform (The Board Institute). Densitometric values in relation to

other samples for each kinase are presented as a spectrum of colour where blue colour
represents the lowest value in the row and red colour represents the highest value in the row
according to the indicated scale, irrespective of the absolute signal intensities.
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5. Exploration of downstream effectors of zinc

Figure 5.12 MAPKSs activated by ZIP7 or zinc (increases by >10,000 units)
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0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQGIWIERAF=S30XQG WU
sodium pyrithione for 10 minutes. Phosphorylation of selected PLWRJHQIDFWLYDWHG ¢
kinases (MAPKSs) at the residues indicated below the names of the kinases was determined

XVLQJ WKH KXPDQ SKRVSKRi0$3. DQWLER @Vlerbgd dénsivies 6f the&e \VWHP V
duplicate spots for the kinases that show conspicuous increases in phosphorylation (>10,000
GHQVLW\ XQLWYV LQ WKH QRQiWUDQVIHFYN Gr (heQtRahgfddtskdD WHG F
QRQIWUHDWHG FHOOV :7i=,3 ZKHQ FRPSDUHG WWHWKHHQAWQI
0&)i DUH GHPRQVWUDWHG ,Q DGGLWLRQ WKH NL@&ishHv WKDW
WKH WUDQVIHFWHG JLQFiWWHDWHIKHQ OFRP SDIUHGB WR WKH QRQ
JLQFIWUHDWHG FH) &é&/also &gluded.

149



5. Exploration of downstream effectors of zinc

Table 5.3 MAPKs phosphorylated by ZIP7 overexpression or zinc

MAPKSs phosphorylated as a result of ZIP7 overexpression a

Marked increase:
(> 10,000 units)

Mild increase:

AKT (S473,5474,S472)
AKT1 (S473)

AKT2 (S474)

CREB (S133)

ERK2 (T185/Y187)

ERK1 (T202/Y204)
*6.i . 6 6
HSP27 (S78/S82)
p70 S6 (T421/S424)
JINK2 (T183/Y185)

! XQLW" jnk 053 (S46)
(T183/Y185,T221/Y223)
MAPKs phosphorylated as a result of zinc treatment b
Marked increase: AKT (S473,5474,S472) *6.0 . 6 6
(> 10,000 units) AKT1 (S473) HSP27 (S78/S82)
AKT2 (S474) JNK
(T183/Y185,T221/Y223)

Mild increase:
1 XQLW

CREB (S133)
ERK1 (T202/Y204)

ERK2 (T185/Y187)
INK2 (T183/Y185)

p70 S6 (T421/S424)

MSK2 (S360)
p38 . MAPK (T180/Y182)

0&)T

kinases 0$3.V

FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQWGIWIEAF=S30XWWQG WUl
sodium pyrithione for 10 minutes. Phosphorylation of selected PLWRJHQIDFWLYDWHG
ZDV GHWHUPLQHG XVLQJ WKH KXPDQ SKRVSKRIi0$3.

Systems). Average densities of the duplicate spots for the kinases were determined.

a 3S0DUNHG

LQFUHDVH’

DQG

SPLOG

LQFUHDVH’

DUH DUELWUDU

phosphorylatioQ LQ WKH WUDQVIHFWHG JLQFIWUHDWHG FHOOV ZKHQ F
JLQFIWUHDWHG FHOOV DFFRUGLQJ WR GHQVLWR KHWNLE DIV@IN OWKLD
VKRZ LQFUHDVHV LQ SKRVSKRU\ODWLRQ LQ WKHRWSHdI ®UWHHFWHG
QRQIWUDQVIHFWHG QRQIWUHDWHG FHOOV DUH DOVR LQFOXGHG

b S 0DUNHG LQFUHDVH" DQG 3:PLOG LQFUHDVH" DUH DUELWUDU
SKRVSKRU\ODWLRQ LQ WKH QRQiIWUDQVIHFWHG ]JLQFKWMUHDWH
QRQIWUDQVIHFW H @llsaecqringUdtbnaltongetrdc analysis as indicated.

The kinases that are in bold are phosphorylated by ZIP7 overexpression alone.

The kinases that are underlined are phosphorylated by zinc alone.

The kinases that are shown in regular formatting are phosphorylated by both zinc and ZIP7
overexpression.
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5. Exploration of downstream effectors of zinc

5.3.4 Western blotting verifies kinase activation by zinc or ZIP7

To confirm the phosphorylation of the potential kinases as a result of zinc
treatment or ZIP7 overexpression, Western blotting was performed. Given that
zinc treatment more effectively induced phosphorylation of the majority of the
kinases according to the antibody array results, the treatment was performed
first to verify the activation using Western blotting. The kinases that could be
confrmeG WR EH JLQFIDFWLYDWHG ZRXOG WKHQ EH
ZIP7 transfection. This initial investigation included only the kinases that were
shown to be apparently phosphorylated as a result of both ZIP7 overexpression

I XUWE

and zinc treatmentby e LWKHU WKH SKRVSKRINLQDVH DUUD\V RI

arrays. The kinases selected for this investigation consisted of CREB (S133),
p70 S6 (T421/S424), and WNK1 (T60). Given that the increase in STATS5
phosphorylation was shown to be significant following both zinc treatment and
ZIP7 overexpression regardless of the low amplitudes of the changes (Fig. 5.8),
this kinase was also investigated. Phosphorylation of AKT and *6.i  was
included as positive controls, because they have previously been confirmed to
be phosphorylated as a result of zinc treatment (An et al. 2005; Taylor et al.
2008b), with a link to ZIP7 (Taylor et al. 2008b) and ZIP6 (Hogstrand et al.
2013), respectively.

Using our pZIP7 antibody, Western blotting demonstrated a significant
increase in ZIP7 phosphorylation on residues S275 and S276 (Fig 5.13A).
Confirming the previous studies (An et al. 2005; Taylor et al. 2008b) and the
SKRVSKRINLQDVH DUUD\ UH%WX WG %67 PpLHAC) were
shown to be significantly phosphorylated on residues S473 and S9,

UHVSHFWLYHO\ DV D UHVXOW Rl JLQF WUHDWPHQW
CREB phosphorylation (Fig ' DQG D ilROG LQFUB®VH Lt

phosphorylation (Fig 5.13E) were also shown to be statistically significant,
supporting the findingV R1 WKH SKRVSKRINLQDVH DUUD\V
mild increase in STAT5 phosphorylation was detected without statistical
significance (Fig 5.13F). Noteworthy, no band was detected on the Western blot
of WNK1, possibly due to the relatively high molecular weight of WNK1
(250 kDa), which might have been lost during the transfer process when using

the current Western blotting conditions.
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5. Exploration of downstream effectors of zinc

Figure 5.13 Confirmation of zinc stimulation of kinase phosphorylation
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5HSUHVHQWDWLYH EORWYV D tells tveldtRdZvithRO W KKHQOR 5O XVVRGLXP
pyrithione for 10 minutes, harvested, lysed, and probed for pS275/S276 ZIP7 (A), pS473 AKT

% S6 *6.i & S6 &5(% ' S7 S6 (E), &nd pS726 STATS (F).
Densitometric data normalised to GAPDH are shown as mean % standard error (n = 3).
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cells (Con).
**pn <0.01, *** p<0.001

To determine the link of ZIP7 to the phosphorylation of these kinases,
HVWHUQ EORWWLQJ ZDV SHUIRUPHG LQ FHOOV WUI
Because the increase in STAT5 phosphorylation could not be confirmed,

STATS was not included in this experiment. Confirming the robustness of ZIP7
transfection, the pZIP7 levels were significantly increased (Fig 5.14A). Mild
increases in the levels of pAKT (Fig % DQG S*6.i 5.13C)were also
displayed and were also shown to be significant, proving the relationship of AKT
phosphorylation with ZIP7 (Taylor et al. 2008b) and introducing ZIP7 to the
SDWKZD\V LQYROYHG LQ *6.i SKRVSKRUY@GoD3tvan® Q LQ
et al. 2013). No change in phosphorylation was observed for CREB (Fig 5.14D).
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5. Exploration of downstream effectors of zinc

,Q FRQWUDVW D VLJQLILFDQW iIROG LQFUHDRM LQ
P70 S6 as a result of ZIP7 overexpression (Fig 5.14E), proving the ZIP7
dependency of the phosphorylation of P70 S6 and agreeing with the
SKRVSKRINLQDVH DQG SKRVSKRi0$3. bUuubD\ GDWD

Figure 5.14 Confirmation of ZIP7 stimulation of kinase phosphorylation
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hours, harvested, lysed, and probed for pS275/S276 ZIP7 (A), pS473 Akt (B), pS133 CREB (C),

S6 *6.1i ' and pT421/S424 p70 S6 (E). Densitometric data normalised to GAPDH are

shown as mean + standard error (n = 3). Statistical significance is compared between the
transfected cells (ZIP7)and WKH QRQiIWUDQVIHFWHG FHOOV &RQ

*p <0.05,**p<0.01
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5. Exploration of downstream effectors of zinc

5.4 Chapter summary

The antibody arrays demonstrated activation of various kinases, which
ZDV HLWKHU GHSHQGHQW RQ RU LQGHSHQGH®W RI =,
Compatible with a previous investigation (Taylor et al. 2008b), the
SKRVSKRi57. buUUD\V GHPRQVWUDWHG WA\URVLQH SKRYV
DQG ,*)i 5 bV D UHVXOW RI =,3 RYHUH[SUHVVLRQ RU
GLVFRYHU\ RI W\URVLQH SKRVSKRU\ODWLRMQ®EI YSIW i(Sk
(Fig. 5.4, Table5.1) )XUWKHUPRUH XVLQJ WKH SKRVSK
(Fig. i 7DEOH DQG WKH SKRVSKR{0$3.590913D\V )|
Table 5.3), multiple kinases were detected to be phosphorylated on specific
residues as a result of zinc treatment or ZIP7 overexpression. These kinases
LQFOXGHG $.7 Fi-XQ &5(% (5. *6.1 . +63 -1, -
MAPK, p70 S6, PRAS40, STAT2, STAT5a, STAT6, and WNK1. Using Western
blotting, the phosphorylation of CREB (S133) and p70 S6 (T421/S424) as a
result of both ZIP7 overexpression and zinc treatment was verified (Fig. 5.13
and 5.14). These data provided an insight into functional diversity of
=,3 iPHGLDWHG ]JLQF VLJIJQDOOLQJ WKURXJK DFWLYD

downstream signalling pathways.
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Chapter 6:

ZIP6 mechanisms in mitosis
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6. ZIP6 mechanisms in mitosis

6.1 Introduction
With the molecular link of ZIP6 to STAT3 and Snail, ZIP6 has been
shown to play an indispensable role in the HSLWKHOLDOiIPHVHQFK\PDC
(EMT) in physiological processes such as zebrafish gastrulation (Yamashita et
al. 2004). Recently, ZIP6 has also been associated with EMT during invasion
and metastasis of human malignant neoplasms, including breast cancer
(Hogstrand et al. 2013), pancreatic cancer (Unno et al. 2009), cervical cancer
(Zhao et al. 2007), and prostate cancer (Lue et al. 2011). Mechanistically,
ZIP6 imediated zinc influx into the cytosol results in inhibitory phosphorylation
of GSKI3E QXFOHDU DFFXPXODWLRQ RI 6Q bBadi@®rinGaRlZ Qi UHJ
rounding, and thereby EMT (Hogstrand et al. 2013) (Section 1.6.2). Importantly,
mitosis is another biological process that also requires cell rounding (Thery and
Bornens 2008). ZIP6 was therefore hypothesised to cause cell rounding not
only in EMT, but also in mitosis.

2XU JURXS KDYH GLVFRYHUHG WKDW =iy8tedthy SRVW

&. iIPHGLDWHG SKRVSKRU\ODWLRQ RQ (oL @tXaHV 6
2012). According to the screening for phosphorylation sites in all ZIP channels
(Section 3.3.5), multiple potential phosphorylation sites were also detected in
the cytosolic loop between TM3 and TM4 of ZIP6. Interestingly, CK2 was listed
as a potential kinase that phosphorylated ZIP6 on residue S478 (Sharma et al.
2014) with the highest prediction score according to different online
phosphorylation site databases (Section 3.3.5; Fig. 6.1). There were also two
other potential phosphorylation sites located in the same region, consisting of
residues S471 (Zhou et al. 2013) and T479 (Wu et al. 2010) (Fig. 6.1). Even
though CK2 was not ranked as the kinase most likely responsible for the
phosphorylation on residues S471 and T146 of ZIP6, the sequences of these
WZR UHVLGXHV DOVR PDWFKHG WKH FRQVHQVXV &. i
residue S475 was also predicted to be phosphorylated with a sequence
PDWFKLQJ WKH FRQVHQVXV PRWLIV RI PXOWLSOH NLQI
(Keshava Prasad et al. 2009; Horn et al. 2014), yet without mass spectrometry

GDWD VXSSRUW $GGLWLRQDOO\ *6.i dripale @ik SUHG
S471 (Fig. ,OQWHUHVWLQJO\ D 67%$7 i{ELQGLQJ PRWLI

UHVLGXHV i 6.1) Wwas) detected in the same region as these
potential phosphorylation sites.
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6. ZIP6 mechanisms in mitosis

Figure 6.1 Potential phosphorylation and STAT3-binding sites in ZIP6

- ifs [l zs[olils [z

This schematic demonstrates the amino acid sequence of human ZIP6 between residues 470
and 480, which is located in the intra cytosolic loop between TM3 and TM4. Potential
phosphorylation sites (S471, S475, S478, and T479) with their predicted kinases and a
SUHGLFWHG 67%$7 IELQGLQJ VLWH ZLWK VHTXH @reyH box)( &
indicated. The phosphorylation sites have been confirmed by mass spectrometry in mammalian
cells according to PhosphoNET (Kinexus Bioinformatics Corporation), PHOSIDA (Gnad et al.
2007), and PhosphoSitePlus databases (Hornbeck et al. 2012), except S475, which has been
suggested accordingto *6.i DQG &. FRQVHQ\(Keshav&Riakdd/et al. 2009).

The alignment of mammalian ZIP6 sequences demonstrated that both
the potential phosphorylation sites and the STAT3 ibinding motif were virtually
100% conserved across different species (Section 3.3.6; Fig. 6.2). The only
non iidentical residues were two residues in mouse ZIP6 equivalent to residues
E474 (in the YESQ motif) and T479, which were replaced with the
complementary residues aspartate (D) and serine (S), respectively, and a
residue in marmoset ZIP6 equivalent to residue S479, which were replaced with
alanine (A) (Fig. 6.2). This high degree of conservation implied the importance
of these sites in ZIP6 functional control (Fig. 6.2). Plausibly, ZIP6 function might
be regulated by phosphorylation on these sites, and STAT3 might interact with
ZIP6 not only at the transcriptional level (Yamashita et al. 2004; Hogstrand et al.
2013), but also post itranslationally. Noteworthy, a preliminary investigation in
our group observed an N iterminal proteolytic cleavage during early mitosis in
addition to the processing at the PEST site that had previously been reported

(Hogstrand et al. 2013). This second N iterminal cleavage might therefore also

SRVLW

participate in ZIP6 SRVWiWUDQVODWLRQDO FRQWURO LQ PLWR
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6. ZIP6 mechanisms in mitosis

Figure 6.2 Conservation of ZIP6 potential phosphorylation and
67$7 IELQGLQJ VLWHV LQ PDPPDOV

ZIP6 sequences from different mammals were aligned across the intracytosolic loop between

TM3 and TM4 equivalent to residues 465 to 484 of human ZIP6. Potential phosphorylation sites

(5471, S475, S478, and T479) are indicated in boxes with black solid borders, and a predicted

67%$7 IELQGLQJ VLWH VHTXHQFH <(64 SRVLWLRg®RY box withalLV LQG
black dashed border. The phosphorylation sites have been confirmed by mass spectrometry in
mammalian cells according to PhosphoNET (Kinexus Bioinformatics Corporation), PHOSIDA

(Gnad et al. 2007), and PhosphoSitePlus (Hornbeck et al. 2012) databases, except S475, which

has been suggested accordingto *6. i DQG &. FRQVHOQMWKeghav&® Rvdshy et al.

2009). Residues with at least 70% identity are shown in black bold letters, whereas residues

with less than 70% identity are shown in grey regular letters.

This chapter aimed to decipher mechanisms of ZIP6 in mitosis. ZIP6 was
firstly investigated for its interaction with pS727 STAT3, pStathmin and ZIP10
during mitosis. Furthermore, the protease antibody arrays were utilised to
explore the proteases that were activated during mitosis, which might explain
the extra cleavage that had been observed in the preliminary experiment.
Additionally, phosphorylation on the potential phosphorylation sites in ZIP6 with

the binding of their relevant kinases during mitosis was investigated.
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6. ZIP6 mechanisms in mitosis

6.2 Materials and methods

Site idirected mutagenesis was performed by the Mutagenex Inc in a
wild itype ZIP6 construct that was contained in a pF'1$ 9 i+LVi7232
plasmid vector to create ZIP6 mutants S471A, Y473A, S475A, S478A, and
T479A, which were confirmed using DNA sequencing (Fig. 6.3). PCR was
performed following bacterial transformation with the plasmid constructs to
verify the presence and the orientation of the DNA insert (Fig. 6.4A). After
plasmid preparation, agarose gel electrophoresis was performed to confirm the
purity of the product (Fig. 6.4B), and UV spectrophotometry was performed to

demonstrate the purity and concentrations of the plasmid DNA (Table 6.1).

Please refer to chapter 2 for the methods of transfection and treatments
(Section 2.1), bacterial transformation and plasmid preparation (Section 2.2),
immunofluorescence (Section 2.3), immunoprecipitation with Western blotting
(Section 2.4), flow cytometry (Section 2.5), zinc assays (Section 2.6), and
proximity ligation assays (Section 2.7). Additionally, the antibody arrays used

were the human protease arrays (R&D Systems, ARY021B) (Section 2.9).

A schematic of the epitopes of different ZIP6 and ZIP10 antibodies used
in chapters 6 and 7 is shown in Fig.6.5. ZIP6 M, ZIP6Y, and ZIP10R
antibodies bind to the N iterminus, whereas ZIP6 (i 6DQWD &UX]
%LRWHFKQRORJ\ 6&i DQG =,3 $EFDP DEWKH DQ\

cytosolic loop between TM3 and TM4 of the corresponding ZIP channels.

Table 6.1 Concentrations and OD260/280 ratios of ZIP6 plasmids

Plasmid Concentration  r5606/980 Ratio
(Mg/uL)
ZIP6 WT 411 1.048
ZIP6 SA71A 1.21 1.833
ZIP6 Y473A 3.29 1.982
ZIP6 S475A 0.99 1.904
ZIP6 SA78A 0.62 1.938
ZIP6 T479A 1.02 1.925
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6. ZIP6 mechanisms in mitosis

Figure 6.3 DNA sequencing of ZIP6 mutant constructs

This schematic shows the DNA sequences of ZIP6 mutants that were created by the

Mutagenex Inc using VLWHIGLUHFWHG PXWDJHQHVLYVY FRQVLVWLQJ RI 6
and T479A. The sequences reveal that the individual serine (codon TCA, TCC, or TCT),

threonine (codon ACA), and tyrosine (codon TAT) residues at the potential phosphorylation and

67%$7 IELQGLQJ VLWHYVY ZHUH FRUUHFWO\ VXEVW,o0WGCWHG IRU DODQ
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6. ZIP6 mechanisms in mitosis

Figure 6.4 Preparation of ZIP6 plasmids

A. JM109 E. coli competent cells were transformed with pcDNA3.1/V5-His-TOPO
FRQWDLQLQJ '"1$V RI ZLOGiW\SH =,3 DQG D =,3 < $ PXWDQC
inserts and their orientation in plasmid vector were verified by PCR using a specific
ZIP6 forward primer and a BGH reverse primer. The PCR products were separated by
1% agarose gel electrophoresis. The result reveals a band of about 1100 bp (expected
size = 1170 bp), approximately the same size as the positive control. A clone of each
construct was selected for plasmid preparation.

B. 7KH SODVPLGV RI ZLOGiW\SH =,3 DQG =,3 PXWDQWW&E $ 6
T479A) were prepared using the EndoFree Plasmid Maxi Kit (Qiagen). The plasmid
DNAs were analysed with 1% agarose gel electrophoresis, which shows a strong band
of between 5000-7000 bp (expected size = 6283 bp).
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6. ZIP6 mechanisms in mitosis

Figure 6.5 Locations of ZIP6 and ZIP10 antibody epitopes

This schematic demonstrates the predicted structure of ZIP6 or ZIP10, according to a
computational analysis of their sequences (Taylor and Nicholson 2003). ZIP6 M/Y and ZIP10 R
antibodies, which were generated by the Biogenes GmbH Company, bind to the extracytosolic
1iIWHUPI0Q XIR6 and ZIP10, respectively. On the contrary, ZIP6 (i 6DQWD &UX]
%LRWHFKQRORJ\ 6&i DQG =,3 $EFDP DE  cytoBotVbE RGLHYV
between TM3 and TM4 of ZIP6 and ZIP10, respectively.

6.3 Results and discussion

6.3.1 ZIP6 mutants are robustly transfected

To verify the purified plasmids of ZIP6 constructs, consisting of wild itype
ZIP6 and ZIP6 mutants (S471A, Y473A S475A, S478A, and T479A), MCF i7
cells were transfected with these constructs for 16 hours. The transfection was
performed in the presence of butyrate, which activates the CMV promoter (Choi
et al. 2005) and thereby enhances expression of the ZIP6 recombinant protein.
Immunofluorescence was performed using a V5 antibody to detect the
recombinant protein, which all had a C iterminal V5 tag. Approximately 50

transfected cells were seen on each coverslip (Fig. 6.6A). This notably low
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6. ZIP6 mechanisms in mitosis

expression of the recombinant ZIP6 protein has been constantly observed and
attributed to the presence of a PEST site in the N iterminus and numerous pairs
of consecutive arginine or lysine throughout the ZIP6 sequence, which
predispose ZIP6 to proteolytic degradation (Taylor et al. 2003). Additionally, the
V5 ipositive cells demonstrated an ERilike staining pattern (Fig. 6.6B),
highlighting the pro iprotein form of ZIP6 in the ER, which is much more
commonly detected than the rare plasma PHPEUD QH i O R F Hagdtand , 3
et al. 2013). The similarity between the staining pattern of the wild itype and the
mutant constructs of ZIP6 suggested that there was no change in ZIP6

processing caused by the mutations.

6.3.2 ZIP6 is increased and mediates zinc influx in mitosis
ZIP6 pro iprotein in the ER was shown to be N iterminally cleaved before
its relocation to the plasma membrane (Hogstrand et al. 2013). According to this
previous study, this cleavage was concluded from different cellular localisation
of ZIP6 detected using immunofluorescence and appearance of different bands
on a Western blot when using different ZIP6 antibodies, consisting of ZIP6 M,
ZIP6 Y, and ZIP6 E i20 antibodies. The in ihouse made ZIP6 M and ZIP6 Y
antibodies target the N iterminus of ZIP6 at residues 93 107 and residues 238 +
254, respectively, whereas the commercially available ZIP6 E i20 antibody
targets the cytosolic loop between TM3 and TM4 of ZIP6 at residues 500 1550
(Table 2.1, Fig. 6.5). Using immunofluorescence, the ZIP6 M antibody stained
RQO\ WKH (5iORFDWHG =,3 SURIiSURW&htiQdy AlKoHUH DV
GHWHFWHG WKH SODVPD PHP MHIGEHRI GR BID R0H3} =, 3
suggesting the cleavage between the epitopes of these two N iterminal
antibodies. The cleavage was confirmed by a Western blot showing ZIP6 bands
at 103 N'D IXOOIiOHQJWK =,3 GHWHFWHG E\ kDD WKH
1 i&kminally cleaved ZIP6, detected by the ZIP6Y and the ZIP6 (i
antibodies), and 35 N'D DQ 1iWHUPLQDO IUDJPHQW SURGXF!
detected only by the ZIP6 M antibody).
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6. ZIP6 mechanisms in mitosis

Figure 6.6 A robust transfection of ZIP6 mutants

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGIiIW\SH $,36 DG =,3
S478A, and T479A) in the presence of butyrate for 16 hours. Immunofluorescence was

performed using a rabbit V5 antibody, which was conjugated to Alexa Fluor 488 (green), with

DAPI nuclear staining. Representative microscopic views captured with a 63x magnification lens

(A) show one or two transfected cells per high power field, with a total of approximately 50

9 iISRVLWLYH FHOOV b@h DeFRIYHUWVOEBSNVNBYH D QG uetx \WIeserWiewskR Q VWU
RI WKH WUDQVIHFWHG FHOOV % UHYHDO DQ YWKEBLNGD¥WDY 8 LIRS
ZIP6 (Hogstrand et al. 2013).

Scale bar,25 P

164



6. ZIP6 mechanisms in mitosis

To observe protein expression of ZIP6 in mitotic cells,
immunofluorescence using the ZIP6 Y antibody was performed in MCF i7 cells
treated with nocodazole for 20 hours. Noteworthy, nocodazole stabilises
microtubule, inhibits microtubule polymerisation, and causes cell cycle arrest in
early mitosis, thereby enriching the mitotic cell population (Vasquez et al. 1997;
Rosner et al. 2013). A representative microscopic view demonstrated three
mitotic cells, which were in prophase as judged by DAPI (blue, indicated by
white arrows) (Fig. 6.7). ZIP6 was seen to be increased in these cells when
compared to the adjacent non imitotic cells in the same field (Fig. 6.7),

suggesting that ZIP6 protein expression is enhanced during mitosis.

Figure 6.7 Increased ZIP6 protein expression in mitotic cells

0&)i FHOOV ZHW withW.QDHhBX Wddodazole for 20 hours. Immunofluorescence was
performed using the ZIP6 Y antibody, which was conjugated to Alexa Fluor 594 (red), with DAPI
nuclear staining. Mitotic cells are indicated by white arrows. A representative microscopic view
captured with a 63x magnification lens is shown.

Scale bar,25 P
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6. ZIP6 mechanisms in mitosis

Noteworthy, no classic plasma membrane staining pattern was observed
in mitotic cells (Fig. 6.7). Given that the ZIP6Y antibody stains both the
processed ZIP6 on the plasma membrane and the ZIP6 pro iprotein in the ER
(Hogstrand et al. 2013), this unexpected staining pattern might be due to the
abundance of the newly iproduced ZIP6 pro iprotein in the ER, which obscured
the staining of the plasma membrane ilocated ZIP6. Moreover, a conventional
epifluorescence microscope, which was employed in this experiment, was not
capable of eliminating out iof ifocus fluorescence signals from the planes above
and below the focal planes. A confocal microscope might therefore be required

for the detection of the plasma membrane staining pattern of the ZIP6 protein.

To investigate ZIP6 processing in mitosis using Western blotting,
different protein bands were firstly demonstrated and compared to the ZIP6
bands that have been reported in the previous study on ZIP6 processing
(Hogstrand et al. 2013). MCF i7 cells were transfected with wild itype ZIP6 for
16 hours, and Western blotting was performed using a V5 antibody. Given that
ZIP6 is enriched in the loose O\i D W W mitetickt@ls (Fig. 6.7), non iadherent
cells in the medium were also collected and pooled together with adherent cells
at the cell harvest. Unless otherwise specified, pooled samples were used in all
the experiments for ZIP6 except immunofluorescence. Noteworthy, the
pF'1l$ 9 i+LVi7232 SODVPLG YHFWR typk QIPE BNAWasVKH ZL
inserted contains a C iterminal V5 iHis tag, which is 5 kDa in size (Elomaa et al.
2001). The size of a recombinant ZIP6 band was therefore estimated to be
5 kDa larger than the corresponding band of endogenous ZIP6. Four bands of
the ZIP6iV5 protein were present on the Western blot: 108 kDa, 73 kDa,
48 kDa, and 42 kDa (Fig. 6.8A). The 108 kDa and 73 kDa bands were
consistent with the 103 kDa and 68 kDa bands of the endogenous ZIP6, which
represent the whole ZIP6 and the N iterminally cleaved ZIP6, respectively
(Fig. 6.8B). In the previous study (Hogstrand et al. 2013), two bands of the
endogenous ZIP6 corresponding to the 48 kDa and 42 kDa bands of the
recombinant ZIP6 were also present on a Western blot when using the

ZIP6 E i20 antibody and were considered non ispecific.
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6. ZIP6 mechanisms in mitosis

Figure 6.8 Protein bands of ZIP6

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,BourkQ WKH

«
-

,PPXQREORWWLQJ ZDV SHUIRUPHG LQ SRROHG VDPSOHWRDWKH I

using a V5 antibody. Protein bands of the recombinant ZIP6 are present at 108 kDa, 73 kDa,
48 kDa, and 42 kDa (A). Compared to the schematic of ZIP6 processing (B) according to a
previous study in our group (Hogstrand et al. 2013), the 108 kDa and 73 kDa bands of the
recombinant ZIP6 correspond to the whole ZIP6 (103 kDa) and the processed/activated ZIP6
(68 kDa), respectively.

To confirm the increase in endogenous ZIP6 during mitosis, Western
blotting using the ZIP6 E i20 antibody was performed in MCF i7 cells that had
been treated with nododazole for 20 hours. In contrast to the previous study that
showed multiple bands when using the ZIP6 E i20 antibody (Hogstrand et al.
2013), only a clean band at 68 kDa was detected on the blot (Fig. 6.9),
suggesting predominance of the processed ZIP6 protein in these samples.

Importantly, density of the band at 68 kDa was much increased in the

QRFRGD]ROHIiWUHDWHG FHOOV ZKHQ FRPSDBYHG

Densitometric data normalised to GAPDH demonstrated that the increase was
2 iIIROG DQG VWDWLVWL BDB)OTbase/dathQdvehlEdaEMhifigdnd

increase in the processed ZIP6 during mitosis.
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6. ZIP6 mechanisms in mitosis

Figure 6.9 Increased ZIP6 bandat68 N'D LQ QRFRGD]J]ROHIWUHDWHG

0&)i FHOOV ZHUH WO ik\DridcHdazad fav RO hours. Immunoblotting was performed

using the ZIP6 (i DQWLERG\ 3URWHLQ ED QG WDRand GAPHH at BrWDa

are demonstrated as a representative result of 3 independent experiments. Densitometric data
normalised to GAPDH are demonstrated in a bar graph as mean * standard error (n = 3).

6WDWLVWLFDO VLJQLILFDQFH LV FRPSDUHG FHIDWXHBQGWWHKHQRR

without treatment.
** p <0.01.

In order to confirm this Western blotting result, FACS analysis was
performedinM&)i FHOOV WKDW KDG EHHQ WUHDWHG
using ZIP6 E i20 and pS10 histone H3 antibodies. Noteworthy, histone H3 is
N iterminally phosphorylated on residue S10 in early prophase (Sauve et al.
1999). This phosphorylation is maximally increased in metaphase, and
decreased to the basal non imitotic levels in telophase (Sauve et al. 1999).
Therefore, pS10 histone H3 was used as a mitotic marker in this experiment.
The cells in each sample were gated and divided into two groups: the
pS10 histone H3 inegative (non imitotic) cells and the pS10 histone H3 ipositive
(mitotic) cells. The fluorescence intensity of ZIP6 was separately determined in

each group. The overlay histogram demonstrated a shift of the ZIP6 logarithmic
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6. ZIP6 mechanisms in mitosis

fluorescence intensity curve in the mitotic cells to the right, when compared to
the non imitotic cells (Fig. 6.10). The calculation of the mean fluorescence for
each group demonstrated a significant 2 ifold increase in ZIP6 intensity in the
mitotic cells, compared to the non imitotic cells in the same samples (Fig. 6.10).
These data established the increased protein expression of ZIP6 during mitosis.

Figure 6.10 Increased ZIP6 levels in mitotic cells detected by FACS

0&)i FHOOV ZHUWthVEQDHND WoebGazole for 20 hours, and pooled samples of the
DGKHUHQW DQG WKH QRQIDGKHUHQW FHOOV(iZHDK GL FPRRXXQY/RIV W L
pS10 Histone H3 antibodies, which were conjugated to Alexa Fluor 647 and 488, respectively.

FACS analysis was performed. The cells were gated and divided into 2 groups: the cells that

were positive for pS10 Histone H3 (mitotic cells) and the cells that were negative for

pS10 Histone + QRQIiIPLWRWDakR #&é¢l €h@Wwh in an overlay histogram. The mean
IOXRUHVFHQFH L QW HJYdf e&h pRdulatiod is(dresented in a bar graph as mean +

standard error (n=3). Statistical significance is compared between the mitotic and the
QRQIPLWRWLF FHOOV

**p <0.01.
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6. ZIP6 mechanisms in mitosis

To associate the increased ZIP6 in mitosis with its zinc iimporting
function, FACS analysis was performed in live MCF i7 cells that had been
treated with nocodazole for 20 hours, and loaded with zinc isensitive
fluorescent dye Fluozin i3. The curve of the logarithmic fluorescent intensity of
Fluozin i3 in the nocodazole itreated cells was shifted to the right when
compared to the control (Fig. 6.11). The analysis of the mean fluorescent
intensity revealed a 15.8% increase in zinc levels in the nocodazole itreated
cells compared to the control, which was shown to be statistically significant
(Fig. 6.11). The discrepancy between the 100% increase in ZIP6 levels
(Fig. 6.10) and the only 15.8% increase in zinc levels might be because the
whole cell population in the samples, both mitotic and non imitotic, was
measured in the Fluozin i3 assay (Fig. 6.11), whereas the mitotic cells were
specifically examined in the ZIP6 measurement (Fig. 6.10).

J)LIXUH ,QFUHDVHG )OXR]LQi IOXRUHVFHQFH LQ QR

0&)i FHOOV ZHUH WQDHND WoebBazdle Wark20 hours, and pooled samples of the
DGKHUHQW DQG WKH QRQIDGKHUHQW FHOOV ZHUHVDWRDADHG ZL1
performed. Data are shown in an overlay histogram. The mean fluorescence intensity of
JOXR]ILQi IRU HDFK SRSXODWLRQ LV SUHVHQWHGedd) (M=F.DU JUD:
6WDWLVWLFDO VLIQLILFDQFH LV FRPSDUHEBHPEOWZHRER WIQKH Q\WRHER E
without treatment (Con).

*p < 0.05.
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6. ZIP6 mechanisms in mitosis

To measure zinc levels precisely in the mitotic cells and contrast them to
the non imitotic cell population, a mitotic shake ioff was performed (Izawa and
Pines 2015) (Section 2.3). This technique allows a separate collection of the
non iadherent or floating cells, which are predominantly mitotic, and the
adherent cells, which are predominantly non imitotic, from the same cell
population, exploiting the loose adherence property of the mitotic cells. The
abundance of mitotic cells in the non iadherent cell population was determined
by cell cycle analysis using propidium iodide nuclear staining and FACS. The
histogram of the adherent cells showed a high 2n peak (the left peak), which
represented the cells in the GO/G1 phase, and a shorter 4n peak (the right
peak), which represented the cells in the G2/M phase (Fig. 6.12A). In contrast,
the non iadherent cells demonstrated a low 2n peak and a much taller 4n peak
(Fig. 6.12A), suggesting predominance of the G2/M cell population. The
analysis using the Watson Pragmatic algorithm showed that 90% of the
non iadherent cells were in the G2/M phase, whereas only 48% of the adherent
cells were in the G2/M phase (Fig. 6.12A). The difference in the percentages of
the G2/M population was statistically significant (Fig. 6.12A).

To confirm that the majority of the non iadherent cells were mitotic, the
adherent and the non iadherent cells were separately collected and stained with
Hoechst 33342, a nucleic acid stain. The histogram of the adherent cells
showed a prominent 2n peak with no identifiable 4n peak, whereas the
histogram of the non iadherent cells showed a small 2n peak with a prominent
4n peak (Fig. 6.12B). The pattern of the histograms did not fit an algorithm for
cell cycle analysis, and percentages of the G2/M cells could therefore not be
determined. To compare the G2/M population between the adherent and
non iadherent cells, the cells were gated and determined for percentages of the
cells with high DNA content, which were in the area equivalent to the 4n peak of
the non iadherent cells (Fig. 6.12B). It was assumed that the high DNA content
group were equivalent to the cells in the G2/M phase and the low DNA content
group were equivalent to the cells in the GO/G1 phase. The result revealed that
79% of the non iadherent cells had high DNA content, compared to 19% of the
adherent cells with high DNA content (Fig. 6.12B). These findings suggested
that the non iadherent cells were predominantly in the G2/M phase, whereas

the adherent cells were predominantly in the GO, G1 or S phases.
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6. ZIP6 mechanisms in mitosis

J)LIXUH ,QFUHDVHG * 0 SRSXODWLRQ LQ QRQIDGKH!

A.

0&)i FHOOV ZHUH WQ0HN woebGazdle YWrk20 hours. Adherent (Adh) and
QRQIDGKHUHQW 1$GK FHOOV ZHUH VHSDUDWHO\ FROOHF)
technique. The nuclei were stained with propidium iodide, and cell cycle analysis was

performed using FACS. Data are shown in an overlay histogram. The calculated G2/M

population (%) is demonstrated in a bar graph as mean * standard error (n = 3).
6WDWLVWLFDO VLIJQLILFDQFH LV FRPSDUHG EHWZHMQ WKH D
*** p < 0.001.

0&)i FHOOV ZHUH WQ00IHND WoebGazdle ¥rk20 hours. Adherent (Adh) and
QRQIDGKHUHQW 1$GK FHOOV ZHUH VHSDUDWHO\ FROOHF'
technique. The nuclei were stained with Hoechst 33342, a nucleic acid stain. FACS

analysis was performed. Data are shown in an overlay histogram. The cells were gated

and divided into a high DNA content group and a low DNA content group. The

percentage of the cells with high DNA content, which are assumed to be equivalent to

the G2/M population, is demonstrated in a bar graph as mean + standard error (n = 3).
6WDWLVWLFDO VLIJQLILFDQFH LV FRPSDUHG EHWZHMQ WKH D
*** n < 0.001.
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6. ZIP6 mechanisms in mitosis

To compare zinc levels between QRQIDGKHUHQW FHOOV DQG D
the cells were separately collected and loaded wLWK )OXR]LQi 7KH RY
KLVWRJUDP UHYHDOHG WKDW WKH )OXR]LQiIi ORJDULW
of the adherent cells was dramatically shifted to the right (Fig. 6.13), suggesting
DQ LQFUHDVH LQ JLQF OHYHOV LQ WKH @R&iheeKHUH
PHDQ IOXRUHVFHQFH LQWHQVLW\ UHYHDOHG D iTRO
cells compared to the adherent cells, which was shown to be statistically
significant (Fig. 6.13). These data confirmed the significant increase of zinc
levels in mitosis.

JLIXUH ,QFUHDVHG )OXR]LQi IOXRUHVFHQFH LQ QR

0&)i FHOOV ZHUH W106mWrtdcddaZdleNfir 20 hours. Adherent (Adh) and
QRQIDGKHUHQW 1$GK FHOOV ZHUH VHSDUDWHONHFKOQQARWHGKX
FHOOV ZHUH ORDGHG ZLWK )OXR]LQIi )%até akeQioen v iavoZkddy SHUIR LU
histogram. The mean fluorescence intensity is demonstrated in a bar graph as mean + standard
error(n=3). 6WDWLVWLFDO VLIJQLILFDQFH LV FRPSDUHG EHWZXZHHQ Wk
cells.

*** p < 0.001.
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6. ZIP6 mechanisms in mitosis

To confirm the Fluozin i3 assay analysed by FACS and to determine the
increase in zinc levels in different stages of mitosis, fluorescence microscopy
was performed in cells loaded with Fluozin i3. Imaging demonstrated an
increase in Fluozini3 levels in mitotic cells compared to the adjacent
non imitotic cells in the same field (Fig. 6.14). The stages of mitosis were
judged by morphology of the DAPI istained nuclei. The corrected total cell
fluorescence was individually calculated in the cells in each mitotic stage.
Compared to the non imitotic (interphase) cells, the zinc levels were
significantly increased 5.1 ifold, 3.9 ifold, and 6.0 ifold in prophase, metaphase,

and anaphase, respectively (Fig. 6.14).

J)LIXUH ,QFUHDVHG )OXR]LQi IOXRUHVFHQFH LQ GL

0&)i FHOOV ZHUH W00 hMDAOddBzad oY BO hours, 0a GHG ZLWK )OXR]LQ

and fixed in 4% formaldehyde. The nuclei were stained with DAPI. A representative microscopic
view captured with 63x magnification lens is shown. Mitotic cells are indicated by white arrows,
DQG QRQIPLWRWLF FHOY ¥llawstarsL QifeteirtDdslIHogcleEstages, including
interphase (Inter), prophase (Pro), metaphase (Meta) and anaphase (Ana), were judged
according to nuclear morphology. The corrected total cell fluorescence calculated from multiple
images using ImageJ software (Schneider et al. 2012) is shown in a bar graph as mean *

JUl

VWDQGDUG HUURU 6WDWLVWLFDO VLIJQLILFDQFH LWVOFVRPSDUHG W

Scale bar,25 P p<0.05, *p<0.01.
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Interestingly, the increases were still detected in this fluorescence
microscopy experiment (Fig. 6.14), regardless of the fact that the cells were
fixed in 4% formaldehyde, which might theoretically diminish the signals due to
the potential chemically iinduced crosslinking of the fluorescent dye.
Noteworthy, telophase was excluded from the analysis due to the difficulty in
distinguishing between telophase cells and interphase cells. Collectively, these
data demonstrated that zinc levels were significantly increased throughout the
mitotic process, compatible with the significant increase in protein expression of
ZIP6 during mitosis.

6.3.3 pS727 STAT3 binds to ZIP6 on Y473 and to pStathmin in mitosis

Zinc has been reported to bind to STAT3 and inhibit the transcriptional
activity of STAT3 by reducing its tyrosine iphosphorylated form, pY705 STAT3
(Kitabayashi et al. 2010). A preliminary work in our group using Western blotting
demonstrated that zinc not only reduced the tyrosine iphosphorylated
transcriptionally iactive form of STAT3, but also enhanced serine
phosphorylation of STAT3 on residue S727 (Nimmanon T et al., manuscript in
preparation), consistent with a previous report of an inverse relationship
between pY705 STAT3 and pS727 STAT3 (Decker and Kovarik 2000). Our
findings of enhanced ZIP6 imediated zinc influx during mitosis therefore
additionally explained the predominance of pS727 STAT3 in mitotic cells, which
was also observed in all stages of mitosis in both normal and cancer cells
(Nimmanon T et al., manuscript in preparation). Noteworthy, cyclin idependent
kinase 1 iinduced pS727 STAT3 is required for maintenance of the M phase in
nocodazole itreated cells (Shi et al. 2006). However, the mechanism of
pS727 STAT3 in mitosis is still unknown.

To decipher any post itranslational relationship of STAT3, specifically
pS727 STAT3, with ZIP6, immunoprecipitation was performed using a V5
antibody in cells transfected with wild itype ZIP6. Normal rabbit IgG
immunoprecipitation was used as a negative control. To ensure the presence of
loosely iattached mitotic cells in the samples, non iadherent cells were also
collected and pooled together with adherent cells. Western blotting using V5
and pS727 STAT3 antibodies in the V5 iimmunoprecipitated samples
demonstrated 108 kDa and 73 kDa bands of the recombinant ZIP6 and a
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88 kDa band of pS727 STAT3 (Fig. 6.15), confirming the robustness of the
immunoprecipitation and the binding of pS727 STATS3 to the recombinant ZIP6,
respectively. The binding was validated by the absence of either a ZIP6 or a
pS727 STAT3 band in the IgG control (Fig. 6.15). Noteworthy, a strong band at
50 kDa, which appeared on the blot when probed for either V5 or
pS727 STAT3, was consistent with the immunoglobulin heavy chain.

Figure 6.15 pS727 STAT3 binding to ZIP6

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGIiIW\SH =,3KRXUJWKH ¢
3RROHG VDPSOHV Rl WKH DGKHUHQW DQG WKH QRQIDGKHUHQW F
antibody and rabbit IgG (control). Immunoblotting was performed using V5 and pS727 STAT3

antibodies. Protein bands of recombinant ZIP6 at 108 kDa and pS727 STAT3 at 88 kDa are

shown. The images of both the samples were taken from the same blot.
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To confirm the binding of ZIP6 to pS727 STAT3 and to demonstrate
whether the binding was specifically in mitotic cells, an in situ proximity ligation
assay (PLA) was performed in nocodazole itreated cells using ZIP6 E i20 and
pS727 STAT3 antibodies. Noteworthy, using this PLA technique, a
SURWHLQISURWHLQ SK\VLFDO LQWHUDFWLRQ FDQ EH
when 2 target molecules are localised in close proximity of up to 40 nm
(Gullberg and Andersson 2010). A representative image and signal
quantification demonstrated an average of 23 red fluorescent dots/cell in the
mitotic cells, with only an average of one dot per cell in the non imitotic cells
(Fig. 6.16), signifying the binding between the two proteins predominantly in
mitosis. The chance of false positive signals was eliminated by the presence of
only a few PLA signals in the controls when using only the ZIP6 antibody or the
pS727 STAT3 antibody (Fig. 6.16).

To interrogate a specific site in ZIP6 to which pS727 STAT3 bound,
MCF i7 cells were transfected with ZIP6 constructs, consisting of wild itype
ZIP6 and ZIP6 mutants (S478A, T479A, S471A, S475A, and Y473A). Because
residues S478 and T479 of ZIP6 were located distant to the YESQ
STATS3 ibinding motif, the S478A and T479A mutants were used as negative
controls. Immunoprecipitation was performed using a V5 antibody. Probing for
V5 demonstrated a 73 kDa band of the recombinant ZIP6 with a strong band of
the immunoglobulin heavy chain at 50 kDa in all the samples (Fig. 6.17),
proving that the immunoprecipitation was robust. However, the 73 kDa band
was severely interfered by the immunoglobulin heavy chain band in the cells
transfected with ZIP6 T479A, limiting the interpretation of the binding in this
sample (Fig. 6.17). Probing for pS727 STAT3 showed a clean band of
pS727 STAT3 at 88 kDa in the cells transfected with ZIP6 S478A with the signal
intensity comparable to wild itype ZIP6 as expected (Fig. 6.17). An insignificant
decrease in the pS727 STAT3 levels were observed for the T479A mutant, a
negative control, which could be attributed to the interference of the
immunoglobulin heavy chain band in one replicate (Fig. 6.17). Furthermore, the
pS727 STAT3 levels were decreased in the cells transfected with ZIP6 S471A,
the mutation of which affected a serine residue near the YESQ motif, but with
no statistical significance (Fig. 6.17). On the contrary, the pS727 STAT3 levels
were significantly reduced by 85% in the cells transfected with either
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ZIP6 S475A or Y473A when compared to wild itype ZIP6 (Fig. 6.17). These
data demonstrated the binding of pS727 STAT3 to ZIP6 on the predicted
STAT3 ibinding motif. This binding might serve as a means whereby ZIP6 was
functionally controlled during mitosis. Noteworthy, the decrease in the
pS727 STAT3 binding to ZIP6 S475A could also suggest that residue S475
might need to be phosphorylated prior to the binding

Using an immunofluorescence technique, an investigation in our group
initially observed an increase in pStathmin protein expression throughout the
mitotic stages (Nimmanon T et al., manuscript in preparation). To determine the
binding of pS727 STAT3 to pStathmin, PLA was performed in
nocodazole itreated cells using pS727 STAT3 and pStathmin antibodies,
revealing that the mitotic cells contained significantly higher PLA signals than
the non imitotic cells (Fig. 6.18). The signal quantitation confirmed the
significant increase, showing 140 signals/cell in the mitotic cells, but only 10
signals/cell in the non imitotic cells (Fig. 6.18). The negative controls using
either of the antibodies revealed a considerably lower number of PLA signals,
validating that the signals in the sample using both of the antibodies were
produced by the binding between the two proteins (Fig. 6.18). These data
proposed a novel role of pS727 STAT3 through its binding to pStathmin in
facilitating the process of microtubule reorganisation (Rubin and Atweh 2004).
Noteworthy, the relatively high PLA signals in this experiment when compared
to the PLA using the ZIP6 and pS727 STAT3 antibodies could be due to the
higher protein expression and the higher approachability to pS727 STAT3 of
pStathmin than ZIP6. Alternatively, this might be due to the higher compatibility
with the PLA technique of the pStathmin antibody than the ZIP6 antibody.
Additionally, given that both the STAT3 ibinding site and the epitope of the
ZIP6 E i20 antibody are located in the same cytosolic loop, the binding of
pS727 STAT3 to ZIP6 might partially interfere with the binding of the ZIP6 E i20

antibody to its epitope, and as a result, the PLA signals were decreased.
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Figure 6.16 pS727 STAT3 binding to ZIP6 in mitotic cells

0&)i FHOOV RQ {iZHOO FKDPEHU VODGhoZddaréle WrllBl bowsd & ZL WK
proximity ligation assay using ZIP6 (i DQG SG6STAT3 antibodies was performed and

compared to controls using either of the antibodies. Mitotic cells are indicated by white arrows.
AXDQWLWDWLYH PHDVXUHPHQWY LQ DW OHDVW LPDFV RI \
independent experiments are demonstrated as mean * standard error. Statistical significance is
FRPSDUHG EHWZHHQ WKH VLJQDOV LQ WKH PLWRWLF DQG WKH QR
*** n < 0.001. Scale bar,25 P
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Figure 6.17 pS727 STAT3 binding to ZIP6 on the predicted binding site

A. This schematic demonstrates the amino acid sequence of ZIP6 between residues 470
DQG ZLWK D SUHGLFWHG 67%7 iELQGLQJ VLWH VHTXHQFH
B. 0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,3 DQG
S471A, S475A, and Y473A) in the presence of butyrate for 16 hours. Pooled samples of
WKH DGKHUHQW DQG WKH QRQIDGKHUHQW FHOOV ZHUH LPP)
Immunoblotting was performed using V5 and pS727 STAT3 antibodies. Representative
protein bands are shown. Densitometric data of the pS727 STAT3 bands (88 kDa)
normalised to V5 (73 kDa) are presented in a bar graph as mean + standard error
(n= 6WDWLVWLFDO VLIJQLILFDQFH LV FRPSDUHG WR ZLOGI{iW
*p <0.05.
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6. ZIP6 mechanisms in mitosis

Figure 6.18 pS727 STAT3 binding to pStathmin in mitotic cells

0&)i FHOOV RQ {iZHOO FKDPEHU VODGriVhoZddaréle WrllBl bousd & ZL WK
proximity ligation assay using pS38 Stathmin and pS727 STAT3 antibodies was performed and

compared to controls using either of the antibodies. Mitotic cells are indicated by white arrows.
AXDQWLWDWLYH PHDVXUHPHQWY LQ DW OHDVW LPDIV RI \
independent experiments are demonstrated as mean + standard error. Statistical significance is

compared betweenthesignDOV LQ WKH PLWRWLF DQG WKH QRQIPLWRWLF Ft
*** n < 0.001. Scale bar, 25 P
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6. ZIP6 mechanisms in mitosis

6.3.4 ZIP10 binds to ZIP6 and pS727 STAT3 in mitosis
=,3 DQG =,3 DUH ERWK PHPEHUV RI WKH

FKDQQHOV ZKLFK VKDUH WKH VDPH VXEtiéeWbDRFK LQ

channels (Taylor and Nicholson 2003) (Fig.3.1). Consistent with their
evolutionary closeness, their genes have many common characteristics,
including their evolutionary link to prion genes (Schmitt-Ulms et al. 2009),
presence of PEST proteolytic cleavage sites (Fig. 3.7), and presence of
67%7 IELQGLQJ (Sh&WeL Ia&V. 2004; Keshava Prasad et al. 2009).
Biologically, both ZIP6 and ZIP10 have been associated with
RHVWURJHQiIUHFHS(WARdd et R.V2007). Yak Wiéll as an invasive
phenotype (Kagara et al. 2007; Hogstrand et al. 2013) in breast cancer.
Importantly, both ZIP6 and ZIP10 have been demonstrated to be enriched in the
oocyte cortex and responsible for zinc influx during meiotic progression of
oocytes (Kong et al. 2014), although no exact mechanism of ZIP6 and ZIP10
was investigated in the study. In so far as ZIP6 was involved in mitosis, it was

interesting to investigate the association of ZIP10 with ZIP6 during mitosis.

To determine whether ZIP6 and ZIP10 form a heteromer during mitosis,

\

LPPXQRSUHFLSLWDWLRQ ZDV SHUIRUPHG LQ FHOOV W

using a V5 antibody and rabbit normal IgG. On the Western blot using the V5
antibody, the band at 68 kDa could not be visualised due to the interference of a
strong immunoglobulin band at 50 kDa and the smearing pattern of the bands
above 50 kDa. However, the 108 kDa band of the recombinant ZIP6, which
represented the full length of ZIP6 (Hogstrand et al. 2013), could be recognised
(Fig. 6.19). This 108 kDa band was absent in the IgG control, proving that it
represented the recombinant ZIP6 and confirming the robustness of the

immunoprecipitation (Fig. 6.19). The binding of ZIP10 to ZIP6 was proved by

the presence of a faint 38 N'D EDQG RI =,3 LQ WKH 9 iLPPXQR

sample (Fig. 6.19). This ZIP10 band was not detected in the
,J*ILPPXQRSUHFLSLWDWHS, vaRigdthe bjidihg. The result
demonstrated a complex formation of ZIP6 and ZIP10, but did not distinguish

ZKHWKHU WKH FRPSOH[ ZzDV SUHVHQW LQ PLWRWLF RU
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6. ZIP6 mechanisms in mitosis

Figure 6.19 ZIP6 binding to ZIP10

0&)i FHOOV ZHUH WUDQVIHFWHG ZL W$eneLd buiyatesSfdr 6, Bours.Q W KH ¢
3RROHG VDPSOHV Rl WKH DGKHUHQW DQG WKH QRQIDGKHUHQW F
antibody and rabbit IgG (control). Immunoblotting was performed using V5 and ZIP10 Abcam

antibodies. Protein bands of recombinant ZIP6 at 108 kDa and ZIP10 at 38 kDa are shown. The

images of both the samples were taken from the same blot.

To determine ZIP6 binding to ZIP10 during mitosis, PLA was performed
in nocodazole itreated cells using ZIP6 Y and ZIP10 R antibodies. Noteworthy,
theVH WZR DQWLERGLHYV ZHUH PDGH LQIiKRXVH WRIGLWD L
1iWHUPLQXV2.1,7Big 6.5). The mitotic cells contained 21 PLA
VLIJQDOV FHOO ZKLFK ZHUH VLJQLILFDQWO\ KLJKHU \
contained 6 signals/cell (Fig. 6.20), suggesting that ZIP6 formed a complex with
ZIP10 preferentially in mitosis. Only a few background signals were observed in
the controls using a single antibody (Fig. 6.20), supporting the genuineness of

the signals produced.
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6. ZIP6 mechanisms in mitosis

Figure 6.20 ZIP6 binding to ZIP10 in mitotic cells

0&)i FHOOV RQ iZHOO FKDPEHU V ODGriVhoZdddrble YorllB Bosi & Z L W K
proximity ligation assay using ZIP6 Y and ZIP10 R antibodies was performed and compared to

controls using either of the antibodies. Mitotic cells are indicated by white arrows. Quantitative
PHDVXUHPHQWY LQ DW OHDVW LPDJHV RI VW D F NMQ GHDQNW Q
experiments are demonstrated as mean + standard error. Statistical significance is compared
between the signalsiQ WKH PLWRWLF DQG WKH QRQiIPLWRWLF FHOOV

*** n < 0.001. Scale bar,25 P
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6. ZIP6 mechanisms in mitosis

Heterodimerisation has been reported for some members of the ZnT
family, such as ZnT5 and ZnT6 (Fukunaka et al. 2009). ZIP channels are
believed to form a homodimer when transporting zinc through the pore (Kambe
et al. 2015). The homodimer formation has been specifically reported for ZIP13
(Bin et al. 2011). However, no heterodimerisation of ZIP channels has been
demonstrated. This ZIP6/ZIP10 complex formation (Fig. 6.19 and Fig. 6.20)
provided evidence suggesting a possibility of heterodimerisation or heteromer

formation for the ZIP family.

To determine pS727 STAT3 binding to ZIP10, PLA was performed in
nocodazole itreated cells, using ZIP10 Abcam and pS727 STAT3 antibodies.
Noteworthy, this ZIP10 antibody targets the cytosolic loop of ZIP10 (Table 2.1,
Fig. 6.5). The result revealed a significant increase in binding in the mitotic cells,
ZKLFK KDG 3/$ vVLIQDOV FHOO FRPSDUHG WR WK}
contained only 10 PLA signals/cell (Fig. 6.21). These data suggested that
pS727 STAT3 might also bind to ZIP10 during mitosis. The more PLA signals
observed when using the pS727 STAT3 antibody with the ZIP10 Abcam
antibody (Fig. 6.21) than with the ZIP6 E i20 antibody (Fig. 6.16) suggested that
pS727 STAT3 might bind to ZIP10 to a greater extent than ZIP6. However, this
could in fact be because of the different antibodies used, which might have
different capability to bind to the ZIP channels that had already complexed with
pS727 STAT3. Moreover, the higher PLA signals when the ZIP10 antibody was
added alone than when the ZIP6 antibody was added alone suggested that the
difference might be partly due to the difference in background signals produced
by the antibodies. Noteworthy, the specific binding site of pS727 STAT3 in
ZIP10 was not investigated. Additionally, pS727 STAT3 might bind to ZIP10
directly or only bind to ZIP6 that had already formed a complex with ZIP10. If
latter was the case, the false positive results rendered by the
immunoprecipitation and the PLA experiments might have resulted from the
presence of ZIP10 within the ZIP10/ZIP6/pS727 STAT3 complex and thereby
the molecular proximity of ZIP10 and pS727 STAT3 within the complex.
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6. ZIP6 mechanisms in mitosis

Figure 6.21 pS727 STAT3 binding to ZIP10 in mitotic cells

0&)i FHOOV RQ {iZHOO FKDPEHU VODGrihoZddaréle WrllBl bowsi & ZL WK
proximity ligation assay using ZIP10 Abcam and pS727 STAT3 antibodies was performed and

compared to controls using either of the antibodies. Mitotic cells are indicated by white arrows.
4AXDQWLWDWLYH PHDVXUHPHQWY LQ DW OHDVWn aparPfiodH3Y/ R \
independent experiments are demonstrated as mean * standard error. Statistical significance is
FRPSDUHG EHWZHHQ WKH VLJQDOV LQ WKH PLWRWLF DQG WKH QR
*** n < 0.001. Scale bar,25 P
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6. ZIP6 mechanisms in mitosis

6.3.5 ZIP6 is processed in mitosis

In nocodazoOHIWUHDWHG FHOOV DQ LQLWLDO LQY
demonstrated two additional bands of ZIP6 at 48 kDa (detected by the
ZIP6 (i DQWLERG\ kilIx@détected by the ZIP6 Y antibody) (Nimmanon
T et al., manuscript in preparation). These bands were compatible with products
of a second cleavage in WKH SODVPD PHPEUDQHIORFDWHG =,3 |
downstream of the ZIP6 Y epitope during mitosis. To support this second
cleavage RI =,3 LPPXQRIOXRUHVFHQFH ZDV SHUIRUPHG
ZIP6 Y antboG\ LQ FHOOV WUDQVIHFWHG ZLWK ZLOGiW\SH
also used for identification of the recombinant ZIP6 protein. Agreeing with the
previous study (Hogstrand et al. 2013) WKH 9 iSRVLWLYH WUDQVIHFYV
cells consistently expressed ZIP6 with an (5iVWDLQLQJ SDWWHUQ RI
SURISURWHL@ WKH WRS URZ ,Q FRQWUDVW WKH 9 i
cells that were mitotic did not express ZIP6, particularly those in metaphase and
later stages (Fig 6.22A, the bottom row). Furthermore, FACS analysis was
SHUIRUPHG RQ QRFRGD]JROHIWUHDWHG (FHORY WKHQJ
ZIP6 Y antibody with a pS10 histone H3 antibody, a mitotic marker. The cells
were gated according to the levels of pS10 histone H3. Using the ZIP6 (i
antibody, the curve of the mitotic cell population on the histogram was shifted to
WKH ULJKW ZKHQ FRPSDUHG WR WKH QRQR2BLWRWL
Consistent with the histogram, the calculation of the mean fluorescence
LOQWHQVLWLHY GHPRQVWUDWHG D {IROG VLJQLILFDQW
ZKHQ FRPSDUHG WR WKH QRGX2B), Wdrnpatiite withQi@v )L J
increased ZIP6 in mitosis, as discussed previously (Section 6.3.2). In contrast to
the ZIP6 (i DQWLERG\ D GUDPDWLF OHIW VKLIW RI WKI
population was shown using the ZIP6Y antibody when compared to the
QRQIPLWRWLF FHOO SRSXODWLRQ ZLWK D VLJ(
fluorescence intensity demonstrated (Fig 6.22B). This left shift observed when
using the ZIP6 < DQWLERG\ VXJJHVWHG D ORVV RI WKH
containing the ZIP6 Y epitope and further supported the second cleavage in

mitotic cells.

187



6. ZIP6 mechanisms in mitosis

)LIXUH $ =,3 1iWHUR#& QBN nktasid DY D

A. 0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,3 LQ W
hours. Immunofluorescence was performed using ZIP6 Y and V5 antibodies, which
were conjugated to Alexa Fluor 594 (red) and 488 (green), respectively. The nuclei
were counterstained with DAPI. Representative images of the transfected cells (white
DUURZ WKDW DUH QRQIPLWRWLF WRS DQG PLWRWRH ERWYV
slide, are presented.
Scale bar, 25 P

B. 0&)i FHOOV ZHUH LPPXQRVWDLQHG ZLWK HLW KidtoheeH3 (f S
antibodies or ZIP6 Y plus rabbit pS10 Histone H3 antibodies. FACS analysis was
performed. The cells were gated and divided into 2 groups: the cells that are positive for
pS10 Histone H3 (mitotic cells) and the cells that are negative for pS10 Histone H3

QRQIiPLW R Whta arep@eeeNted in histograms. The mean fluorescence intensity

of either ZIP6 Y or ZIP6 (i IRU HDFK SRSXODWLRQ LV SUHVHQWHG LC
+ standard error (n = 3). Statistical significance is compared between the mitotic and the
QRQIPLWRWLF FHOOV
**p <0.01, **p<0.001.
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6. ZIP6 mechanisms in mitosis

To explore potential proteases that were activated during mitosis, the
human protease antibody arrays were tested in cells treated with nocodazole
with or without 1 ihour or 2 ihour recovery from the drug effects. Using these
arrays, up to 34 proteases could be simultaneously detected in duplicate in a
sample (Fig. 6.23). There are three pairs of reference dots on the left upper,
right upper, and left lower corners (Fig.6.23). Signal intensities were
semi iquantitatively evaluated using densitometric analysis, and are shown in a
bar graph (Fig. 6.24). To simplify the data, relative intensities of individual
proteases across different samples are presented as a heat map, where blue
colour represents the minimum value of the row and red colour represents the

maximum value of the row, according to the indicated scale (Fig. 6.25).

In the cells without nocodazole treatment, signals of multiple proteases
were detected, consisting of ADAMY9, cathepsins (A, B, C, D, V, and X/Z/P),
MMP i7, MMP i8, MMP il12, presenilin, and proprotein convertase. With
iIKRXU QRFRGD]ROH WUHDW P H@éNenilh. B0d progrtéin
convertase were shown to increase, whereas cathepsins B, V, and X/Z/P and
003i ZHUH VKRZQ WR GHFUHDVH DQG RWKHUV ZH
compared to the control (Fig. 6.23 i6.25). With the progression of mitosis in the
QRFRGD]J]ROHIWUHDWH G1 RodrCa@dv 2 BoXrUrecQuiried, KADAMO,
cathepsins (A, B, C, D, V, and X/Z/P), DPPIV/ICD26, kallikrein 003i
003i , and presenilin were progressively increased when compared to the
QRFRGD]JROHIWUHDWHG FHO O \(Fig bXABK&28)WIn Gahast, UHFRY
003i 0031, and proprotein convertase were decreased during the
recovery (Fig. 6.2316.25). Given that the cleavage of ZIP6 occurred in early
mitosis, the proteases thatwerH LQFUHDVHG LQ WKH QRFRGD]JROHI
considered as the candidates likely to be activated during mitosis, including
$'$0 003i S UHV, HaRd @ro@otein convertase (Fig. 6.23 16.25).
Among these proteases, the increase in presenilin levels was shown to have
the largest percentage change as a result of nocodazole treatment (Fig. 6.23

and 6.24), suggesting presenilin as the protease with the highest potential.
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6. ZIP6 mechanisms in mitosis

Figure 6 SURWHDVH DUUD\V LQ QRFRGD]J]ROHiIWUHDWHG

0&)i FHOOV ZHUHithWi0t-hDIWibt&lazble for 20 hours ZLWK {KRXU DQG (iKR
recovery. The changes in levels of selected proteases were determined using the protease

antibody arrays (R&D Systems). The signal for each type of proteases is presented as a pair of

duplicate spots, with three pairs of dark reference spots on the upper left, upper right, and lower

left corners for alignment (purple boxes). The proteases that show signals on the arrays are

indicated.
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6. ZIP6 mechanisms in mitosis

J)LIXUH '"HQVLWRPHWULF DQDO\VLVY RI SURWHDVH DUUD\V LQ QRFRGD]ROHiIWUHDWHG F

0&)i FHOOV ZHUH Wd0HND Mé¢dv@azadld kK0 hours ZLWK iKRXU DQG iKRXU UHFRYHU\ 7KH FKDQJHV LQHWHWHROM RG V
using the protease antibody arrays (R&D Systems). Densitometric data are presented as mean of the duplicate dots + standard error.
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6. ZIP6 mechanisms in mitosis

Figure 6.25 A heat map of the proteases that change during mitosis

0&)Ii FHOOV ZHUH WOHhMWoet@lazbleWok 20 hours ZLWK {KRXU DQG iKR
recovery. The changes in levels of selected proteases were determined using protease antibody

arrays (R&D Systems). 7KH KHDW PDS ZDV JHQHUDWHG XVLQJ *(1(i( PDWL
analysis platform (The Board Institute). Densitometric values in relation to other samples for

each kinase are presented as a spectrum of colour where blue colour represents the lowest

value in the row and red colour represents the highest value in the row according to the scale,

irrespective of the absolute signal intensities.

6.3.6 ZIP6 is phosphorylated on S478 at 2 minutes after zinc treatment

Based on the finding that zinc itransport function of ZIP7 was triggered
by CK2 imediated phosphorylation (Taylor et al. 2012), ZIP6 was hypothesised
to be postitranslationally controlled by the same mechanism. According to
multiple phosphorylation site databases, CK2 has been predicted as a potential
kinase that phosphorylates ZIP6 on residue S478 (Section 3.3.5; Fig. 6.1).
Whether ZIP6 was also phosphorylated by CK2 on this potential site would now
be investigated.

To determine whether ZIP6 was serine iphosphorylated, Western blotting
using a pSer antibody was performed in cells transfected with wild itype ZIP6

for 18 hours in the presence of butyrate. The cells were treated with 20 uM zinc
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6. ZIP6 mechanisms in mitosis

plus 10 uM sodium pyrithione in serum free medium, the method which has
been successfully used for inducing ZIP7 phosphorylation (Taylor et al. 2012)
(Fig. 4.9, 4.18 and 5.13). Noteworthy, due to the process of zinc treatment, the
non iadherent cells were not collected, and only the adherent cells remained in
the samples. A gradual increase in intensity of the pSer bands at 73 kDa were
observed as a result of zinc treatment (Fig. 6.26). The bands at 73 kDa were
also observed on the blot when probed for V5 (Fig. 6.26), confirming that these
pSer bands represented serine phosphorylation on the recombinant ZIP6.
Noteworthy, the 73 kDa bands of the recombinant ZIP6 correspond to the active
SODVPD PHPEUDQHIORFDWH G5.8)RkRsitBrhetric Blata ok the
pSer bands normalised to the corresponding V5 bands demonstrated a 1.7 ifold
significant increase in pSer levels at 2 minutes after zinc treatment when
compared to time 0 (Fig. 6.26). Even though the increase became 1.8 ifold at 5
minutes and 3.0 ifold at 10 minutes when compared to time 0, no statistical
significance was demonstrated due to the high variability of the data at these
time points (Fig. 6.26). These data suggested a role for serine phosphorylation
in ZIP6 post itranslational regulation.

To determine whether this serine phosphorylation of ZIP6 was on residue
S478, Western blotting using the pSer antibody was also performed in cells
transfected with the ZIP6 S478A mutant, in which residue S478 was mutated to
alanine to prevent phosphorylation on this site. The cells were treated with zinc
plus sodium pyrithione. The pSer and V5 bands at 73 kDa for wild itype ZIP6
are shown again for comparison (Fig. 6.27). In contrast to wild itype ZIP6, the
pSer levels in the cells transfected with ZIP6 S478A remained steady
throughout the 10 iminute course of zinc treatment (Fig. 6.27). The pSer levels
for ZIP6 6 $ EHFDPH VLJQLILFDQWO\ ORZHU WKDQ ZLOG
after zinc treatment (Fig. 6.27). Nonetheless, due to the high variability of the
densitometric values for wild itype ZIP6 at 5 and 10 minutes after zinc
treatment, a statistical difference between the two constructs was not detected
after 2 minutes (Fig. 6.27).
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6. ZIP6 mechanisms in mitosis

J)LIXUH =,3 VHULQHiISKRVSKRU\ODWLRQ DIWHU ]JLQF

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGIW\SH =KR XQv WK® GS U
the adherent cells were treated with 20 uM zinc plus 10 uM sodium pyrithione. Immunoblotting

was performed using pSer, V5 and Eiactin antibodies. Protein bands of pSer, V5 and Eiactin

are shown as a representative result of 3 independent experiments. Densitometric data of the

pSer bands (73 kDa) normalised to V5 (73 kDa) are shown in a bar graph as mean +* standard

error (n = 3). Statistical significance is compared between different time points as indicated.

** p <0.01.

The failure of the ZIP6 S478A mutant to be serine iphosphorylated
suggested that residue S478 was an important serine residue phosphorylated
as a result of zinc treatment. Interestingly, ZIP6 was shown to be
serine iphosphorylated at 2 minutes after zinc treatment, which was as early as
the serine phosphorylation of ZIP7 (Taylor et al. 2012). This finding suggested
that both ZIP6 and ZIP7 might be simultaneously phosphorylated by CK2.

194



6. ZIP6 mechanisms in mitosis

Whereas the phosphorylation of ZIP7 results in zinc release from cellular stores
(Taylor et al. 2012), the phosphorylation of ZIP6 might result in cellular zinc
import, supplying zinc to the stores and thereby synergistically working with

ZIP7 in sustained activation of various tyrosine kinase signalling pathways.

J)LIXUH =,3 VHULQHiISKRVSKRU\ODWLRQ RQ 6 DIW

0&)i FHOOV ZHUH WUDQVIHEWRHGE ZR6NSK78ALIOte phesBride of butyrate
for 16 hours, and the adherent cells were treated with 20 pM zinc plus 10 puM sodium pyrithione.
Immunoblotting was performed using pSer antibody and V5 antibody. Protein bands of pSer
and V5 are demonstrated as a representative result of 3 independent experiments.
Densitometric data of the pSer bands (68 kDa) normalised to V5 (68 kDa) are demonstrated in
a bar graph as mean + standard error (n = 3). Statistical significance is compared between
different time points or different ZIP6 constructs as indicated.

*p <0.05, * p <0.01.
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6.3.7 ZIP6 is serine iphosphorylated by different kinases in mitosis

To determine whether ZIP6 was serine iphosphorylated during mitosis,
Western blotting was performed in nocodazole itreated cells. A marked
increase in levels of pS10 histone H3, a mitotic marker, was demonstrated in
the nocodazole itreated cells when compared to the nonitreated cells
(Fig. 6.28A), confirming the successful induction of mitosis by the nocodazole
treatment. Supporting the increase in ZIP6 protein expression in mitosis
(Fig. 6.7, 6.9 and 6.10), the ZIP6 band at 68 kDa was significantly increased
2.6 ifold in the nocodazole itreated cells when compared to the control
(Fig. 6.28B). Furthermore, a significant 1.6 ifold increase in intensity of the pSer
band at 68 kDa, corresponding to the ZIP6 band, was also detected
(Fig. 6.28B), revealing the serine phosphorylation of ZIP6 in mitosis. The higher
percentage increase in ZIP6 levels than pSer levels in the nocodazole itreated
cells implied that ZIP6 protein production outweighed the rate of its serine
phosphorylation. The ZIP6 protein production might be markedly induced during
mitosis, and the majority of ZIP6 that had been processed was
serine iphosphorylated, leaving some ZIP6 on the plasma membrane
non iphosphorylated. This amount of phosphorylated ZIP6 might be sufficient

for the zinc influx required for mitotic progression.

To investigate the contribution of CK2 to the serine phosphorylation of
ZIP6 in mitosis, immunoprecipitation using the ZIP6 Ei20 antibody was
performed. Cells were treated with nocodazole for enhancing mitosis and
thereby ZIP6 protein expression. The non iadherent cells were also collected
and pooled together with the adherent cells, to prevent loss of mitotic cells
during cell harvest. Probing for ZIP6 in the ZIP6 iimmunoprecipitated sample
demonstrated ZIP6 bands at 103 kDa and 68 kDa, which were partially
obscured because of the smearing pattern of the bands (Fig. 6.29). These ZIP6
bands were equivalent to the fullilength ZIP6 and the processed ZIP6,
respectively (Fig. 6.8). The absence of the 103 kDa band and the presence of a
barely idiscernible smearing band at 68 kDa in the IgG control (Fig. 6.29)
suggested that these ZIP6 bands truly represented ZIP6 and confirmed the
robustness of the immunoprecipitation. The binding of CK2 to ZIP6 was
demonstrated by the presence of a 42 kDa band when the sample was probed
for CK2 (Fig. 7KH EORW DOVR UHYHDOHG D IHZ ORZHU

196



6. ZIP6 mechanisms in mitosis

a strong band at 37 kDa (Fig. 6.29), which was compatible with the
immunoglobulin light chain present at the front line of protein migration on this
blot. Importantly, the IgG control did not show the CK2 band at 42 kDa, but
VKRZHG RQO\ WKH ORZHU ®Q®RtQel MaBdHdF theLlirimEriogoBulin
light chain (Fig. 6.29), validating the CK2 binding to ZIP6.

Figure 6.28 Serine phosphorylation of ZIP6 during mitosis

A. 0&)i FHOOV ZHUH W00 HND WEbGaz@le Wrk20 hours. Immunoblotting was
performed using pS10 Histone H3 antibody. Protein bands of pS10 Histone H3 (15 kDa)
are demonstrated as a representative result of 3 independent experiments.

B. 0&)i FHOOV ZHUH WQ0HND woebGazdle Wrk20 hours. Immunoblotting was
performed using pSer and ZIP6 (i DQWLERG\ 5HSUHVHQWDWLYH SURW|
and ZIP6 are demonstrated. Densitometric data of the pSer bands at 68 kDa and the
ZIP6 bands at 68 kDa normalised to GAPDH are demonstrated in bar graphs as mean
+ standard error (n = 3). Statistical significance is compared between the
QRFRGD]JROHIWUHDWHG FHOOV 1RF DQG WKH FRQWURO ZLW
*p <0.05, * p <0.01.
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Figure 6.29 CK2 binding to ZIP6

Pooled samples of the adherent and the QRQIDGKHUHQW 0&)i FHOOV ZHUH LPPX
with ZIP6 (i DQWLERG\ DQG UDEELW ,J* FRQWURO ,PPXQREORMW
ZIP6 (i DQG &. DQWLERG L3V ZIPBkaH1®B ROa@nd 68 kDa and CK2 at 42 kDa

are shown. The images of both the samples were taken from the same blot.

To identify a specific residue on ZIP6 that was phosphorylated by CK2,
immunoprecitation using a V5 antibody was performed in cells that had been
transfected with ZIP6 mutants (S471A, S475A, S478A, and T479A). Probing for
V5 showed multiple bands of the recombinant ZIP6, including a band
compatible with the full ilength ZIP6 at 108 kDa (Fig. 6.30), which confirmed the
robustness of the V5 immunoprecipitation. Probing for CK2 demonstrated a
distinct band at 42 kDa, the predicted size of this protein kinase (Fig. 6.30).
Nevertheless, the CK2 levels normalised to V5 did not show a decrease in CK2
binding in any of the ZIP6 mutant samples (Fig. 6.30). This could be explained
by the presence of multiple predicted CK2 ibinding sites in ZIP6 (Fig. 6.1), and
mutation of all these sites might be necessary to detect any decrease in
binding. Noteworthy, a relatively faint band was consistently obtained for the
wild itype ZIP6 sample (Fig. 6.30).
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Figure 6.30 CK2 binding to ZIP6 with no specific sites identified

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH %$,36 DG =,3
and S475A) in the presence of butyrate for 16 hours. Pooled samples of the adherent and the
QRQIDGKHUHQW FHOOV ZHUH LPPXQRSUHFLSLWDWHGHaZM¥dK 9 DQ'
using V5 and CK2 antibodies. Representative protein bands of V5 and CK2 are shown.

Densitometric data of the CK2 bands (42 kDa) normalised to V5 (108 kDa) are presented in a
bar graph as mean + standard (n = 4).
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*6.1 is one of the potential kinases that may be responsible for ZIP6
phosphorylation on residues S471 and S475 (Fig. 6.1). To investigate the
ELQGLQJ RI th&IP6, immunoprecipitation using the ZIP6 (i DQWLERG\
ZDV SHUIRUPHG LQ QRFR G.IHpR&yét, sVstichd bsind @ppebrélo V
RQ WKH EORW IRU WKH ,J* FRQWURIlZKdtQe BAdIREH G IF
GHWHFWHG LQ WKH =,3 iLPPXQRSUHFLSLWDWHG VDP
therefore made using the V5 immunoprecipitation in cells transfected with
ZLOGiW\SH =,3 7 K Reipiteeld Xsgnipled) were probed for V5 and
*6.1 . Arobust immunoprecipitation was shown by the presence of both the
108 kDa and 73 kDa bands of the recombinant ZIP6 (Fig. 6.31). The binding of
*6.i to ZIP6 was proved by the presence of a faint yet clear band of
*6.i at47 kDa (Fig. 6.31). The binding was validated by the absence of a
=,3 RU D *6hand demonstrable in the sample immunoprecipitated with
rabbit normal IgG (Fig. 6.31).

To identfy a VSHFLILF UHVLGXH WDUJHWH G E\
immunoprecipitation was performed in cells that had been transfected with ZIP6
S471A, S475A, S478A, and T479A mutants for 16 hours in the presence of
butyrate. The presence of a clear band of V5 at 108 kDa confirmed the
robustness of the immunoprecipitation (Fig. 6.32). The presence of a 47 kDa
EDQG RI *6ZDV REVHUYHG LQ ERWK WKH ZLOGiW\SH DQ
confirming the binding of this kinase to ZIP6 (Fig. 6.32). Importantly, a
VLIQLILFDQW UHGXFWLRQ LQ W Kddd wes\iétetatlfov\ R1 W
WKH 6 $ PXWDQW ZKHQ FRPSDUHG &BR). The®eClidtd\SH =
strongly suggested the binding of the kinase to ZIP6 specifically on residue
6 D VLWH SUHGLFWHG WR EH SHKRVGIRRU\ODWHG E\ *i
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6. ZIP6 mechanisms in mitosis

)LIXUH * 6 binding to ZIP6

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,3KRXUWKH !
3RROHG VDPSOHV RI WKH DGKHUHQW DQG WKH QRQIDGKHUHQW F
antibody and rabbit 1gG (control). Immunoblotting was performed using V5 anG *6.1i

antibodies. Protein bands of recombinant ZIP6 at 108 N'D DQG *6.i RD& are shown.

The images of both the samples were taken from the same blot.

CK1 was predicted to phosphorylate ZIP6 on S475 (Fig. 6.1). To
investigate the binding of CK1 to ZIP6, immunoprecipitation using the
ZIP6 E i20 antibody was performed in cells treated with nocodazole for 20
hours. The probing for ZIP6 revealed the ZIP6 bands at 103 kDa and 68 kDa,
confirming that ZIP6 was pulled down during the immunoprecipitation
(Fig. 6.33). Probing for CK1 demonstrated a CK1 band at 38 kDa, confirming
the binding of this kinase to ZIP6 (Fig. 6.33). The absence of any specific bands
in the IgG iimmunoprecipitated control verified the binding (Fig. 6.33).
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6. ZIP6 mechanisms in mitosis

JLIXUH * 6 binding to ZIP6 on S471

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,36 D®RG =,3
and S475A) in the presence of butyrate for 16 hours. Pooled samples of the adherent and the
QRQIDGKHUHQW FHOOV ZHUH LPPXQ®RS UnhbnoSlbtiMdwWasgerfdmedK 9 DQ'
XVLQJ 9 DQG *6.i DQWLERGLHVY 5HSUHVHQWDWLYH SURWHLQ ED
'"HQVLWRPHWULF GDWD RI WkD&) nodmalisel © §33108 kDa) are presented in

a bar graph as mean + standard (n =4). 6 WDWLVWLFDO VLJQLILFDQFH LV FRPSDU!
*p <0.05.
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6. ZIP6 mechanisms in mitosis

Figure 6.33 CK1 binding to ZIP6

3RROHG VDPSOHV RI WKH DGKHUHQW DQG WKH QRQIDGKHUHQW 0
with the ZIP6 (i DQWLERG\ DQG UDEELW ,J*ottiRdRvae peRd@med [BRK Q RE
ZIP6 (i DQG &. DQWPBRIG bahds of ZIP6 at 103 kDa and CK1 at 38 kDa are

shown. The images of both the samples were taken from the same blot.

To identify a specific site to which CK1 bound, immunoprecipitation using
the V5 antibody was performed in the cells transfected with the ZIP6 mutants.
The probing for CK1 demonstrated a CK1 band at 38 kDa (Fig. 6.34). When
normalised to V5, the binding was decreased in the cells transfected with the
ZIP6 mutants (Fig. 6.34). However, due to the high variability of the data, no

significant decrease in intensity could be statistically demonstrated (Fig. 6.34).

PLK1 has been predicted to phosphorylate ZIP6 on residues S471,
S475, S478, and T479, although with low prediction scores. Interestingly, PLK1
is activated before and during the mitotic process (Lindqvist et al. 2009). To
demonstrate the binding of PLK1 to ZIP6 during mitosis, immunoprecipitation
was performed in nocodazole itreated cells using the ZIP6 E i20 antibody. The
blot both for the nocodazole itreated cells and the control revealed the 103 kDa
and 68 kDa bands of ZIP6 when probed with the ZIP6 Ei20 antibody
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6. ZIP6 mechanisms in mitosis

(Fig. 6.35), suggesting the robustness of the immunoprecipitation. Interestingly,
the 68 kDa band of PLK1 developed only on the blot of the nocodazole itreated
cells, but not the control (Fig. 6.35), confirming the specific binding in the mitotic
cells. The absence of any specific bands in the IgG immunoprecipitation control
(Fig. 6.35) verified the binding of PLK1 to ZIP6 in the nocodazole itreated cells.

Figure 6.34 CK1 binding to ZIP6 with no specific sites identified

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,36 D®G =,3
and S475A) in the presence of butyrate for 16 hours. Pooled samples of the adherent and the
QRQIDGKHUHQW FHOOV Zattd with. \PRaKtiQdR\S UrihBnoBlatting was performed

using V5 and CK1 antibodies. Representative protein bands of V5 and CK1 are shown.
Densitometric data of the CK1 bands (38 kDa) normalised to V5 (108 kDa) are presented in a

bar graph as mean + standard (n = 4).
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6. ZIP6 mechanisms in mitosis

J)LIXUH 3/. ELQGLQJ WR =,3 LQ QRFRGD]JROHIWUHD

0&)i FHOOV ZHUH WOGthMWeétadazbleWdt 20 hours. Pooled samples of the
DGKHUHQW DQG WKH QRQIDGKHUHQW FHOOV ZLWRQ®GRER®BKRROM
nocodazole treatment (control) were immunoprecipitated with the ZIP6 (i DQWLERG\ DQG
rabbit 1gG (control). Immunoblotting was performed using ZIP6 (i DQG 3/. DQWLERGLH
Protein bands of ZIP6 at 103 kDa and PLK1 at 68 kDa are shown. The images of all the

samples were taken from the same blot.

To determine a specific binding residue of PLK1, V5 immunoprecipitation
was performed in cells transfected with the ZIP6 mutants. The PLK1 bands at
68 kDa were detected in all the immunoprecitated samples (Fig. 6.36), revealing
the binding of PLK1 to all the ZIP6 mutants. However, the intensity of the PLK1
bands normalised to V5 did not show a significant decrease in binding for any of
these mutants (Fig. 6.36), suggesting that PLK1 might be able to bind to ZIP6

on multiple sites.
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6. ZIP6 mechanisms in mitosis

Figure 6.36 PLK1 binding to ZIP6 with no specific sites identified

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLOGiW\SH =,36 D®G =,3
and S475A) in the presence of butyrate for 16 hours. Pooled samples of the adherent and the
QRQIDGKHUHQW FHOOV ZHUH LPPXQRSUHFLSLWDWHSHUUWKPHGD Q'
using V5 and PLK1 antibodies. Representative protein bands of V5 and PLK1 are shown.

Densitometric data of the PLK bands (68 kDa) normalised to V5 (108 kDa) are presented in a
bar graph as mean + standard (n = 2).
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6. ZIP6 mechanisms in mitosis

Noteworthy, the immunoprecipitation in the cells transfected with ZIP6
mutants to determine specific residues to which individual kinases bound had
limited implications due to the inability to demonstrate the 73 kDa bands of the
recombinant ZIP6, which represent the active ZIP6 on the plasma membrane
(Fig. 6.8). These 73 kDa bands were severely masked by the smearing pattern
of the bands in the particular region. The bands of the kinases were therefore
normalised to the 108 kDa bands of the recombinant ZIP6, which are equivalent
WR WKH =,3 SURIiSURW I8P Altepnaihi&lyH this might be implied
WKDW WKH NLQDVHV ZHUH DEOH WR ELQGBe®R =,3 LQ L

7R YLVXDOLVH WKH ELQGLQCK1RANd&PLK1*16.ZIP6
specifically in mitotic cells, PLA was performed in cells that had been treated
with nocodazole for 20 hours, using the ZIP6 E i20 antibody with individual
antibodies that target these kinases. PLA signals were observed predominantly
in the mitotic cells when the ZIP6 antibody was used together with CK2,
*6.i , CK1l, or PLK1 antibody (Fig.6.37). For CK2, the mitotic cells
contained an average of 5.9 PLA signals/cell, compared to an average of 0.8
PLA signals/cell in the non imitotic cells (Fig. 6.37). For GSKi3E 8.8
vLIJQDOV FHOO ZHUH GHWHFWHG LQ WKH PLWRWLF FHC
cells contained 1.0 signal/cell (Fig. 6.37). For CK1, averagely 4.5 PLA
signals/cell were detected in the mitotic cells, compared to the adjacent
QRQIPLWRWLF FHOOV ZKLFK FRQWDA)HRer PLKNthéaQDOV
mitotic cells had 3/$ VLIQDOV FHOO FRPSDUHG WR WKH
cells with 0.5 PLA signals/cell (Fig. 6.37). When the PLA signals were
FRPSDUHG EHWZHHQ WKH PLWRWLF FHOOV DQG WK
significance was demonstrated for the binding of all the investigated kinases to
ZIP6 (Fig. 6.37), signifying that this binding of these kinases was substantially

increased in mitosis.
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6. ZIP6 mechanisms in mitosis

J)LIXUH %LQGLQJ RIECKL, &add PLK1 to ZIP6 in mitosis

0&)i FHOOV RQ iZHOO FKDPEHU V0108 AW nabidd4dle Vibl PODNALKG Z LW K
Proximity ligation assays usingthe ZIP6 (i DQWLERG\ SOXV HLWKIKU o&PLKF* 6.1
antibody was performed. Mitotic cells are indicated by white arrows. Quantitative measurements

LQ DW OHDVW LPDJHV RI VWDFNV WDNHQ P I@W VWD UKHR P
demonstrated as mean * standard error. Statistical significance is compared between the
VLIJQDOV LQ WKH PLWRWLF DQG WKH QRQiPLWRWLF FHOOV

*** n < 0.001. Scale bar, 25 P
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6. ZIP6 mechanisms in mitosis

To exclude the non ispecific staining produced by PLA reagents or the
antibodies, PLAwas SHUIRUPHG XVLQJ LQGLYLGXPDad EK2 &.
antibodies, or without an antibody. The average signals when a single antibody
was added were 0.9, 2.0, 1.7, and 1.0 PLA signals/cell for the ZIP6, CK2,

*6.i and CK1 antibodies, respectively (Fig. 6.38). These signal levels were
comparable to the PLA without antibody, which showed 1.5 PLA signals/cell
(Fig. 6.38), suggesting that the non ispecific signals were not attributed to the
antibodies used. The PLA signals produced in these negative controls were
significantly lower than when each pair of the antibodies was added, thereby

validating the binding of the kinases to ZIP6.

The PLA signals detected in these experiments (Fig. 6.37) were relatively
low, when compared to the PLA that determined the binding of pS727 STAT3 to
ZIP6 (Fig. 6.16), pStathmin (Fig. 6.18) and ZIP10 (Fig. 6.21) and the binding of
ZIP6 to ZIP10 (Fig. 6.20), which detected a range of 21 to 140 PLA signals/cell
LQ PLWRWLF FHOOV 7KHVH ORZ VLJQDOV, &KlJ& W VXJJI
PLK1 bound to ZIP6 to a lesser extent than pS727 STAT3 and ZIP10 did. Given
WKDW WKH 67%$7 iIELQGLQJ VLWH LV ORFDWHG LQ
phosphorylation sites (Fig. 6.1), the binding of pS727 STAT3 to ZIP6 could have
interfered with the recognition of either ZIP6 or the kinases by the antibodies.
Alternatively, the antibody recognition might also be masked by the complex

formation of ZIP6 and ZIP10, which could hide the epitopes within the complex.

7KH *6.i binding to ZIP6 was notable, given that the PLA signals
were the highest compared to the other kinases (Fig. 6.37), suggesting the
greatest extent of the binding. Furthermore, this binding added a complexity to
WKH SUHYLRXV ILQGLQJ RI =,3 EHLQJ DQ(bogstamdU HD P L
et al. 2013) $ SRVVLEOH H[SODQDWLRQ ZEuhctithKwee/ ZKH C
increased, the phosphorylation of ZIP6 by this kinase might provide a negative
IHHGEDFN ORRS WR FRQWURO WKH IXQFWLREWVaRI WKL’
inhibited during EMT, but active in phosphorylating ZIP6 during mitosis, this
might also provide a switch mechanism that predestines whether a rounded cell
VKRXOG PLJUDWH RU GLYLGH $ EEnediateR QARG O \ w
phosphorylation might be needed before phosphorylation on other sites could
occur (Ayuso et al. 2010).
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6. ZIP6 mechanisms in mitosis

Figure 6.38 Negative controls for proximity ligation assays

0&)i FHOOV RQ i{ZHOO FKDPEHU VO108 kW nabidd4dle\Viot) 2DDNOUKG ZLWK

Proximity ligation assays using individual ZIP6 (i &. *6.1 E and CK1 antibodies or
without a primary antibody (No Ab) was performed. Quantitative measurements in at least 4
LPDJHV RI VWDFNV WDNHQ P DSDUW DUH GHPRG@8WUDWHG D\
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6. ZIP6 mechanisms in mitosis

Additionally, the binding of PLK1 to ZIP6 suggested that the mechanism
of action of ZIP6 in mitosis might involve its association with PLK1 both before
and during mitosis. In the light of the pivotal roles for PLK1 in successful
mitosis, ZIP6 might help PLK1 facilitate cell entry into the mitotic phase,
formation of the mitotic spindles, and division of the cytosol during cytokinesis at
the end of the mitotic process (van Vugt and Medema 2005). Alternatively, it is
also possible that ZIP6 might in fact be a downstream effector of PLK1, which
facilitated the mitotic processes through zinc influx mediated by ZIP6, given that

zinc is required for mitosis (Chesters and Petrie 1999).

211



6. ZIP6 mechanisms in mitosis

6.4 Chapter summary

Our group have established that ZIP6 is required for cell rounding in EMT
(Hogstrand et al. 2013). In this chapter, some evidence of ZIP6 involvement in
cell rounding prior to mitosis was provided. ZIP6 imediated zinc influx was
enhanced during mitosis, resulting in an increase in cellular zinc levels
(Fig. 6.7 i6.14). This increase in zinc levels in mitotic cells explained the
presence of a particular modification of STAT3, pS727 STAT3, throughout
mitosis, which is directly promoted by zinc (Nimmanon et al., manuscript in
preparation). A twofold binding of pS727 STAT3 was also detected. Firstly, it
bound to ZIP6 during mitosis on the predicted STAT3 binding site with
sequence YESQ (positions 473i476) (Fig.6.15 and 6.16), probably
participating with ZIP6 in driving the mitotic process. Secondly, it was shown to
bind to pStathmin (Fig. 6.18), linking the possible function of pS727 STAT3 to
the role for pStathmin in microtubule reorganisation (Rubin and Atweh 2004).
Importantly, the heteromer formation of ZIP6 and ZIP10 (Fig. 6.19 and 6.20) as
well as the binding of pS727 STAT3 to ZIP10 was also observed in mitotic cells
(Fig. 6.21), suggesting the close association of pS727 STAT3, ZIP6, and ZIP10
in mitosis. Additionally, N iterminal cleavage of ZIP6 was detected in early
mitosis (Fig. 6.22). Potential proteases for this cleavage as suggested by the
protease antibody arrays included $'$0 003i SUHYV ld@ lp@hrQein
convertase, with presenilin having the most potential due to the highest

percentage increase in enzyme levels during mitosis (Fig. 6.23 i6.25).

Additionally, ZIP6 was proved for the first time to be
serine iphosphorylated. Interestingly, ZIP6 phosphorylation was shown to be
enhanced not only as a result of zinc treatment (Fig. 6.26), but also during
mitosis (Fig. 6.28). The kinases that were shown to bind to ZIP6 during mitosis,
which might be responsible for the serine phosphorylation of ZIP6, were CK2,
*6.i , CK1, and PLK1 (Fig. 6.29 i6.38). Importantly, residue S471 of ZIP6
ZDV VKRZQ WR EH WKH bifding Lsite KFig.65.32), whereas the
inability to indicate any specific residue that was phosphorylated by CK2, CK1,
and PLK1 suggested the presence of more than one residue targeted by these
NLQDVHY 7KHVH GDWD SURYLGHG D GHHSHU LQVLJI

mechanism of ZIP6 in mitosis.
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Chapter 7:
Mitosis inhibitory effects of
ZIP6 and ZIP10 antibody treatment
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7. Mitosis inhibitory effects of ZIP6 and ZIP10 antibody treatment

7.1 Introduction

In chapter 6, ZIP6 was shown to be actively involved in mitosis through
LWV JLQFILPSRUW IXQFWLRQ DQG LWV DVVRALDWLRQ
Furthermore, it was shown to form a complex with its closest paralogue, ZIP10.
To demonstrate whether ZIP6 and ZIP10 were needed for initiation of mitosis,
we inhibited ZIP6 and ZIP10 function by treating cells with ZIP6 or ZIP10
antibodies that bound to these zinc channels at an extracellular epitope on the
1iIWHUPLQXV $G G uMg Lnb@e @&@nmary Qylandular cells with ZIP6
knockout using the clustered regularly interspaced short palindromic repeats
(CRISPR) technique were received from Dr. Gerold Schmitt iUIms, University of
Toronto. The effects of this ZIP6 knockout on cell growth were therefore also

investigated.

7.2 Materials and methods

Please refer to Chapter 2 for the details of the treatments (Section 2.1),
immunofluorescence (Section 2.3), western blotting (Section 2.4), flow
cytometry (Section 2.5), and zinc assays (Section 2.5). The ZIP6 and ZIP10
antibodies used for the treatments with their epitopes are listed in Table 2.1,

and the schematic of their epitopes is shown in Fig. 6.5.
7.3 Results and discussion

7.3.1 ZIP6 Y antibody inhibits mitosis in MCF {7 cells

Two ZIP6 antibodies, ZIP6 M and ZIP6 Y, have been developed in our
JURXS DQG GHVLJQHG WR UHFRJQLVH WKH 1iWHUPLQ>
and residues 238 #2254, respectively (Hogstrand et al. 2013) (Table 2.1).
Exploiting these two ZIP6 antibodies, we determined the importance of ZIP6 in
mitosis by performing treatment with either of the antibodies in the presence of
nocodazole, hypothesising that the antibody binding was able to prevent ZIP6
function. This means of functional inhibition of a protein has been successfully
employed for investigating : QWi LQ GLIITHUHQW KXPD (MerDaQ FHU F |
2004). Inthis VW XG\ D PRQRFORQDO :QWi DQWLERG\ VXFFF
signalling and triggered the apoptotic process, the same effects that were
REVHUYHG ZKHQ :QWi JHQH H[SUHVVLRQ ZDV VLOHQFH
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7. Mitosis inhibitory effects of ZIP6 and ZIP10 antibody treatment

To determine whether treatment with the ZIP6 antibodies could inhibit
PLWRVLYV 0&)i FHOOV ZHUH WUHDWHG ZYLWEKIPBM GLC
antibody in the presence of nocodazole for 20 hours and stained with propidium
iodide. Cell cycle analysis was then performed using flow cytometry.
Noteworthy, the ZIP6 M epitope was shown to be cleaved off prior to relocation
of ZIP6 to the plasma membrane (Hogstrand et al. 2013), whereas the ZIP6 Y
epitope was shown to be cleaved off in early mitosis (Section 6.3.5). Based
upon these findings of the ZIP6 proteolytic cleavage, only the epitope of ZIP6 Y,
but not the epitope of ZIP6 M, should be present on cell surface in early mitosis.

The ZIP6 M antibody treatment was therefore employed as a negative control.
The histogram revealed that the treatment with the ZIP6 Y or ZIP6 M antibody
resulted in an increase in the diploid (2n) cell population (the left peak of the
histogram), which represents cells in the GO or G1 phase, when compared to
the nRFRGD]J]ROHIWUHDWHG FHOOV ZLWR.RA.W dorgrigt,. ER G\ \
the tetraploid (4n) cell population (the right peak of the histogram), which
represents cells in the G2 or M phase, was apparently decreased as a result of
the antibody treatment ZKHQ FRPSDUHG WR WKH QRFRGD]ROHIW
antibody treatment (Fig. 7.1A). The increases in the GO/G1 population and the
decreases in the G2/M population as a result of the antibody treatments were
confirmed by the analysis using the Watson Pragmatic algorithm (Fig. 7.1B,C).
This analysis revealed that the nocodazole treatment successfully increased the
* 0 SRSXODWLRQ IURP W R DQG WKH QRNFRGD]R
were significantly reduced by 12% as a result of the ZIP6 Y antibody treatment
(Fig. 7.1B,C). A 9% decrease in the G2/M population was also observed as a
result of the ZIP6M antibody treatment when compared to the
QRFRGD]J]ROHIWUHDWHG FHOOV ZLWKRXW DQWLERG\ \
significance observed (Fig. 7.1B,C). The inability of the ZIP6 M antibody to
VXSSUHVV QRFRGD]JROHILQGXFHG PLWRVdedvageR@ ILUP H
ZIP6 at a PEST site distal to the ZIP6 M epitope prior to ZIP6 relocation to the
plasma membrane (Hogstrand et al. 2013). Furthermore, this negative result for
the ZIP6 M antibody treatment also validated that the decrease in the G2/M
population as a result of the ZIP6 Y antibody treatment was due to the binding

of the antibody to ZIP6 on the plasma membrane.
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Figure 7.1 Decreased G2/M population by ZIP6 Y antibody

0&)i FHOOV ZHUH WQ0HND WoebGazdle MhK incubated with the ZIP6 Y or ZIP6 M
antibody for 20 hours. The cells were stained with propidium iodide. DNA content was
PHDVXUHG XVLQJ )$&6 DQDO\WLYVY 2YHUODSSLQJ KLU@WREHO®OV II
without antibody treatment (Noc) and the noc RGD]J]ROHIWUHDWHG FHOOV LQFXEDW
ZIP6Y (Noc +ZIP6Y) or ZIP6 M (Noc + ZIP6 M) antibody were generated using Flowing
Software (A). Percentages of the cells in the GO/G1, S and G2/M phases determined using
FlowJo Software are presented as a 100% stacked column chart (B). The percentages of the
G2/M population are also presented in a bar graph as mean + standard error (n =3) (C).

6WDWLVWLFDO VLJQLILFDQFH LV FRPSDUHG WRWLKER ®@RWR G D VROHHC
*p < 0.05, * p < 0.01.
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7. Mitosis inhibitory effects of ZIP6 and ZIP10 antibody treatment

The insignificant decrease in the G2/M population observed as a result of
the ZIP6 M antibody treatment (Fig. PLIJKW EH DWWULEXWHG WHF
binding effect of the antibody. Using a BLAST analysis tool of the National
Center for Biotechnology Information (NCBI) (Madden 2002), the epitope of the
ZIP6 M antibody was detected in the Swissprot database to partially match the
VHTXHQFHYV RI DOSKDi * DQG sDoO & Ddltage-sep&Enneptl. W
7iW\SH FDOFLXP FKDQQHO 7iW\SH FDOFLXP FKDQQH?
tumour cells and involved in cell cycle progression (Taylor et al. 2008a). The
partial affinity of the antibody to this calcium channel could therefore interfere
ZLWK QRFRGD]J]ROHILQGXFHG PLWRVLVY H[SODLQLQJ W
decrease in mitosis as a result of the ZIP6 M antibody treatment. Alternatively,
this decrease in the G2/M population could also be attributed to the ability of
IgG to bind zinc (Yamanaka et al. 2016), which might result in cellular zinc
deficiency and thereby mitosis inhibition. For these reasons, the ZIP6 M

antibody would not be included in the following experiments.

To determine percentages of cells specifically in the M phase,
LPPXQRIOXRUHVFHQFH ZDV SHUIRUPHG L Qistor&H3 FHOO
antibody, a mitotic marker. Mitotic cells were counted in images taken from the
LPPXQRIOXRUHVFHQFH VO LdIK\A% ,dD th® Belsi Witk HriltdicH G
(pS10 histone + ISRV LWL YH2). With] nocodazole treatment, the mitotic
cells were increased to 22% (Fig. 7KLY QRFRGD]JROHILQGXFHG
significantly reduced to 4% as a result of treatment with a 1:20 dilution of the
ZIP6 Y antibody (Fig.7.2). This decrease was demonstrated to be
FRQFHQWUDWLRQiGR)S Aese Haaiconfiimed that the treatment
with the ZIP6 < DQWLERG\ VXFFHVVIXOO\ LQKLELWHG QRFI
Noteworthy, when compared to the percentages of the G2/M population as
determined by FACS analysis (Fig. 7.1), the percentages of the mitotic cells that
were stained positive for pS10 histone H3 (Fig. 7.2) were relatively small. In
particular, when the cells were treated with a 1:20 dilution of the ZIP6Y
antibody in the presence of nocodazole, only 4% of the cells were positive for
pS10 histone H3, accounting for 13% of the G2/M population as shown by
FACS. According to these findings, it could be implied that 87% of the G2/M
cells were in the G2 phase, consistent with a previous study that reported an

increase in G2 cells as a result of cell cycle arrest (Luk et al. 2009).
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Figure 7.2 & RQFHQWUDWLRQiIGHSHQGHQW P L Wantbbdy LQKLE |

0&)i FHOOV ZHUH WUOHMWét&dazbleWNMoc) and incubated with the ZIP6'Y

antibody for 20 hours. The cells were immunostained with a rabbit pS10 histone H3 antibody,

which was conjugated to Alexa Fluor 594 (red). The nuclei were stained with DAPI (blue). A
representative image of each sample is shown. Percentages of mitotic cells are presented in a

bar graph as mean * standard error (n =3). Statistical significance is compared to the
QRFRGD]ROHIWUHDWHG FHOOV ZLWKRXW DQWLERG\ WUHDWPHQW
Scale bar,25 P p<0.01,***p<0.001.
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To determine whether the effect of the antibody treatment could be
REVHUYHG IRU HQGRJHQRXV PLWRVLV ZLWKRXW DQ\ F
were synchronised using a serum deprivation technique. This technique limits
exposure of the cells to mitogens or growth factors, thereby causing the cells to
exit the cell cycle and enter the GO phase (Rosner et al. 2013). Serum was
withdrawn from the medium for 24 hours and added back to allow the cells to
UHIHQWHU WKH * SKDVH DQG SURJUHVV WKURXJK WK
F\FOH 7R GHWHUPLQH WKH WLPH ZKHQ WKHKNHWUXPIiC
phase following the serum repletion, the cells were harvested at different time
points and immunofluorescence was performed using a pS10 histone H3
antibody. Mitotic cells were counted in images taken from the
immunofluorescence slides and the mitotic cell numbers were compared to the
control that had notbee Q VHUXPiIGHSULYHG ZKLFK VKRZHG D EL
3.8% (Fig. 7.3). Following serum replenishment, the mitotic rate in the cells
previously deprived of serum started to increase at 27 hours, and a maximal
increase was observed at 30 hours, with a mitotic rate of 7.2%, indicating this
time point as the optimised time for cell entry into the mitotic phase (Fig. 7.3).

After 30 hours, the mitotic rate reduced from the peak to 6.7% at 31 hours and

DW KRXUV LPSO\LQJ WKH FHOOV (EIHTBRTWHULQJ
determine the effect of the ZIP6 Y antibody treatment on endogenous mitosis,
the antibody was added at 24 hours and the cells were harvested for
immunofluorescence using the pS10 histone H3 antibody at 30 hours after
serum replenishment. The mitotic count revealed that the mitotic rate was
reduced from 8.2% to 4.4% as a result of the ZIP6 Y antibody treatment
(Fig. 7.4). These data therefore confirmed the ability of the ZIP6 Y antibody to
SUHYHQW QRW RQO\ WKH QRFRGD]JROHILQGXFHG PLWR'

cycle progression into the mitotic phase.
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Figure 7.3 Maximum mitosis at 30 hours after serum replenishment

:KHQ 0&)i FHOOV ZHUH i FRQIOXHQW WKH\ ZHUH JURZQ LQ
KRXUV DQG IL[HG DW i KRXUV DIWHU VHUXP UHSOIQOIGVKPWRW
a rabbit pS10 histone H3 antibody, which was conjugated to Alexa Fluor 594 (red). The nuclei
were stained with DAPI (blue). A representative image of each of the samples that were
harvested at 27 i30 hours is shown. Percentages of mitotic cells are presented in a bar graph as

mean * standard error (n = 3). Statistical significance is compared to the control without serum
starvation (Con).

Scale bar,25 P p<0.05, **p<0.001.
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Figure 7.4 Inhibition of endogenous mitosis by ZIP6 Y antibody

:KHQ 0&)i FHOOV ZHUH i FRQIOXHQW WKH\ ZHUH JURZQ LQ
hours. They were incubated with a 1:20 dilution of the ZIP6 Y antibody at 24 hours and fixed in

4% formaldehyde at 30 hours after serum replenishment. The cells were immunostained with a

rabbit pS10 histone H3 antibody, which was conjugated to Alexa Fluor 594 (red). The nuclei

were stained with DAPI (blue). A representative image of each sample is shown. Percentages of

mitotic cells are presented in a bar graph as mean * standard error (n = 3). Statistical
significance is compared between the samples with and without antibody treatment.

Scale bar,25 P p<0.01.

7R REVHUYH WKH ORQJiWHUY BntiddiyHtres¥meént oweeH =, 3
JURZWK 0&)i FHOOV ZHUH JURZQ L Qebto aitad¢h@®GheS ODWH
surface for 24 hours, prior to the antibody treatment for 96 hours. Cell counting
was performed every 24 hours to determine growth of the cells treated with the
ZIP6 antibody compared to the control without antibody treatment. The medium
with the antibody was refreshed on day 2 after the treatment, to ensure that the
cells were not deprived of necessary nutrients and that the antibody was not
GHJUDGHG 0&)i FHOOV GHPRQVWUDWHG D W\SLFDO H
cell numbers incrHDVLQJ ilTROG i RDGG iinmR@& DW GD\V

221



7. Mitosis inhibitory effects of ZIP6 and ZIP10 antibody treatment

3, and 4 when compared to day O, respectively (Fig. 7.5). With the ZIP6Y
antibody treatment at a 1:20 dilution, no change in cell number was observed at
day 1, but a gradual increase in cell number could be observed at days 2, 3,
and 4 (Fig. 7.5). A significant decrease in cell growth was seen at days 2, 3, and
4, with cell numbers reduced by 33.0%, 57.4%, and 69.36% when compared to
the control, respectively (Fig. 7.5). These data suggested prolonged mitotic
inhibition as a result of the ZIP6 Y antibody treatment. Noteworthy, a small
degree of cell growth was still noticed, signifying that the inhibitory effect was
not complete. This might be associated with a milder side effect of the antibody
if used for cancer treatment, since normal cells in the body would be allowed to
JURZ WR VRPH H[WHQW )XUWKHUPRUH LQ WRIGHQWKW
PDQQHU RI WKH =,3 DQWLERG\ILQGXFH®), RSV RV LV
incomplete mitosis blockade could be an antibody concentration effect, and
complete mitosis inhibition might therefore be clinically achieved when a higher

concentration of the antibody was applied.

Figure 75 /RQJIWHUP FHOO JURZWK VXS anibbtW LRQ E\ =,3

0&)i FHOOV ZHUH VHHGHG LQ D iZHOO SODWH DQG ZH¥IH WUHDV
antibody at 24 hours (day 0). The cells were counted every 24 hours for 4 days. The medium

with the antibody was refreshed on day 2. The number of the cells from each counting is

presented in a line graph as mean + standard error (n = 3). Statistical significance is compared

to the cells without antibody treatment (Control).

**p <0.01, *** p <0.001.
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7.3.2 ZIP10 antibodies inhibit mitosis in MCF 7 cells

Hypothetically, in so far as ZIP6 and ZIP10 heteromer formation was
required for their zinc transport function, inhibiting ZIP10 should also have the
same mitosis inhibition effect as inhibiting ZIP6. The experiments that were
performed using the ZIP6 Y antibody were therefore repeated, but using ZIP10
DQWLERGLHV WKDW VSHFLILFDOO\ WDUJRYWY. WgiKgH 1iWH
FACS in cells stained with propidium iodide, treatment with a 1:50 dilution of a
ZIP10 antibody 6LJPDi$ O GAB2EXRR209) (Table 2.1) was shown in an
overlapping histogram to increase the 2n diploid cell population, but decrease
the 4n tetraploid cell population (Fig. 7.6A). These changes in the cell cycle
profile were confirmed by the analysis using the Watson Pragmatic algorithm
(Fig. 7.6B,C). This analysis demonstrated an increase in the G2/M population
from 22% in the control to 58 LQ WKH QRFRGD]R O HNitW llHD W H C
VLIQLILFDQWO\ GHFUHDVH LQ WKH QRFRGD]JROHILQGXF
of the antibody treatment (Fig. 7.6B,C).

To confirm the changes detected by FACS, immunofluorescence was
performed wusing a pS10 histone H3 antibody. Nocodazole treatment
significantly increased the mitotic cell population by 18% (Fig. 7.7). A significant
reduction in the percentage of the mitotic cells by 15.5% was observed as a
result of treatment with a 1:50 dilution of the ZIP10 antibody in the presence of
nocodazole (Fig. 7.7). This inhibitory effect of the antibody on mitosis was
VKRZQ WR EH FRQFHQWUDWLR QNI Sising GheQsame )L J
dilutions of the antibodies, the ZIP10 antibody was able to show a greater
extent of mitosis inhibition than the ZIP6 Y antibody. For example, at a 1:50
dilution of the antibodies, the ZIP10 antibody was able to reduce the mitotic
cells to 6.2% (Fig. 7.7), whereas the ZIP6 Y antibody decreased the mitotic cells
to 8.8% (Fig. 7.2). The more potent cytostatic effect of the ZIP10 antibody
suggested that ZIP10 might be more crucial in the mitotic process than ZIP6.
Nevertheless, these two antibodies were made from different companies. The
ZIP6 Y antibody was made in house and was not purified, whereas the ZIP10
antibody was commercially available and purified. The difference in cytostatic
efficiency between these two antibodies could therefore be due to the difference

in antibody concentrations.
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Figure 7.6 Decreased G2/M population by ZIP10 antibody

0&)Ii FHOOV ZHUH WUOhMWoet&dazbleWakd incubated with a ZIP10 antibody
6LIPDiI$OGULFK 6%% IRU KRXUV 7KH FHOOR&H3HH VIMDLQ

content was measured using FACS analysis. An overlapping histogram for the
QRFRGD]JROHIWUHDWHG FHOOV ZLWKRXW DQWLERG\DWUH I&D RMHPOHEMA

incubated with the ZIP10 antibody (Noc + ZIP10) was generated using Flowing Software (A).

Percentages of the cells in the GO/G1, S and G2/M phases determined using FlowJo Software

are presented as a 100% stacked column chart (B). The percentages of the G2/M population

are also presented in a bar graph as mean * standard error (n = 3) (C). Statistical significance is
FRPSDUHG WR WKH QRFRGD]J]ROHIWUHDWHG FHOOV ZLWKRXW DQWI

*p <0.05, * p <0.01.
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Figure 7.7 &RQFHQWUDWLRQIGHSHQGHQW PLWRVLV LQKLEI

0&)i FHOOV ZHUH W00 HNDWidodazaléd (Nd€C) and incubated with a ZIP10 antibody
6LIPDiI$OGULFK 6%% IRU KRXUV 7KH FHOOV ZHWH LPP

pS10 histone H3 antibody, which was conjugated to Alexa Fluor 594 (red). The nuclei were

stained with DAPI (blue). A representative image of each sample is shown. Percentages of the

mitotic cells are presented in a bar graph as mean * standard error (n = 3). Statistical

VLIQLILFDQFH LV FRPSDUHG WR WKH QRFRGD]J]ROHIWUHDWHG FHO!

Scale bar,25 P p<0.05,**p<0.001.
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To validate the ZIP10 antibody treatment results (Fig. 7.6 and 7.7), FACS
cell cycle analysis in cells stained with propidium iodide was performed again
XVLQJ WKH LQiKRXVHB PRWHERG&\ ZKLFK WDUJHWYV WK
ZIP10 similarly to the commercial ZIP10 antibody 6LIJPDiI$OGULFK
SAB2102209) (Table 2.1, Fig. 6.5). The overlapping histogram demonstrated a
decrease in the 4n tetraploid peak as a result of the ZIP10 R antibody treatment
ZKHQ FRPSDUHG WR WKH QR B RthDUtRaGtiHddY eathgviti G F H C
with no change in the 2n diploid peak observed (Fig. 7.8A). The G2/M cells
were shown using the Watson Pragmatic algorithm to be significantly increased
by 19% following the nocodazole treatment, and the ZIP10 R antibody
treatPHQW VLIJQLILFDQWO\ UHGXFHG WKH SHUFHQWDJF
G2/M cell population by 12.5% (Fig. 7.8B), confirming that ZIP10 was required
IRU LQLWLDWLRQ RI QRFRGD]J]ROHILQGXFHG PLWRVLYV

7R LQYHVWLJDWH WKH ORQJiW Hritidddytréatirant, R 1 WKH
growth assay was performed for 96 hours. E[SRQHQWLDO JURZWK RI 08
was demonstrated and used as a control (Fig. 7.9). In contrast, the number of
cells treated with the ZIP10 R antibody remained steady throughout the
experiment, with a small decrease at day 1, a small increase at day 2, and
inconspicuous decreases at day 3 and day 4 (Fig. 7.9). The difference between
the numbers of the ZIP10 R antibody itreated cells and the control started to be
significant at day 1 (Fig.7.9). These data revealed a prolonged potent
JURZWKILQKLELWRU\ HBHFQWRERMXKHLG,d&)i FHOOV 1
both the FACS analysis and the growth assay agreeably demonstrated a
stronger cytostatic effect of the ZIP10 R antibody than the ZIP6 Y antibody. For
example, a greater percentage decrease in the G2/M population compared to
WKH QRFRGD]ROHIWUHDWHG FHOOV ZDV REVHUYW& ZK
the ZIP10 R antibody (Fig. 7.8) than when they were incubated with the ZIP6 Y
antibody at the same dilution of 1:20 (Fig. 7.1). Furthermore, the ZIP10 R
antibody treatment could significantly suppress cell growth as early as day 1
(Fig. 7.9), whereas the ZIP6 Y antibody treatment still allowed the cells to slowly
proliferate up to day 4 and did not show significant growth suppression until
day 2 (Fig. 7.5). Both the ZIP10 R and ZIP6 Y antibodies were made in house
and manufactured by the same company, with the same type of preservative

added. However, exact concentrations of these antibodies were not known. The
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comparison of the cytostatic effect between these two antibodies was therefore
limited. The difference in their mitosis inhibition potency might be attributed to
either the more important role of ZIP10 in zinc transport function of the

ZIP6/ZIP10 heteromer or only the difference in antibody concentrations.

Figure 7.8 Decreased G2/M population by ZIP10 R antibody

0&)i FHOOV ZHUH W00 RDrwdddazad aKincubated with ZIP10 R antibody for 20

hours. The cells were stained with propidium iodide. DNA content was measured using FACS

DQDO\VLV $Q RYHUODSSLQJ KLVWRJUDP IRU WK HE®RRSRE R/GUDH B Q/HPiH\
1RF DQG WKH Q R Gdlld Rcbhtall With ZIP10 R antibody (Noc + ZIP10 R) was

generated using Flowing Software (A). Percentages of the cells in the GO/G1, S and G2/M

phases determined using FlowJo Software are presented as a 100% stacked column chart (B).

The percentages of the G2/M population are also presented in a bar graph as mean + standard

error (n = & 6WDWLVWLFDO VLIJQLILFDQFH LV FRP SDQUG\G AN R KARKKH

antibody treatment.

*p <0.05, ** p <0.01.
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Figure 7.9 /RQJiWHUP FHOO presRahWwyzIFD0 R antibody

0&)i FHOOV ZHUH VHHGHG LQ D iZHOO SODWH DQG XWKWHH WU
ZIP10 R antibody at 24 hours (day 0). The cells were counted every 24 hours for 4 days. The

medium with the antibody was refreshed on day 2. The number of the cells from each counting

is presented in a line graph as mean + standard error (n =3). Statistical significance is

compared to the cells without antibody treatment (control).

*p <0.05, * p<0.01, ** p <0.001.

The ZIP10 R antibody without a preservative added was also made and
used to investigate the growth suppression effect of sodium azide, which was
DGGHG WR DOO WKH DQWLERGLHYV PDGHandQ@IKKRXVH LC
antibodies. The cytostatic effect of sodium azide has been reported in various
cell types (Slamenova and Gabelova 1980) EXW WKLV HIIHFW RQ 0&)i
QRW EHHQ UHSRUWHG 7R H[FOXGH WKH F\WRVWDWLF
cells were treated with the ZIP10 R antibody without any preservative added
and compared to those treated with the ZIP10 R antibody with sodium azide
added. Mitotic cells were identified by immunofluorescence using a
pS10 histone H3 antibody. The mitotic cell count demonstrated that the
QRFRGD]JROHILQGXFHG PLWRWLF FHOOV ZHUH VNJQLILF
a result of the treatment with the ZIP10 R antibody with sodium azide added,
and to 4.5% as a result of the treatment with the ZIP10 R antibody without any
preservative added (Fig. 7.10). No statistical significance was detected between

the treatment with the ZIP10 R antibody with and without sodium azide added
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(Fig. 7.10). These data proved that the inhibitory effect of the ZIP10 R antibody
on mitosis was genuinely attributed to the binding of the antibody to ZIP10 and

not due to cell toxicity of sodium azide.

Figure 710 ([FOXVLRQ RI SUHVHUYDWLYHILQGXFHG F\WRW|

0&)i FHOOV ZHUH W00 rMDNYdddazald (Wd€) and incubated with either the ZIP10 R

antibody with 0.02% sodium azide or the ZIP10 R antibody without sodium azide for 20 hours.

The cells were immunostained with a rabbit pS10 histone H3 antibody, which was conjugated to

Alexa Fluor 594 (red). The nuclei were stained with DAPI (blue). A representative image for

each sample is shown. Percentages of the mitotic cells are presented in a bar graph as mean +

standard error (n = 6WDWLVWLFDO VLJQLILFDQFH LV FRPSDUHG WR
without antibody treatment.

Scale bar, 25 P p < 0.001.
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7.3.3 ZIP6/10 antibodies inhibit mitosis in other breast cancer cell lines

Mitosis in the hom RQHIUHVSRQVLYH O@#asi succesSidyw
VXSSUHVVHG E\ WKH WUHDWPHQW ZLWK WKH DQWLERC
ZIP6 or ZIP10. To investigate the inhibitory effect of the antibodies on mitosis in
RWKHU KRUPRQHILUUHVSRQ VL YetpeHEdIrreD ¥xperimbn@rH U FHC
three additional cell lines: 0'$i FHOOV 0'$i FHOOV DQG 7%0
0'$i FHOOV DQG 0'si FHOOV DUH WULSOH QHJ
35i QHIJDW.QYE +(5 iIQHIJDWLYH EUHDVW FDQFHU FHOO
WDPR[LIHQIUHVLVWDQW EUHDVW FDQFHU FHOOV WKDW
known to have acquired a more aggressive phenotype than its
HQGRFULQHIUHVSRQV l(KhbwlBeb EtHdIRO0B)O FHO OV

Immunofluorescence using a pS10 histone H3 antibody was performed
LQ O0'S$i FHOOV )WDIQG 0'$i FHODIN) thdt had been
treated with the ZIP6 < RU =,3 6LIJPDISOGULFK 6%% DQW
presence of nocodazole. The nocodazole treatment successfully increased the
mitotic cell population in both the cell lines (Fig.7.11 and 7.12).
CRQFHQWUDWLRQ i Gislishibidh A awesRIL oiire treatment with the
ZIP6 < RU =,3 6LIJPDISOGULFK 6%% DQWLERG\ ZD
0'$i DQG 0'$i cells (Fig. 7.11 and 7.12) in the same manner as that
VHHQ IRU 0&)i FHOOV 8VLQJ WKH VDPH FRQFHK®WUDW
QRFRGD]ROHILQGXFHG PLWRVLYV ZDV LQKLELWHG LQ 0
WKDQ 0'$i s FiygOrAl and 7.12). These results revealed that the
ZIP6 < DQG =,3 DQWLERGLHYVY ZHUH DEOH WR LQKLELW C
these two triple negative breast cancer cells as well as the hormone
UHFHSWRUiISRVLWLYH 0&)i FHOOV 7ULSOH QHJDWL
aggressive DQG GRHV QRW UHVSRQG WR HLWKHU KRUPRQD:
A study in mice with severe combined immunodeficiency revealed that 100%
DQG Rl WKH PLFH WKDW ZHUH LQMHFWHG ZLWK O0'
GHYHORSHG OXQJ PDFURIiPHW D \aftéDnjddtion, redpéezively G D\V
(lorns et al. 2012). In contrast, the same study revealed that only 25% of the
PLFH LQMHFWHG ZLWK 0&)i FHOOV GHYHORSHG OXQJ
after injection. The ZIP6 Y or ZIP10 antibody treatment could therefore become
D SRWHQWLDO WKHUDSHXWLF PHDQV WR FRQWHRBO JUF
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both at the primary site and at distant organs, thereby improving clinical

outcomes in patients with this highly aggressive disease.

Our group have demonstrated that TAMR cells have reduced mRNA
expression of both ZIP6 and ZIP10 when compared to its parent DO 0&)i FHOOV
even though the decrease was not statistically significant (Taylor et al. 2007). It
was therefore interesting to determine whether the treatment with the ZIP6 Y or
ZIP10 R antibody could supress growth of TAMR cells as well as the parental
0&)i FHOOV $ JURZWK DVVD\ ZDV SHUIRUPHG LQ 7%$0¢
with either the ZIP6 Y or the ZIP10 R antibody for 72 hours to determine the
ORQJIWHUP HIIHFW RI WKH WUHDWPHQW RQ JURXWK R
starvation of the cells or degradation of the antibodies, the medium with the
antibodies were replaced on day 2. TAMR cells without antibody treatment were
incrHDVHG iiIROG DQG {iIROG DW GD\ DQG GD\ U UHV!
increase observed at day 3 (Fig. 7.13). In the presence of a 1:20 dilution of the
ZIP6 < DQWLERG\ QR LQFUHDVH zZDV REVHUYHGVKQWLO
was detected (Fig. 7.13), suggesting that the antibody partially inhibited the
growth of this cell line, and with enough time, the cells might grow again. On the
contrary, in the presence of a 1:20 dilution of the ZIP10 R antibody, declines in
cell numbers were observed at day 2 and day 3 (Fig. 7.13), suggesting that the
antibody might also induce cell death in this cell line. The difference in cell
numbers between the cells treated with either of the antibodies and the
QRQIWUHDWHG 7%$05 FHOOV EHFDPH VWD{Hd4gVI8),FDOO\
suggesting a potent cytostatic effect of these antibodies in TAMR cells.
Interestingly, this result also demonstrated a superior cytostatic effect of the
ZIP10 R antibody treatment to the ZIP6Y antibody treatment, as seen for
0&)i FH@daX suggesting either a more crucial role for ZIP10 in the mitotic
process than ZIP6 or a higher concentration of the ZIP10R antibody than the
ZIP6 Y antibody.
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Figure 711 OLWRVLYV LQKLELWLRQ E\ =,3 DQG =,3 DQWLEF

0'$i FHO O¥ tizaiddl with 100 nM nocodazole (Noc) and incubated with either the

ZIP6 Y antibody or the =,3 DQWLERG\ 6LJPDiIi$OGULFK 6%% IRU K
were immunostained with a rabbit pS10 histone H3 antibody, which was conjugated to Alexa

Fluor 594 (red). The nuclei were stained with DAPI (blue). A representative image for each

sample is shown. Percentages of the mitotic cells are presented in a bar graph as mean *

standard error (n = 6WDWLVWLFDO VLJQLILFDQFH LV Fé&afeSbPallsHG WR
without antibody treatment.

Scale bar,25 P p <0.001.
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Figure 7.12 OLWRVLYV LQKLELWLRQ E\ =,3 DQG =,3 DQWLEF

0'$i FHOOV ZHUH W L10blmMVndcedazdléNV(Koc) and incubated with either the

ZIP6 Y antibody or the =,3 DQWLERG\ 6LJPDiI$OGULFK 6%% IRU K
were immunostained with a rabbit pS10 histone H3 antibody, which was conjugated to Alexa

Fluor 594 (red). The nuclei were stained with DAPI (blue). A representative image for each

sample is shown. Percentages of the mitotic cells are presented in a bar graph as mean *

standard error (n = 6WDWLVWLFDO VLJQLILFDQFH LV FRPSDUHG WR
without antibody treatment.

Scale bar,25 P p < 0.001.
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Figure 7.13 TAMR cell growth suppression by ZIP6 and ZIP10 antibodies

7DPR[LIHQIUHVLVWDQW 0&)i FHOOV 7%05 FHOO\DWZAHUMQ &HHAKWHHG
treated with a 1:20 dilution of either the ZIP6 Y or ZIP10 R antibody at 24 hours (day 0). The

cells were counted every 24 hours for 3 days. The number of the cells from each counting is

presented in a line graph as mean * standard error. Statistical significance is compared to the

cells without antibody treatment (control).

*p <0.05, * p<0.01.

7.3.4 ZIP6 knockout decreases mitosis in NMuMg cells

ZIP6 knockout using clustered regularly iinterspaced short palindromic
repeats (CRISPR) technology was performed in NMuMg (mouse mammary
glandular) cells by Dr. Gerold SchmittiUlms, University of Toronto. To
determine the need for ZIP6 in the mitotic process, experiments were performed
in this cell model. To characterise this cell line, zinc assays were performed
XVLQJ )OXRihagng demonstrated that the green fluorescence of
) O X R ] Lv@ad$ decreased in WKH =,3 iNQR RMJdReENW when compared
to the ZL O G i WM& cells (Fig. 7.14). The calculation of the corrected total
cell fluorescence in the representative fluorescence images revealed a 22%
GHFUHDVH LQ IOXRUHVFHQFH LQWH Q Whéh congpaidK H =, 3
to the ZL O GiW\S fFrigFH1®@)ORdrthermore, FACS analysis in cells loaded
ZLWK WKH JLQFiVHQVLWLYH G\H GHPRQVWW®&WHG
=,3 iINQRFNRXW FHOOV FRPSDUH FigWR5WTKeéseZihdnGsi W\ S H
were consistent with the absence ol =,3 LQ WKH =,3 iNQRFNRX
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Nevertheless, a considerable amount of zinc was also present in the
=,3 INQRFNRXW FHOOV VXJJHVWLQJ WKDW ]JLQFiLPSR
FRPSHQVDWHG IRU E\ RWKHU SODVPD PHPEUDQHIORFD

Figure 7.14De FUHDVHG JLQF OHYHOV LQ =,3 iNQRFNRXW FH

:LOGiIiWWsIHand =,3 INQRFNRXW2 #ABX0J FHOOV ZHUH VWDLQHG ZLW
(green), and fixed in 4% formaldehyde. The nuclei were stain with DAPI. A representative

microscopic view captured with 63x magnification lens is shown. The total cell fluorescence was
FDOFXODWHG IURP WKH LPDJHV WDNHQ IURP WRBJHO X\RR LW Z DNUW I
(Schneider et al. 2012), and is presented in a bar graph as mean + standard error. Statistical
significanceis FRPSDUHG EHWZHHQ WKH ZLOGiIW\SH DQG WKH =,3 iNQRF
Scale bar,25 P p<0.05.
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J)LIXUH '"HFUHDVHG JLQF OHYHOV LQ =,3 iNQRFNRXW

LOGiIiWWIHand =,3 iINQRFNRXW 4BX0J FHOOV ZHUH VWDLQHG ZLW
(green). FACS analysis was performed. The data are shown in an overlay histogram. The mean
fluorescence is demonstrated in a bar graph as mean * standard error (n = 3). Statistical
VLIJQLILFDQFH LV FRPSDUHG EHWZHHQ WKH ZLOGiW\SH DQG WKH =
*** n < 0.001.

To determine the effect of ZIP6 knockout on mitosis, FACS was
SHUIRUPHG LQ ZLOGiW\SH DQG =,3 iNQRFNRXWXIPOX0J F
iodide. The overlapping histogram revealed a decrease in the 4n peak, which
represents cells in the G2/M phase, and the area between the two peaks, which
represents cells in the S phase, with no change in the 2n peak, which
represents cells in the GO/G1 phase (Fig. 7.16A). Further analysis in the
=,3 iINQRFNRXW F HOMagorX Rfagihaticvalgatithm revealed a 1.9%
decrease in the percentage of the G2/M cells and a 16.6% decrease in the
SHUFHQWDJH RI WKH 6iSKDVH FHOOV ZKHQ FRPSDU
(Fig. 7.16B). Even though the decrease in the G2/M cells was relatively small,
the decrease was statistically significant for both the G2/M cells (Fig. 7.16C)

DQG WKH 6iSKDVH FHODKRWH AHFUHDVH LQ WKH 6iSKDVH
=, 3 iNQRFNRXW FHOOV VXJJHVWHG WKDW =,3 PLJKW

progression even prior to cell entry into the mitotic phase. This early blockade of
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the cell cycle was not detected in the ZIP6 antibody treatment experiment
(Fig. 7.1), possibly because of the intracellular location of ZIP6 in the interphase
cells and thereby lack of approachability of ZIP6 to the ZIP6 antibody. Given
WKDW WKH 6iSKDVH IUDFWLRQ KDV ORQJI|EHHQ@ INNDROA
aggressive tumours (Johnson 1994), this effect of the ZIP6 knockout supported

ZIP6 as a potential target for cancer treatment.

Figure 7.16 '"HFUHDVHG 6 DQG * 0 SRSXODWLRQ LQ =,3 iNQ

LOGIiWWTH and =,3 iNQRFNRXKD) NMBMg cells were stained with propidium
iodide. DNA content was measured using FACS analysis. An overlapping histogram was
generated using Flowing Software (A). Percentages of the cells in the GO/G1, S and G2/M
phases determined using FlowJo Software are presented as a 100% stacked column chart (B).
The percentages of the cells in the G2M phase (C) and S phase (D) are individually presented
in bar graphs as mean = standard error (n = 3). Statistical significance is compared between the
ZLOGiW\SH DQG WKH =,3 iNQRFNRXW FHOOV

**p <0.01, **p<0.001.
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$ iKRXU JURZWK DVVD\ ZzDV SHUIRUPHG WHR GHW!
ofthe =,3 INQRFNRXW FHOOV 5DSLG SUROLIHUDWLRQ ZD
cells until day 4, whereas a slower increase in cell number was observed in the
=,3 iINQRFNRXW FHOOV XQWLO GD\ ZLWK VWDWLVWLI
1 to day 3 when compare G WR WKH ZLOGiW\SHUReA@cDedly, jHel
JURZWK RI WKH =,3 iNQRFNRXW FHOOV DFFHOHUDMWHG
UHDFKHG WKH OHYHOV FRPSDUDEOH7.WRTNeseHla@LOGiW
suggested that ZIP6 played important roles in mitosis, since the absence of
ZIP6 resulted in the decrease in cell growth. Nevertheless, the ability of the
=,3 iINQRFNRXW FHOOV WR JURZ ZLWK UDSLG DRKHHOHU
role of ZIP6 in mitosis was dispensable, and ZIP6 might be compensated for by
RWKHU =,3 FKDQQHOV HVSHFLDOO\ LQ ORQJIWHUP DE\
of the role for ZIP6 in cell proliferation was consistent with a recent report that
VK51$iPHGLDWHG VXSSUHVVLRQ RI =,3 JHQH H[SUHVYV
any effect on cell proliferation in pancreatic cancer cells (Unno et al. 2014).

Figure 7.17 &HOO JURZWK VXSSUHVVLRQ LQ =,3 iNQRFNRXW

:LOGiWWIHand =,3 iNQRFNRXW 20X0J FHOOV ZHUH VHHGHG LQ D
The cells were counted every 24 hours for 4 days. The number of the cells from each counting

is presented in a line graph as mean + standard error (n = 3). Statistical significance is
FRPSDUHG EHWZHHQ WKH ZLOGiW\SH DQG WKH =,3 iNQRFNRXW FH
*p < 0.05, ** p <0.001.
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7.4  Chapter summary

In this chapter, inhibition of ZIP6 and ZIP10 by treating cells with the
antibodies that target the ectodomain of ZIP6 and ZIP10 was demonstrated to
result in a decrease in mitosis and cell growth. These antibodies were shown to
VXSSUHVV ERWK QRFRGD]JROHILQGXFHG PLWRVLYVY DQG
FHOOV ZLWK D FRQFHQWUDWLRQIGHSHQGHQW RDQQHL
QRFRGD]JROHILQGXFHG PLWRMWWKHUPRUH LUQ#&LELWR
the antibodies on mitosis were also seen LQ HQGRFULQHIUHVLVWDQW
cell lines, consisting of 0'$i )LJ 0'$i ) L712), and TAMR
cells (Fig. DV ZHOO DV KRUPRQHiIVHQVLWLYH 0&)i
crucial involvement of ZIP6 in mitosis was supported by a decrease in cell
SUROLIHUDWLRQ LQ =,3 iNQRANRX W RIFOXMUHBH V@RV Z L C
NMuMg cells (Fig. 7.16 and 7.17). These findings collectively confirmed the
important role of ZIP6 and ZIP10 in the mitotic process and introduced ZIP6 and

ZIP10 antibody treatment as a novel modality for cancer treatment.
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Chapter 8:
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An increasing number of human diseases, which include cancer, have
been attributed to increases or decreases in zinc transport function of ZIP
channels (Taylor et al. 2011). It is therefore crucial to comprehend functional
control of ZIP channels in order to discover a novel therapeutic strategy for
diseases that are associated with ZIP channel dysfunctions. To obtain some
basic understanding about the predicted structure of ZIP channels, amino acid
sequences were analysed, and potential phosphorylation sites in the cytosolic
loop between TM3 and TM4 were explored in all members of the ZIP family of
zinc transport proteins (Chapter 3). PRV W iW U D Q M&ziaWsmB QfDATP7
were further deciphered by determining usefulness of the pZIP7 antibody in
indicating the modification and function of ZIP7 (Chapter 4) and exploring
FHOOXODU NLQDVHYVY SKRVSKRU\ODWHG DV D UHVXOW |
cellular stores (Chapter 5). To expand the insight into the ZIP channel functional
FRQWURO WKH LQYHVWLJIJDWLRQ ZDV H[WHQGHG WR
=,3 DQRWKHU PHPEHU RI WKH /,9i VXE bh&nhgGsiteL Q ZKL
and multiple phosphorylation sites were detected (Chapter 6). Following the
discovery of ZIP6 and ZIP10 mechanisms during mitosis in Chapter 6, the
essentiality of these ZIP channels for the mitotic process was proved by

inhibiting their function using specific ZIP6 and ZIP10 antibodies (Chapter 7).

The most prominent discovery in this project was the post itranslational
mechanisms of ZIP6 and ZIP10 in mitosis with the application of ZIP6 and
ZIP10 antibodies to inhibit mitosis. These two topics will therefore be discussed
first in this chapter, followed by a separate discussion on the investigation of
ZIP6 phosphorylation in mitosis. The discussion will then be focused on ZIP7,
starting from an analysis of the kinases that were detected as downstream
HITHFWRUV RI =,3 iPHGLDWHG ]LQF tdved.ORihBIlY,Hthel URP F
potential usefulness of the pZIP7 antibody and the essential role of ZIP7 in

human immunity will be discussed.
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8.1 ZIP6 and ZIP10 play important roles in mitosis

It has been recognised for decades that zinc is essential for cell division,
and the absence of zinc in the medium results in cell proliferation arrest
(Falchuk et al. 1975). The importance of zinc homeostasis in cell division is
underlined by the demonstration of transient fluctuations of intracellular zinc
levels during the mitotic cell cycle (Li and Maret 2009) as well as the meiotic cell
cycle (Kim et al. 2010). However, little is known about the direct role of zinc in
mitosis. It has been proposed that zinc is involved in mitosis because of its
major involvement in DNA synthesis through its association with various
PHWDOORHQ]J\PHV DQG ]L Q Hihdwihtlaffe&tReVGH/E Qhdsed Q
transition by an undefined mechanism (MacDonald 2000). Furthermore, zinc
signalling has been linked to cell growth in prostatic cancer in a recent study
(Zhang et al. 2010). In this study, ZIP4 overexpression was seen to activate
&5(% E\ SKRVSKRU\ODWLRQ UHVXOWLQJ LQ LQFUHDVH
activation, cyclin D1 expression, and cell proliferation. However, these effects of
ZIP4 overexpression might be attributed solely to the increase in cytosolic zinc,
since no molecular association of ZIP4 with other molecules was indicated.

According to the data in Chapter 6, the mechanism of how ZIP6 is
involved in mitosis can be summarised in a schematic shown in Fig. 8.1. ZIP6 is
transcriptionally activated by STAT3 (Yamashita et al. 2004; Hogstrand et al.
2013) in its active tyrosine iphosphorylated form, pY705 STAT3 (Abroun et al.
2015). ZIP6 is produced as a pro iprotein, which is stored in the ER and
represented by a 103 kDa band on a Western blot (Hogstrand et al. 2013)
(Fig. 6.8). A recent study in our group detected that ZIP6 forms a heterodimer
with ZIP10 in the ER (Taylor et al. 2016). When the cell is triggered by a
PLWRVLViISURPRWLQJ ID FRIib is W ikKekminallg cléale®R bt a
strong PEST site (Fig. 3.7) and relocated to the plasma membrane. This active
form of ZIP6 on the plasma membrane is represented by a 68 kDa band on a
Western blot (Hogstrand et al. 2013) (Fig. 6.8). At this stage, ZIP6 might be
regulated by phosphorylation on the predicted sites in the cytosolic loop
between TM3 and TM4, which could possibly be mediated by CK2, *6.i
CK1, or PLK1 (Fig. 6.29 i6.38). Noteworthy, it is still not known whether ZIP10
LV DOVR SRVWiIiWUDQVODWLRQDOO\ UHJXODWHG E\ SKEF
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Figure 8.1 ZIP6 and ZIP10 involvement in mitosis

This schematic demonstrates a model of ZIP6 and ZIP10 involvement in mitosis based on the
findings in this project.
1. ZIP6 forms a heteromer with ZIP10 in the ER (Taylor et al. 2016), and the heteromer
relocates to the plasma membrane in mitosis.
2. The ZIP6/ZIP10 heterodimer mediates zinc influx into the cytosol, resulting in
phosphorylation of STAT3 on residue S727.
3. 7KH VHULQHiISKRVSKRU\O DSVATG) Brd$ i ZIRB®n residue Y473,
which is in the intracytosolic loop between TM3 and TM4. pS727 STAT3 also binds to
ZIP10 on an unidentified site.
4, pS727 STAT3 binds to pS38 Stathmin, which is required for microtubule reorganisation
during mitosis (Rubin and Atweh 2004).
5. =,3 XQGHUJRHVY DQ DGGLWLRQDO 1iWHUPLQDO FOHDYDJH GX

When ZIP6 or ZIP10 on the plasma membrane is activated, the
ZIP6/ZIP10 heteromer mobilises zinc into the cell (Fig. 8.1, step 1), resulting in
conversion of pY705 STAT3 to pS727 STAT3 (Fig. 8.1, step 2), the form of
STAT3 which is present in all mitotic cells (Nimmanon et al., manuscript in
preparation). During mitosis, pS727 STAT3 binds to the ZIP6/ZIP10
heterodimer on the plasma membrane (Fig. 8.1, step 3). This binding was
shown to be at the predicted STAT3 ibinding motif in ZIP6 (sequence YESQ,
positions 473i476) (Fig.6.15i6.17) and at an unknown site in ZIP10
(Fig. 6.21). Additionally, pS727 STAT3 also binds to pStathmin (Fig. 6.18;
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Fig. 8.1, step 4), which is required for microtubule reorganisation, an essential
process for mitotic progression (Rubin and Atweh 2004). During early mitosis,
before the transition from prophase to metaphase, the extracellular N iterminus
of ZIP6 is cleaved again just upstream of TM1 (Fig. 6.22; Fig. 8.1, step 5). The
role of this second cleavage still needs to be investigated. Altogether, the
findings in this project have introduced at least five molecules that are actively
involved in the mitotic process according to this model: zinc, ZIP6, ZIP10,
pS727 STAT3, and pStathmin. These molecules might therefore become
interesting targets for treatment of proliferative diseases such as cancer.

Tyrosine phosphorylation on a C iterminal tyrosine residue, Y705, is a
crucial step for the formation of a STAT3 dimer (Rawlings et al. 2004). As a
result, most studies on STAT3 have been focussed on pY705 STAT3, which is
generally regarded as the transcriptionally iactive form of STAT3 (Abroun et al.
2015). However, phosphorylation on an evolutionarily iconserved serine
residue, S727, which is located in the C iterminal tail distal to residue Y705, has
also been reported (Decker and Kovarik 2000). In response to interferon ialpha,
a luciferase assay in cells transfected with the interferon regulatory factor il
promoter demonstrated a 50% decrease in transcriptional activity when
co itransfected with a STAT3 S727A mutant, compared to the wild type, even
though a gel mobility shift assay could not show a decrease in DNA binding
(Wen et al. 1995). Consistent with this finding, transfection with the
STAT3 S727A mutant was shown to reduce transcription of the interleukin i6
response element of thH ,&%$0i SURPRWHU XS RQnducioi Hy O H X N |
50%, compared to wild itype STAT3 (Schuringa et al. 2000). Importantly, the
relevance of this S727 phosphorylation in physiology has been underlined by an
in vivo study, showing that SA/i mice (one allele having the STAT3 S727A
mutation and the other having no STAT3 gene) had a significant reduction in
birth weight with 75% mortality rate soon after birth (Shen et al. 2004). Both the
reduced birth weight and the mortality seen in these SA/ i mice were correlated
with a reduction in serum levels of IGF il1. Given the transcription istimulating
role of pS727 STAT3, this modification has been implicated in carcinogenesis.
For example, in prostate cancer cells, when residue S727 of STAT3 is mutated
to glutamate, which is a phosphomimetic amino acid, the cells were shown to

have increased growth, tumorigenic potential, and invasion (Qin et al. 2008).
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These aggressive characteristics were attributed to pS727 STAT3 imediated
transcriptional activation of proto i RQFRJHQHV V X F Ksubwing, aadi
FiP\F LQGHSHQGHQWO\ BHorylation. 15 K &ldition, the
constitutively ipresent pS727 STAT3 was shown in chronic lymphoid leukaemia
cells to bind to DNA and thereby activate transcription, suggesting
pS727 STAT3 as a salient feature and a potential therapeutic target for this
lymphoid neoplasm (Hazan-Halevy et al. 2010).

Nevertheless, there are a few pieces of evidence contradicting these
positive effects of pS727 STAT3 on transcriptional activity (Decker and Kovarik
2000). In HepG2 hepatoma cells, investigations using a STAT3 S727A mutant
as well as a STAT3 mutant with the distal 55 amino acids removed from the
C iterminus proved a requirement of the C iterminus, but not residue S727, in
transcription iactivating function of STAT3 (Kim and Baumann 1997).
Furthermore, a decrease in transcriptional activity has been demonstrated when
residue S727 was phosphorylated by ERKs (Jain et al. 1998; Sengupta et al.

1998), protein kinase C delta (Jain et al. 1999) RU Fi-XQ 1iWHUPLQDO N

(JNK1) (Lim and Cao 1999). Indirectly supporting this negative role of
pS727 STAT3 in transcriptional activity, the phosphorylation on residue S727 of
STATS3 in nocodazole itreated cells was shown to suppress gene expression of
p21CIPIWAFL and p27KiPl which are negative regulators of the cell cycle (Shi et
al. 2006). The suppression of these cell cycle regulators therefore resulted in
unopposed activation of cyclin idependent kinase 1, which is required for mitotic
progression. This study also demonstrated an inverse relationship between
pY725 STAT3 and pS705 STAT3 in mitotic cells, and introduced pS727 STAT3
as a positive regulator of the mitotic process. Collectively, these controversial
data suggest that pS727 STAT3 can either activate or suppress gene

expression, depending on cell types and circumstances.

Importantly, zinc was shown to bind to STAT3, resulting in inhibition of
STAT3 transcriptional function, as suggested by a decrease in the
pY705 STAT3 levels (Kitabayashi et al. 2010). Furthermore, a recent
investigation in our group confirmed this and further demonstrated in the context
Rl PLWRVLV WKDW =,3 iPHGLDWHG JLQF LQIOX][
pY705 STAT3, but also an increase in pS727 STAT3 (Nimmanon et al.,

245

UHV X



8. General discussion

manuscript in preparation). Noteworthy, these effects of zinc on the two STAT3
modifications were consistent with the inverse relationship between
pY725 STAT3 and pS705 STAT3, which was seen in nocodazole iinduced
mitotic cells (Shi et al. 2006) and cells overexpressing ZIP6 (Hogstrand et al.
2013). As previously mentioned, the binding of pS727 STAT3 to pStathmin
prRYLGHG D FOHDU OLQN EHWZHHQ =,3 iPHGLDWHG ]
through the crucial role of pStathmin in facilitating microtubule reorganisation
during mitosis (Rubin and Atweh 2004). In contrast to this binding of
pS727 STAT3 to pStathmin, the role of the ZIP6/pS727 STAT3 complex
formation was rather inconclusive. Interestingly, ZIP6 has been reported to
associate with histone demethylase Jarid1B (Zhou et al. 2009a), which was
previously demonstrated by our group to bind to histone H3, but not ZIP6, in
mitotic cells (Nimmanon et al., manuscript in preparation). It is interesting to
speculate that the ZIP6/pS727 STAT3 complex formation resulted in dislodging
of Jarid1B from ZIP6, and the freed Jarid1B would then bind and activate
histone H3, which is responsible for chromosome condensation (Wei et al.
1999). Additionally, given that the cytosolic loop between TM3 and TM4
contains histidine irich regions that are required for zinc transport across the
plasma membrane (Milon et al. 2006), the binding of pS727 STATS3 at this loop
might in fact prevent excessive zinc influx, which could be toxic to the cell. This
hypothesis is partly supported by the constant zinc levels observed throughout
different mitotic stages (Fig. 6.14). Altogether, the unique presence of
pS727 STAT3 and its binding to ZIP6 and pStathmin provided a mechanistic
link between zinc signalling and mitotic control and suggested the importance of

these proteins and their potential to become cancer therapeutic targets.

The speculated involvement of JaridlB in the ZIP6/pS727 STAT3
complex idriven mitotic progression is intriguing. Jarid1B, previously known as
PLU i1, is a histone demethylase that is specific for histone H3 with tri i and
di imethylation on residue lysine 4 (Christensen et al. 2007). Using Northern
blotting, the Jarid1B gene was highly expressed in different breast cancer cells
when compared to non imalignant mammary glandular cells, with restricted
expression in various non icancerous adult tissues (Lu et al. 1999). Consistent
with this gene expression profile, protein expression of Jarid1B was also shown

using Western blotting to be increased in both breast cancer cells and breast
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cancer tissue extracts, but not detectable in extracts from various normal adult
tissues (Barrett et al. 2002). Through the demethylase activity of Jarid1B, which
results in transcriptional repression of tumour suppressor genes such as
BRCAL, this protein has been demonstrated to promote cell proliferation both in
MCF i7 cells and in a mouse breast tumour model (Yamane et al. 2007). The
speculation that the ZIP6/pS727 STAT3 complex formation resulted in binding
of the freed Jarid1B to histone H3 during mitosis (Nimmanon et al., manuscript
in preparation) therefore suggests another possible post itranslational
mechanism for Jarid1lB in promoting cell proliferation independently of its
demethylase activity. Interestingly, in contrast to the role of JaridlB in
enhancing cell proliferation, this protein has been reported to be a biomarker of
the slow igrowing subpopulation of melanoma cells, which is relatively small in
number when compared to the rapidly growing population of melanoma cells
(Roesch et al. 2010). Regardless of the apparently low proliferation rate of this
subpopulation, these Jarid1B ipositive melanoma cells were shown to be
capable of continuously growing and highly tumorigenic, fulfilling a major
criterion for cancer stem cells (Bruttel and Wischhusen 2014). Similar to
Jarid1B, ZIP6 has also been revealed responsible for the stem cell properties in
pancreatic cancer cells (Unno et al. 2014). In this study, ZIP6 knockdown in
Panc-1 human pancreatic cancer cells was shown to result in decreased
expression of stemness irelated genes, spheroid iforming ability, invasiveness,
and tumorigenicity in nude mice, thereby introducing ZIP6 as a regulator of
pancreatic cancer cell stemness. Given the molecular link between Jarid1B and
ZIP6 (Nimmanon et al., manuscript in preparation), it is plausible that both these
molecules might work together to promote stemness of both melanoma cells

and pancreatic cancer cells.

=,3 DQG =,3 DUH JURXSHG LQWR WKH VDPH
phylogenetic tree of the ZIP family of zinc transport proteins (Fig. 3.1), and
share many common characteristics in terms of both gene sequences and
biological roles. Both the ZIP6 and ZIP10 genes have been shown to contain a
SULRQIOLNH HS$cWiRt&RB BtlalQ2009) and proteolytic cleavage sites
(Fig. ZLWK D 67%$7 iEL (BGBdotlalPZRW,;Kleshava Prasad et al.
2009). Furthermore, both ZIP6 and ZIP10 are associated with cell migration in
breast cancer (Kagara et al. 2007; Hogstrand et al. 2013). Interestingly, both
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ZIP6 and ZIP10 are enriched in the cortex of mammalian oocytes, and
disruption of their functions has been shown to result in meiotic cell cycle arrest
during oogenesis (Kong et al. 2014). Importantly, ZIP6 was demonstrated to
form a heteromer with ZIP10 (Taylor et al. 2016) (Fig. 6.19 and 6.20), the
phenomenon previously reported for zinc exporters ZnT5 and ZnT6 (Fukunaka
et al. 2009). This ZIP6/ZIP10 heteromer formation is contrary to ZIP5
(Pocanschi et al. 2013) and ZIP13 (Bin et al. 2011), which were shown to form a
homodimer. These data suggested that both ZIP6 and ZIP10 might be needed
for mitotic progression, and blocking only one of the two would therefore not be

sufficient to stop mitosis.

8.2 ZIP6 and ZIP10 antibodies successfully inhibit mitosis

To prove that ZIP6 and ZIP10 were required for initiation of mitosis, we
employed different antibodies that target the N iterminus of either ZIP6 or
ZIP10, expecting that the binding of the antibodies could inhibit the function of
these ZIP channels. We were able to exhibit in Chapter 7 that treatment with
either the ZIP6 or the ZIP10 antibody successfully inhibited mitosis in a
concentration idependent manner. This inhibition was observed in different
breast cancer cell lines and seen for both endogenous mitosis and
nocodazole iinduced mitosis (Fig. 7.1i7.13). Incubation with a monoclonal
antibody to inhibit its target protein has previously been performed in an
LQYHVWLJDWLRQ RI WKH QWi t®dremnt Zvidh anvaktdady QJ W K
DJDLQVW WKH :QWi SURWHLQ VXFFHVVIXOO\ LQGXFH«
effect DV ZKHQ :QWi VL51$(HeR\al.xX204)GThe mitosis inhibition
by the ZIP6 and ZIP10 antibodies supported that both these channels were
essential for initiation of the mitotic process. However, it could be questioned
that the reduction in mitotic cells might have been confounded by toxicity of
FKHPLFDOV DGGHG WR WKH DQWLEG®BS lsbthtm ¥2E.K DV V
Sodium azide has differential cytostatic effects on various types of cells
(Slamenova and Gabelova 1980), even though these effects have not been
VSHFLILFDOO\ UHSRUWHG IRU 0&)i FHOOV 7KLV F
concentration of azide in the treatment solution was very low. Importantly, it was
demonstrated using the ZIP10 R antibody with and without sodium azide that
this preservative did not significantly influence the mitosis iinhibitory effect of

the antibody (Fig. 7.10). The confounding effect of sodium azide could therefore
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be excluded. An alternative potential mechanism of the mitotic cell reduction
observed as a result of the antibody treatment is prolonged mitotic arrest,
resulting in activation of caspase-dependent apoptosis (Hain et al. 2016).
However, a follow iup investigation in our group using an apoptosis Western
blot cocktail disproved this hypothesis by exhibiting no change in the apoptotic
rate as a result of the antibody treatment (Nimmanon et al., manuscript in
preparation). Noteworthy, IgG negative controls also produced some inhibition
of mitosis (data not shown), the mechanism of which is currently unexplained.
Comparison between the antibody itreated samples and the 1gG control was
also limited, because the exact ZIP6/10 antibody concentrations were not
known. Nevertheless, a recent publication demonstrated the ability of IgG to
bind zinc (Yamanaka et al. 2016), providing an explanation for the observed
mitosis inhibition effect of 1gG. Further investigation is now needed to explore

the manipulation of zinc to confirm this effect.

If ZIP6 is indispensably needed for mitosis, one point to consider is why
some cells were able to escape the blockade by the ZIP6 antibody, since the
antibodies did not completely inhibit mitosis. This question is confirmed to be
legitimate by the finding that the ZIP6 iknockout cells were able to proliferate,
even though they did not grow as quickly as the wild type (Fig. 7.17). We might
reasonably speculate that its function could be compensated for by other ZIP
channels, such as ZIP10. It is therefore interesting to investigate whether the
cells could still proliferate when both ZIP6 and ZIP10 are deleted. Nevertheless,
we could exploit this imperfect mitosis inhibition of the ZIP6 antibody treatment.
When using the antibody for treating a patient with a proliferative disease such
as cancer, the antibody might cause less adverse effects related to its toxicity to
normal cells, given that a small extent of mitosis would still be allowed in normal
tissues. Additionally, given that ZIP6 was increased and present on the plasma
membrane only in mitotic cells (Fig. 6.7, 6.9 and 6.10) and migrating cells
(Hogstrand et al. 2013), this antibody would specifically target the highly
aggressive cancer cell population that are actively dividing, invading, circulating,
and metastasising. Hence, it is highly probable that this antibody could

effectively prevent cancer progression with fewer side effects.
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Importantly, exploiting the increased ZIP6 protein expression in the
majority of breast cancer, prostate cancer, and melanoma cases detected using
immunohistochemistry in tissue sections, an antibody #lrug conjugate that
targets ZIP6, SGNiLIV1A, has been developed (Sussman et al. 2014).
Noteworthy, antibody idrug conjugates are a novel class of cancer
chemotherapeutic drugs. Each antibody idrug conjugate has 3 components: a
cancer ispecific monoclonal antibody, a cytotoxic agent covalently attached to
the antibody, and a linker (Peters and Brown 2015). Mechanistically, when an
antibody idrug conjugate binds to its target, it is endocytosed, trafficked, and
degraded, resulting in release of the active cytotoxic component into the cytosol
where its intracellular target is located (Bouchard et al. 2014). Compared to
treatments with naked antibodies, antibody idrug conjugates are believed to
have higher clinical efficacy, because they have both high selectivity of the
monoclonal antibodies and high potency of the cytotoxic drugs (Sassoon and
Blanc 2013). The SGN iLIV1A antibody idrug conjugate is composed of a ZIP6
monoclonal antibody conjugated to monomethyl auristatin E, an anti icancer
drug that inhibits mitosis by blocking tubulin polymerisation (Sussman et al.
2014). In contrast to the results in Chapter 7 using the ZIP6 antibody that was
developed in our group, this study on SGN iLIV1A demonstrated using a growth
assay that MCF i7 cells were insensitive to the naked antibody used in the
investigation, but were highly sensitive to SGN iLIV1A. The same study also
revealed in immunodeficient mice with breast cancer xenografts that
SGNIiLIV1A was effective and well itolerated at the dosage used with no
serious side effect reported. Noteworthy, SGN iLIV1A is currently evaluated in a
phase 1 clinical trial for its safety and anti itumour activity in patients with
ZIP6 ipositive metastatic breast cancer (Forero et al. 2014). Collectively, not
only does the ZIP6 Y antibody, either in its naked or conjugated form, have high
potential to be used as an anti icancer agent, but these data on SGN iLIV1A
(Sassoon and Blanc 2013) have also suggested good tolerability of this
antibody.

8.3  ZIP6 is phosphorylated in mitosis
Given the importance of ZIP7 phosphorylation on residues S275 and
S276 in ZIP7 activation (Taylor et al. 2012), other potential phosphorylation

sites in ZIP7 and other ZIP channels were explored, using data from whole
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genome phosphoscreens and online predictive software. Potential
phosphorylation sites were detected in multiple ZIP channels besides ZIP7,
including ZIP3, ZIP4, ZIP6, and ZIP10, suggesting the potential role of
SKRVSKRU\ODWLRQ LQ WKHLU SRVWIWUDQVIX2DWLRQ
Fig. 3.11). Interestingly, sites predicted to be phosphorylated by CK2 were also
present in ZIP3 at S129, ZIP6 at S478, and ZIP10 at T573 and S583 (Table 3.2;
Fig. 3.11). The sequences of these sites match the consensus sequence motif
for CK2 phosphorylation (Pinna 1990; Meggio and Pinna 2003). Given that CK2
plays important roles in cell growth and proliferation, oncogenesis, and
pathobiological features of cancer (Tawfic et al. 2001), either ZIP7 alone or
together with these other ZIP channels might be among the substrates of this
NLQDVH WKDW DUH UHVSRQVLEOH IRU WKH &. iDVVRFLI

In ZIP6, residue S478 was expected to be a key CK2 iphosphorylated
site for ZIP6, given that this kinase was ranked top as the potential kinase that
phosphorylates this site (Hornbeck et al. 2012). Furthermore, this residue was
VKRZQ WR EH &enveH® @drosRR gl mammalian species (Fig. 3.15),
suggesting its potential importance in ZIP6 functional control. ZIP6
phosphorylation was further investigated in Chapter 6, in which ZIP6 was
demonstrated for the first time to be serine iphosphorylated as a result of zinc
treatment (Fig. 6.26), the same activation method that has been proved to
WULJIJHU WKH &. iPHGLDWHG Gaglor stkiR20 8K Rhik\s2fne/ L R Q
phosphorylation of ZIP6 was detected at 2 minutes after zinc treatment, which
was as early as the phosphorylation of ZIP7 (Fig. 4.9). Importantly, residue
S478 of ZIP6 was confirmed to be an important site that was phosphorylated by
zinc treatment, since the S478A mutant successfully prevented this serine
phosphorylation of ZIP6 (Fig. 6.27). According to these findings, it is interesting
to speculate that CK2 might simultaneously stimulate ZIP7, which releases zinc
IURP WKH VWRUHV DQG RWKHU SODVPD PHPEUDQHIOR

ZIP6, which import zinc into the cell.

In a previous investigation, =,3 iPHGLDWHG ]JLQF LQIOX]|
subsynaptic compartment of the cytosol of T cells was detected within 1 minute
DIWHU 7iFHOO UHFHSWRU VWLPXODWLRQ E\ H[ERK XUH

was presented by myeloid dendritic cells (Yu et al. 2011). Noteworthy,
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according to the concept of immunological synaptic communication between a T
cell and an antigen ipresenting cell, this subsynaptic compartment was defined
as the area in the cytosol of a T cell underneath the synapse with a dendritic
cell (Huppa and Davis 2003). This ZIP6 imediated zinc influx was shown to
result in increased ZAP70 phosphorylation, sustained calcium influx, and
inhibition of Src homology region 2 domainicontaining SKRVSKDWDVHIi
recruitment (Yu et al. 2011). Based on this report of early ZIP6 activation in T
cells, serine phosphorylation of ZIP6 could also occur within 1 minute after zinc
treatment in MCF i7 cells, even though the different cell types and treatment
methods also needed to be considered. This further raised the question whether
ZIP6 or ZIP7 was activated first and whether ZIP6 was necessary for zinc influx
into the cytosol SULRU WR =,3 iPHGLDWHG JLQF UHOHDVH IL
SKRVSKRU\ODWLRQ SUHFHGHG =,3 SKRVSKRUMMPWLR
might act as an upstream signalling event that led to ZIP7 activation as well as
a means of zinc supply to the stores. This zinc uptake might result in immediate
activation of ERK1/2, which is required for zinc wave production (Yamasaki et
al. 2007; Ho et al. 2008). Alternatively, zinc itself might be a trigger of zinc
UHOHDVH IURP FHOOXODU VWRUHYV PLPLFENLQJ WKH Z
UHOHDVH IURP LWV VWRUHY FDOOHG 3HBENGF2000P.iLQ G X F

&DOFLXPILQGXFHG [EWasHitsXdestsibkd iH BRéletal muscle
as a physiological mechanism by which a small amount of free calcium that was
initially released from the sarcoplasmic reticulum triggered further calcium
release from the stores (Ford and Podolsky 1970). This mechanism has been
observed not only in skeletal muscle, but also in smooth muscle (Kotlikoff
2003), cardiac muscle (Zahradnikova and Zahradnik 1999), and pyramidal
neurons (Sandler and Barbara 1999). Supporting this mechanism in cardiac
myocytes, it was demonstrated using computer simulations that in response to
calcium influx via L-type voltage-dependent calcium channels, ryanodine
receptors on the sarcoplasmic reticulum were rapidly activated, resulting in
calcium release from the sarcoplasmic reticulum within 0.4 milliseconds after
calcium influx (Cannell and Soeller 1997). In the light ol WKLV FDOFLXPiLQ(
calcium release, there might also be a similar mechanism for zinc, which could
be called zinciLQGXFHG JLQF UHOHDVH ,Q SDUDOOHO ZL

calcium release in cardiac myocytes, in response to zinc influx via a ZIP
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channel on the plasma membrane such as ZIP6, ZIP7 was triggered, resulting
zinc release from intracellular stores such as the ER. Noteworthy, cytosolic zinc,
even at a physiological level, has been shown in cardiac myocytes to be able to
activate the ryanodine receptor 2 and thereby induce calcium release in the
absence of activating levels of calcium in the cytosol (Woodier et al. 2015). Zinc
influx into cells might therefore trigger not only zinc release, but also calcium
release from intracellular stores. Additionally, given the presence of potential
tyrosine phosphorylation sites in ZIP3, ZIP6, and ZIP10 (Table 3.2; Fig. 3.11)
and the known potent inhibitory effect of zinc on protein tyrosine phosphatases
(Wilson et al. 2012), zinc release from cellular stores might also result in
tyrosine phosphorylation of these ZIP channels. This phenomenon could
therefore provide a positive ifeedback mechanism by which zinc itself
potentiated zinc signalling.

According to the cellular homeostatic mechanisms of zinc that have
previously been reported, the proposed mechanism of zinc iinduced zinc

release can still be challenged. The effects of ZIP7 activation as a result of

&. iPHGLDWHG SKRVSKRU\ODWLRQ ZHUH VKRZIQWW RIEH

other ZIP channels that are located on the plasma membrane (Taylor et al.

2012). This fact was proved in this study by demonstrating using a )OXR]LQ

assay that no apparent cytosolic free zinc was detected following zinc treatment
until zinc was released from the ER. Furthermore, stimulation with EGF plus
ionomycin produced cellular effects similar to those observed as a result of
treatment with zinc plus pyrithione, proving that the rise in cytosolic free zinc
levels resulted from the release of endogenous zinc from the ER, not from the
influx of exogenous zinc added to the cells. These previous findings are
consistent with the muffler model, which highlights the effectiveness of
zinc ibinding proteins such as the metallothioneins in controlling cytosolic free
zinc levels within a narrow physiological range (Colvin et al. 2010). According to
these data, the proposed simultaneous activation of ZIP6 at 2 minutes after the
stimulation might not be important for the early effects of ZIP7 activation.
However, ZIP6 might instead be necessary for the prolonged effects of ZIP7
activation, since ZIP6 could provide zinc supply to cellular stores and prevent

the stores from being depleted of zinc. Given that carcinogenesis is a chronic

SURFHVYVY LW LV SODXVLEOH WKDW =,3 DV Zd4@O DV
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ZIP channels could synergistically work with ZIP7 in sustaining the activation of

ZIP7 downstream effectors and thereby promoting cancer phenotype.

Regardless of the potential importance of residue S478 in ZIP6 serine
phosphorylation, this residue showed no preference to other sites in binding to
CK2 (Fig. 6.30). The specific binding residues in ZIP6 for the binding of CK1
(Fig. 6.34) and PLK1 (Fig. 6.36) were also not detected. This might be because
the sites that were investigated did not serve as major binding sites for these
kinases. Alternatively, these sites might be notably activated only in mitotic
cells, which were the minority of the cells in the samples tested, since the
experiment was performed in the absence of a mitosis inducer such as
nocodazole. Noteworthy, the combination of ZIP6 transfection and nocodazole
treatment was not performed in the investigation due to our concern that the
presence of nocodazole might adversely affect the transfection efficiency.
Another possible explanation that a specific binding site was not detected for
CK2, CK1, and PLK1 is that these three kinases bound to more than one
residue in ZIP6, in as much as there are multiple potential sites on ZIP6 for
which these kinases were predicted to be the responsible kinases. Additionally,
multiple tyrosine residues have recently been reported as potential
phosphorylation sites on ZIP6, consisting of residues Y493, Y528, and Y531
(Palacios-Moreno et al. 2015). In consideration of the theory of hierarchical
phosphorylation (Ayuso et al. 2010), another possibility is that these tyrosine
residues needed to be phosphorylated first, and phosphorylation of the
investigated sites would then follow.

Importantly, residue S471 was the only residue in ZIP6 detected to be a
specific phosphorylation site for a kinase, GSK i3 E (Fig. 6.32). GSK i3 Eis a
negative regulator of Snail (Zhou et al. 2004), which functions as a transcription
repressor of E icadherin (Peinado et al. 2007), thereby playing a major role in
EMT control. Recently, our group have demonstrated that the ZIP6 imediated
zinc signalling pathway in EMT involves inhibitory phosphorylation R1 *6.iE
(Hogstrand et al. 2013), which is driven by either zinc itself (llouz et al. 2002) or
JLQFiDFWLY DlaeHGal$2009). It is therefore interesting to discover that
this kinase bound to ZIP6 on residue S471 during mitosis (Fig. 6.32). In the light

of the discovery in this project, GSK i3 Ecould be either an upstream activator of
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ZIP6 or a downstream effector of ZIP6 imediated cellular zinc influx. In so far as
ZIP6 function could be regulated by GSK i3 Eimediated phosphorylation, a
threefold implication could be drawn. Firstly, since ZIP6 imediated zinc influx
results in inhibitory phosphorylation of GSK i3 E (Hogstrand et al. 2013), this
might be the mechanism whereby GSK i3 E negatively controlled its own
function. Secondly, because ZIP6 causes cell rounding prior to EMT (Hogstrand
et al. 2013) or mitosis (Chapters 6), phosphorylation of GSK i3 Emight provide a
switch mechanism by which the cell was predestined whether to migrate (when
the phosphorylated form of GSK i3 Epredominated) or divide (when the active
QRQISKRVSKRU\ODW H 8E pRdofin&ed)* hirdly, given that ZIP6
might also be phosphorylated by other protein kinases, particularly CK2, this
could also suggest a possibility of hierarchical phosphorylation for ZIP6, in
which not until residue S471 had been phosphorylated could the other residues
such as S478 be post itranslationally modified, or vice versa (Ayuso et al.
2010). Nevertheless, more investigations are needed to confirm this reciprocal

interaction between GSK i3 Eand ZIP6 and its role in ZIP6 regulation.

8.4 ZIP7 signalling is involved in diverse kinase pathways

In order to investigate downstream effectors of ZIP7 imediated zinc
release from cellular stores, three types of antibody arrays were employed,
QDPHO\ WKH SKRVSKRIUHFHSWRU W\URRJ.QHi NLQDVH
Table5.1) WKH SKRVSKRINL@RVH iDUUDDWBOHand the
phospho i P L W R J H Qidd pnatdirykinase array (MAPK) arrays (Fig. 5.9 i
Table 5.3). Two methods of increasing ZIP7 function were employed:
tUDQVIHFWLRQ ZLWK add @rg itvéatthkint fagr310 minutes, which
activates ZIP7 by CK2 imediated phosphorylation on residues S275 and S276
(Taylor et al. 2012). Only the kinases that were phosphorylated by both of these
two ZIP7 iactivating methods were further analysed for potential downstream
FDVFDGHV WULJJHUHG E\ =,3 iPHGLDWHG JLQF UHOHDYV
all these kinases is shown in Table 8.1. These kinases were linked together
according to their common signalling pathways using different online platforms,
including the Database for Annotation, Visualization, and Integrated Discovery
(DAVID) (Huang et al. 2009) and WikiPathways (Kutmon et al. 2016).
Interestingly, 15 out of the 21 kinases that were phosphorylated as a result of
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both ZIP7 transfection and zinc treatment regardless of their different isoforms
were detected as signalling molecules involved in an integrated network of

cancer signalling pathways (Fig. 8.2).

According to the integrated network of the kinases phosphorylated as a
result of ZIP7 imediated zinc release (Fig. 8.2), when different RTKs, including
(*)5 (UE% ,¥)i 5 )*)5 | p@WRET, are activated by tyrosine
phosphorylation, they can exert their effects on gene expression through
activation of the RAS/RAF/MEK/ERK pathway (Fig. 8.2). The activation of this
ERK pathway in turn regulates genes through transcription factors MYC, ELK,
or CREB or through activation of the RAS/IJNK pathway, which subsequently
regulates genes through transcription factor JUN (Fig. 8.2). Alternatively, EGFR
and ErbB2 are also able to trigger transcription factor STAT5, whereas ,*)i 5
FGFR3, DQG ) @M &lso known as upstream activators of the PI3K/AKT
pathway (Fig. 8.2). The PI3K/AKT pathway can in turn either activate
transcription factors Eicatenin and CREB through inhibitory phosphorylation of
GSK i3 Eor regulate protein synthesis through activation of the MTOR pathway,
which eventually triggers p70 S6 kinase (Fig. 8.2).

7DEOH 'RZQVWUHDP HIIHFWRUV RI =,3 iPHGLDWHG ]L
SHFHSWRU{W\URVLQH NLQDVHV 57.

Fi5HW FGFR3

EGFR )OW i

EphA7 *)i 5

ErbB2

Kinases including PLWRJHQiIDFWLYDWHG SURWHLQ NLQDVH
AKT S . 0%$3.

Fi-XQ p70 S6

CREB PRAS40

ERK1/2 STAT2

*6.i ./ STAT5a

HSP27 STAT6

INK WNK1

0&)i FHOOV ZHUH WUDQVIHFWHG ZLWK ZLQGIWIEAF=S30XWWQG WUl
sodium pyrithione for 10 minutes. Phosphorylation of selected kinases was determined using

WKH KXPDQ SKRVSKRIi57. WKH KXPDQ SKRVSKRINLQDVH DQG V
DQWLERG\ DUuUD\V 5 ' 6\VWHPVY 7KH NLQDVHV WZXIDMWG AMIBEH SKRV ¢
transfection and zinc treatment are shown in this table. The kinases with more than one isoform

or modification are merged together.
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Figure 8.2 Potential downstream pathways of =,3 iPHGLDWHG JLQF UHOHDVH IURP FHOOXODU VWRUHYV

This schematic reveals signalling pathways that include most of the kinases that were phosphorylated as a result of both ZIP7 overexpression and zinc treatment
DFFRUGLQJ WR WKH SKRVSKRiIUHFHSWRU WQ R VIRV E KQ DPVHV RRIKRQ/ B Ik RViINLIDWD M & gréyubexaishl T mdjod atkiayd U U D\ G I
in which these kinases are involved include the MAPK pathway, the PI3K-AKT pathway and the MTOR pathway.
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This network of the signalling pathways downstream of ZIP7 imediated
zinc release from cellular stores (Fig. 8.2) has highlighted the diverse roles for
ZIP7 in different cellular processes. All of these pathways have been reported to
play pivotal roles in carcinogenesis. STATS5 iregulated signalling, which can be
triggered by the EGFR/ErbB pathway (Kloth et al. 2002), is important for both
breast development and oncogenesis, in spite of its conflicting role in
carcinogenesis as both a tumour suppressor and an oncogene (Ferbeyre and
Moriggl 2011). The JNK pathway, with its crosstalk with p38. MAPK,
orchestrates regulation of cell cycle progression, either dependently on or
independently of gene transcription, and modulation of cell survival,
differentiation, and migration (Wagner and Nebreda 2009). Uncontrolled
activation of the Raf/MEK/ERK pathway (Friday and Adjei 2008), the PI3K/AKT
pathway (Falasca 2010), and the MTOR pathway (Po6pulo et al. 2012) has been
implicated in various types of cancer and shown to participate in many
carcinogenetic processes, such as cell proliferation, cell survival (through
modulation of apoptosis), and cell migration (through inhibition of cell adhesion).
Notably, many cancer itherapeutic drugs have been designed to target
components of these cascades. Given that ZIP7 is capable of inducing
phosphorylation of multiple signalling molecules in these cancer irelated
SDWKZD\V WKURXJK PRELOLVDWLRQ RI JLQF IURP FHO(

signalling has inevitably become an interesting target for cancer treatment.

The additional kinases that were phosphorylated as a result of
=,3 iPHGLDWHG ]LQ F ctllHl® btdyes Hutl \WeReFhot included in any of
WKH FDQFHUIUHODWHG SBPRXZIDAW IRQ (E8$ MARK, S
STAT2, STAT6, and WNK1. EphA7 signalling has been known for its significant
roles in development of the central nervous system (Clifford et al. 2014). The
S .MAPK pathway, which has HSP27 as a downstream effector, is actively
involved in cellular responses to various stimuli, such as inflammatory
cytokines, environmental stressors, and growth factors (Cuadrado and Nebreda
2010) 7KH SMAPK pathway has a regulatory interplay with different MAPK
SDWKZD\V ZLWK [|RUMAPE B&Qrd itsSnhibitory action on EGFR
anG *6.i E(Cuadrado and Nebreda 2010). In response to type 1 interferons,
STAT2 and STAT6 form a heterodimer and mediate cytokine signalling in B
cells (Delgoffe and Vignali 2013). WNK1 is phosphorylated upon cellular
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exposure to EGF or different types of stress, resulting in activation of ERKS5,
which has significant roles in neuronal survival and cell proliferation (Xu et al.
2005). Noteworthy, the activating phosphorylation on WNK1 also results in
PDUJLQDO DFWLWARKL(RUWetRIl 2805). The link between ZIP7 and
activation of these signalling pathways has therefore suggested potential
involvement of ZIP7 inthe QRQIFDUFLQRJHQHVLVIUHODWHG FHO
have not previously been associated with ZIP7 function, such as nervous

system development, inflammation, stress response, and cell proliferation.

Zinc is a competent inhibitor of protein tyrosine phosphatases, such as
protein tyrosine phosphatase 1B (Haase and Maret 2005; Bellomo et al. 2014),
and can effectively inhibit these enzymes even DW WKH SK\VLRORJLFDO
nanomolar levels (Wilson et al. 2012). Through this zinc inhibitory effect on
protein tyrosine phosphatases, our group have experimentally demonstrated
WKDW =,3 iPHGLDWHG JLQF UHOHDVH IURP FHOOXODU
various RTKs, such as EGFR (ErbBl1), ErbB2, DQG ,*)i 5 DV ZHOO
QRQIiI57.V VXFKT&yMr étldlF2008b). EGFR, ErbB2, DQG ,*)i 5 ZHUH
DOVR FRQILUPHG WR EH SKRVSKRU\ODWHG DV D UHVX!
IURP FHOOXODU VWRUHV XVLQJ WKH SKRVSKRi57. DUU
Table 5.1). However, many other cellular kinases that were phosphorylated as a
UHVXOW RI =,3 iPHGLDWHG JLQF UHOHDVH IURP FHOO.:
NLQDVHV VXFK DV $E/Thedé stfiné/threonine kinases are not
WAURVLQHIiSKR Va8K &dJ therbfeveHnet dephosphorylated by tyrosine
phosphatases. Consequently, it is reasonable to question whether activation of
these serine/threonine kinases was directly induced by zinc or indirectly induced
E\ JLQFIiIDFWLYDWHG 57.V ,Q + & UDW P\REODVW FHO
activate AKT either directly through the zinc inhibitory effect on serine/threonine
SKRVSKDWDVHYVY RU LQGLUHFWO\ W(Kd¢ RtXall ROMF The Y DW L R
direct inhibition by zinc ions has also been reported in HEK293 human
embryonic kidkQH\ FHO OV | R(llbuzet al. 2002), a downstream effector of
serine/threonine kinase AKT. Noteworthy, a recent investigation in our group
revealed that GSK i3 Ewas phosphorylated on residue S9 10 minutes after zinc
treatment (Nimmanon et al., manuscript in preparation), compared to AKT

which was phosphorylated on residue S473 5 minutes after zinc treatment
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(Fig. 4.7). The activation of AKT in advance of the inhibitory phosphorylation of

*6.i Efollowing zinc treatment suggested that in this FRQWH[W EWasi
OLNHO\ WR EH LQGLUHFWO\ SKRVSKRU\ODWHGIEWDL\QF i

phosphorylated by zinc itself. Nevertheless, the exact activation mechanism of

WKH FHOOXODU NLQDVHV RWIKdyet tovbe Di@stigaled QG *6. 1

According to the antibody array data, zinc treatment was generally
shown to result in activation of a greater variety of tyrosine kinases than
ZLOGiW\SH =,3 WUDQVIHFWLRQ 7KLV PLJKW EH
rate of ZIP7, which was approximately 20 i30% (Fig. 4.3A and 4.4A). In spite of
this low transfection rate, a 1.7 ifold increase in pZIP7 levels as a result of
ZLOGiW\SH =,3 WUDQVIHFWLRQ ZDV V3HIB)QwHcO whs
compatible with a 50% increase in zinc levels observed in the transfected cells
when compared to the non itransfected cells (Taylor et al. 2008b). Alternatively,
zinc treatment might have activated kinases via an alternative
=,3 iLQGHSHQGHQW VLIJQDOOLQJ SDWKzZD\ WKDW

GXH

"HVWH

KDV C

WKLV K\SRWKHVLV RI DQ DOW htpQHwey Lisy less=po3sibleQ GH S H |

given the fact that the cellular effects of zinc treatment are mediated by the
endogenous zinc that has been released from cellular stores via ZIP7 rather
than the exogenous zinc that has been added to the cell (Taylor et al. 2012).
Furthermore, according to the muffler model, zinc influx into the cell is
immediately bound to the mufflers such as metallothioneins, so that the desired
physiological levels of free zinc ions are well maintained (Colvin et al. 2008).
Notwithstanding, there is a possibility that the intracellular kinases localised in
WKH SUR[LPLW\ RI SODYV P @ zihtliRflExUchapntisOIRdh S\ZHP6,
are instantly activated by the imported zinc before zinc is muffled by the
mufflers (Yu et al. 2011).

Interestingly, some kinases, such as AMPK 1, were phosphorylated
specifically by zinc treatment without a detectable increase in phosphorylation
following ZIP7 overexpression (Fig. i 7 D B.OHAMPK functions as an
energy sensor as well as a signal transducer, which can be activated by various
forms of energetic stress (Inoki et al. 2012). Activation of AMPK results in
phosphorylation of various substrates that are involved in energy metabolism,

cell growth, and transcription regulation, suggesting its crucial roles in these
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important cellular processes (Mihaylova and Shaw 2011). Importantly,
consistent with our phospho ikinase array results, an exposure of mouse
cortical neuronal cultures to 300 0 ]L Qi a serum ifree solution for 10
minutes resulted in delayed AMPK activation, which was detected 2 hours
following the exposure (Eom et al. 2016). This zinc iinduced AMPK activation
was shown to induce the apoptotic pathway, explaining the role of zinc in
neuronal cell death after an acute brain injury, such as ischemia, epilepsy, or
trauma (Frederickson et al. 2005). This zinc iinduced AMPK activation in
neuronal cells was selectively mediated by activation of liver kinase B1 (Eom et
al. 2016). Noteworthy, even though a much higher dose of zinc was used in this
previous study in cortical neuronal cultures, the AMPK activation was
apparently delayed compared to our phospho ikinase array results, which
detected the AMPK activation as soon as 10 minutes after zinc treatment
(Fig. i 7D B.OH The relatively delayed AMPK activation in this
previous study might be due to the different types of cells in the study or the
absence of an ionophore in the treatment solution (Huang et al. 2005). Given
that the endogenous ZIP7 gene and protein expression has been demonstrated
in mouse brain tissue using both Northern and Western blotting techniques,
respectively (Huang et al. 2005), it is possible that ZIP7 might also play a role in

this zinc iinduced AMPK imediated neuronal injury.

In contrast to our findings of AMPK activation by zinc, a previous study in
a mouse model demonstrated transient activation of hepatic AMPK that resulted
from loss of function of intestinal ZIP4, which prevented zinc absorption by
intestinal epithelial cells and caused a severe form of zinc deficiency called
acrodermatitis enteropathica (Geiser et al. 2012). This discrepancy suggested
WKDW ]JLQF VLJQDOOLQJ FRXOG EH LQYROYHG LQ UHJ>
type ispecific manner. Notwithstanding, no mechanistic link between the
intestinal loss of ZIP4 and the increased hepatic AMPK activation was
investigated in the study. This decrease in the hepatic AMPK activation might
not be related to the decrease in hepatocellular zinc levels. Given that zinc
deficiency is frequently associated with reduced food intake and thereby energy
deficit (MacDonald 2000), the reduced AMPK activation might instead be
induced by the hepatocellular increase in the AMP/ATP ratio, a condition which
results in AMPK activation (Hardie 2015).

261



8. General discussion

Another interesting observation is the phosphorylation of p53 as a result

of ZIP7 overexpression, particularly the S46 iphosphorylated form, which was

clearly detected by both the phosphoiINLQDVH DQG WKH SKRVSKRIi0O$

with no change observed following zinc treatment alone (Fig. i

Table i . This modification of p53 has been known to have a role in
apoptosis (Smeenk et al. 2011). This finding might therefore be suggestive of
activation of programmed cell death induced by either ZIP7 overexpression or
the transfection procedure. Importantly, it has been established that differential
SRVWiIWUDQVODWLRQDO PRGLILFDWLRQV RI (*)5
to activation of site ispecific downstream signalling cascades (Tong et al. 2009).
It has been established that ZIP7 is phosphorylated on residues S275 and S276
as a result of zinc treatment (Taylor et al. 2012), whereas the role for other
potential phosphorylation sites, such as residues S293 and T294, has not been
fully investigated. Hypothetically, in so far as this modification of p53 resulted
from the activation of ZIP7 independently of the phosphorylation on residues

S275 and S276, our findings suggested that ZIP7 function might be regulated in

DW Gl

the same zD\ DV (*)5 ZKHUHE\ =,3 SRVWiIWUDQVODWLR:

different sites resulted in activation of different signalling pathways.

W LV QRWHZRUWK\ WKDW PDQ\ VWUHYVBVARKODWH C

(Coulthard et al. 2009) and HSP27 (Vidyasagar et al. 2012), were activated by
both ZIP7 overexpression and zinc treatment (Fig. i5.8, Table 5.2). This
could suggest that cell stress response was triggered by the increase in ZIP7
function or the treatment with a supra iphysiologic amount of zinc. Exposure of
cells to a high amount of zinc could induce excessive production of reactive

oxygen species, thereby causing oxidative stress (Morina et al. 2010).

I1HYHUWKHOHVY WKHVH VWUHVVIiUHODWHG SURWHLQ

responses, but also in other crucial cellular mechanisms. For example,
p38 DMAPK can also be activated by growth factors and cytokines, resulting in
phosphorylation of a great variety of substrates that are involved in diverse
cellular processes, such as nuclear transcription, chromatin remodelling, cell
survival, cytoskeletal change, and cell migration (Cuadrado and Nebreda 2010).
Not surprisingly, p38 DMAPK has been shown to promote breast cancer

metastasis (Hong et al. 2014). Moreover, HSP27 is also involved in cellular
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cytoprotective functions and prevention of apoptosis (Wang et al. 2014) as well
as promotion of breast cancer EMT (Wei et al. 2011). The activation of these
proteins might therefore not necessarily be indicative of cell stress caused by
the treatment, but it could again further support the involvement of
ZIP7 imediated zinc signalling in various cellular processes and carcinogenesis.

8.5 ZIP7 activity is accurately indicated by the pZIP7 antibody

It has been established that ZIP7 is highly expressed in various
D QWLiKR teBdtaQtHoreast cancer cell models (Taylor et al. 2007) and
responsible for aggressive behaviours seen in these cell models (Taylor et al.
2012) 7KHVH DJJUHVVLYH EHKDYLRXUV KDYH EHHQ DW
zinc release from the stores and consequential activation of multiple cellular
signalling pathways (Taylor et al. 2008b). An antibody that recognises the
non iphosphorylated form of ZIP7 is therefore potentially useful for evaluating
ZIP7 expression in clinical samples, as it can provide helpful prognostic and
predictive information for a clinician to make a therapeutic decision.
Nevertheless, the usefulness of this antibody might be limited due to its inability
to distinguish between the total levels of ZIP7 and the levels of the actively
functioning ZIP7. Following the discovery of the ZIP7 activation mechanism by
phosphorylation on residues S275 and S276 (Taylor et al. 2012), a monoclonal
antibody recognising ZIP7 when phosphorylated on both these residues has
been developed in our group and was characterised in Chapter 3. This antibody
sensitively and specifically recognised the activated form of ZIP7 and accurately
indicated the ZIP7 activity. It could therefore be implied that this pZIP7 antibody,
either alone or together with the total ZIP7 antibody, would make a useful
FOLQLFDO ELRPDUNHU SDUWLFXODUO\ IRU DQWLIKF
Additionally, since there is currently no available reliable biomarker for
assessing total body zinc status (Wieringa et al. 2015), this pZIP7 antibody also
has potential to be used for this purpose, which might also benefit patients with

subclinical zinc deficiency.

8.6 ZIP7 is needed for human immunity
An interesting fact about ZIP7 is that this zinc channel is encoded by a
gene in the human leukocyte antigen (HLA) region on chromosome 6 (Ando et

al. 1996). This chromosome region is a highly gene idense area, which contains
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at least 253 gene loci, with many these gene loci encoding proteins that are
known to be involved in regulation of the immune system (Shiina et al. 2009). It
is therefore possible that ZIP7 also participated in the immune system.
Importantly, two ZIP7 mutants, P190A and E363K, have been detected in two
young siblings by Doctor Sophie Hambleton at Newcastle University. These two
siblings were shown to have immunodeficiency without clinically detectable zinc
deficiency. In this project, these two mutant constructs were investigated for
their ability to mobilise zinc from intracellular stores. Both the ZIP7 P190A and
E363K mutants were shown to have impaired zinc itransport function, as
suggested by their inability to significantly produce a zinc wave and the
decrease in ZIP7 phosphorylation on residues S275 and S276 (Fig. 4.15i4.19;
Table 4.2). The findings in this project therefore suggested that human immunity
requires not only adequate zinc intake (Haase and Rink 2014a), but also proper
cellular zinc homeostasis, which largely depends upon intact functions of zinc

transport proteins, especially ZIP7.

ZIP7 is known to be a gatekeeper of zinc release from intracellular stores
(Hogstrand et al. 2009), which might be essential for an immune cell to function
properly. Nevertheless, this zinc channel might also indirectly participate in the
humoral immune system independently of its canonical role in cellular zinc
transport. This speculation is based on a large iscale mass spectrometry ibased
investigation of protein iprotein interactions in human embryonic kidney cells,
showing an interaction between ZIP7 and CD40 (Ewing et al. 2007). In this
proteomic study, CD40 (bait) tagged with a FLAG epitope was
immunoprecipitated, and a high ithroughput mass spectrometry analysis listed
ZIP7 (prey) as a protein interacting with CD40 with an assigned confidence
score of 0.309. Confirming this binding, we performed a preliminary proximity
ligation assay using pZIP7 and CD40 antibodies, demonstrating 60 signals per
cell, signifying strong binding between the two proteins (Fig. 8.3). CD40 is a
member of the tumour necrosis factor receptor superfamily, which can be found
on the surface of antigen ipresenting cells including B lymphocytes (Elgueta et
al. 2009). Cb40 FUXFLDOO\ HQJDJHYVY LQ WKH DGDSWLYH LPP.
and humoral (Elgueta et al. 2009). In the humoral immune response,
CD40/CD40L interactions are required for Bicell differentiation into

plasmablasts upon induction by activated T helper cells as well as germinal
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centre formation and progression (Elgueta et al. 2009). This preliminary finding
of pZIP7 binding to CD40 (Fig. 8.3) therefore suggested that ZIP7 might be
additionally involved in the regulation of the humoral response through its

interaction with CD40, independently of its function as a zinc transport protein.

Figure 8.3 Binding of pZIP7 to CD40

ApUR[LPLW\ OLJDWLRQ DVVD\ ZzDV SHUIRUPHG LQ O0DQWRHEBGYHWX)
(red fluorescent dots), with DAPI nuclear staining (blue). A preliminary result shows 60 signals
per cells, signifying spatial proximity of the two proteins.

The link between ZIP7 and the immune system has not been reported.
However, ZIP10, another member of the LIV il subfamily of ZIP channels, has
been shown to play an indispensable role in the immune system, particularly in
humoral immunity. Ablation of the ZIP10 gene was shown to severely decrease
survival of B cells in bone marrow through activation of apoptotic cascades, an
effect similarly found as a result of zinc chelation (Miyai et al. 2014). In
ZIP10 iconditional knockout mice, B cells were not able to form a germinal
centre, a defect also detected in zinc ideficient mice (Hojyo et al. 2014).
Furthermore, B cells in these ZIP10 iknockout mice also intrinsically failed to
produce specific IgM and IgGl in response to immunisation with
4 ihydroxy i3 initrophenylacetyl chicken gamma globulin. Additionally, B icell
receptor signalling was demonstrated in the same study to be severely
dysregulated in ZIP10 iconditional knockout B cells. Collectively, these reports
have suggested that ZIP10 imediated signalling is needed for B icell survival,
activation, immunoglobulin production, and receptor signalling. Even though no

direct association of ZIP7 with immune function has been studied, it is plausible
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that ZIP7 dysfunction could result in impaired immunity, since ZIP7 is the key
zinc channel mobilising zinc from the stores (Taylor et al. 2012). In the light of
the muffler model (Colvin et al. 2010), ZIP7 might even participate in the
reported ZIP10 imediated signalling, given that zinc ions were likely to be
muffled by zinc ibinding proteins such as the metallothioneins immediately after
the influx via ZIP10, and the action of zinc might require its release from cellular
stores via ZIP7. Noteworthy, these two siblings with the ZIP7 mutants had a
EORRG SURILOH VKRZLQJ LQFUHDVHG 7ddiiddp@atiBR SXODV
which was reminiscent of an Xilinked genetic disorder called Bruton
agammaglobulinemia (Ochs and Smith 1996). This blood profile was consistent
with the decreased B icell survival in ZIP10 iconditional knockout B cells (Hojyo

et al. 2014), further suggesting the involvement of ZIP7 in this ZIP10 axis.

8.7 Conclusion

In conclusion, the data in this project have advanced the insight into the
post itranslational mechanisms of ZIP channels, particularly ZIP7, ZIP6, and
ZIP10. The knowledge of the signalling pathways that are triggered by zinc
release mediated by ZIP7 has also been expanded, introducing ZIP7 as a prime
potential target for modulating these oncogenesis irelated signalling pathways
and providing multiple research opportunities to decipher the individual
pathways. Importantly, our pZIP7 antibody has been introduced as a potential
predictive or prognostic biomarker various types of cancer. Furthermore, the
1{WHUPLQDO =,3 DQG =,3 DQWLERGLHV KDYHOEHHQ
therapeutic agents for treatment of proliferative diseases such as cancer. It is
therefore crucial to continue the investigation on these antibodies to determine
their actual clinical usefulness when used in clinical samples or even in real
clinical settings. If successful, these antibodies will inevitably benefit numerous

patients worldwide who are suffering from cancer.

266



9. References

Chapter 9:

References

267



9. References

Abroun, S., Saki, N., Ahmadvand, M., Asghari, F., Salari, F. and Rahim, F. (2015).
STATs: An Old Story, Yet Mesmerizing. Cell J 17:395-411.

Akira, S. (1999). Functional roles of STAT family proteins: lessons from knockout mice.
Stem Cells 17:138-146.

Alam, S. and Kelleher, S. L. (2012). Cellular mechanisms of zinc dysregulation: a
perspective on zinc homeostasis as an etiological factor in the development and
progression of breast cancer. Nutrients 4:875-903.

Aley, P. K., Singh, N., Brailoiu, G. C., Brailoiu, E. and Churchill, G. C. (2013). Nicotinic
acid adenine dinucleotide phosphate (NAADP) is a second messenger in muscarinic
receptor-induced contraction of guinea pig trachea. J Biol Chem 288:10986-10993.

Altmeppen, H. C., Puig, B., Dohler, F., Thurm, D. K., Falker, C., Krasemann, S. and
Glatzel, M. (2012). Proteolytic processing of the prion protein in health and disease.
Am J Neurodegener Dis 1:15-31.

An, W. L., Bjorkdahl, C., Liu, R., Cowburn, R. F., Winblad, B. and Pei, J. J. (2005).
Mechanism of zinc-induced phosphorylation of p70 S6 kinase and glycogen synthase
kinase 3beta in SH-SY5Y neuroblastoma cells. J Neurochem 92:1104-1115.

Ando, A., Kikuti, Y. Y., Shigenari, A., Kawata, H., Okamoto, N., Shiina, T., Chen, L. et
al. (1996). cDNA cloning of the human homologues of the mouse Ke4 and Ke6 genes
at the centromeric end of the human MHC region. Genomics 35:600-602.

Andreini, C., Banci, L., Bertini, I. and Rosato, A. (2006). Counting the zinc-proteins
encoded in the human genome. J Proteome Res 5:196-201.

Andrews, G. K. (2008). Regulation and function of Zip4, the acrodermatitis
enteropathica gene. Biochem Soc Trans 36:1242-1246.

Arinola, O. G. and Charles-Davies, M. A. (2008). Micronutrient levels in the plasma of
Nigerian females with breast cancer. Afr J Biotechnol 7:1620-1623.

Ayuso, M. ., Hernandez-Jiménez, M., Martin, M. E., Salinas, M. and Alcazar, A.
(2010). New hierarchical phosphorylation pathway of the translational repressor elF4E-
binding protein 1 (4E-BP1) in ischemia-reperfusion stress. J Biol Chem 285:34355-
34363.

Barrett, A., Madsen, B., Copier, J., Lu, P. J., Cooper, L., Scibetta, A. G., Burchell, J. et
al. (2002). PLU-1 nuclear protein, which is upregulated in breast cancer, shows
restricted expression in normal human adult tissues: a new cancer/testis antigen? Int J
Cancer 101:581-588.

Barrett, A. J. and McDonald, J. K. (1986). Nomenclature: protease, proteinase and
peptidase. Biochem J 237:935.

Bauer, K., Dowejko, A., Bosserhoff, A. K., Reichert, T. E. and Bauer, R. J. (2009). P-
cadherin induces an epithelial-like phenotype in oral squamous cell carcinoma by GSK-
3beta-mediated Snail phosphorylation. Carcinogenesis 30:1781-1788.

Bellomo, E., Massarotti, A., Hogstrand, C. and Maret, W. (2014). Zinc ions modulate
protein tyrosine phosphatase 1B activity. Metallomics 6:1229-1239.

268



9. References

Bin, B. H., Fukada, T., Hosaka, T., Yamasaki, S., Ohashi, W., Hojyo, S., Miyai, T. et al.
(2011). Biochemical characterization of human ZIP13 protein: a homo-dimerized zinc
transporter involved in the spondylocheiro dysplastic Ehlers-Danlos syndrome. J Biol
Chem 286:40255-40265.

Blanco, M. J., Moreno-Bueno, G., Sarrio, D., Locascio, A., Cano, A., Palacios, J. and
Nieto, M. A. (2002). Correlation of Snail expression with histological grade and lymph
node status in breast carcinomas. Oncogene 21:3241-3246.

BMJ Best Practice. (2015). Zinc deficiency: Step-by-step diagnostic approach [Online].
Available at: http://bestpractice.bmj.com/best-practice/monograph/1195/diagnosis/step-
by-step.html [Accessed: 26th January 2016].

Bornfeldt, K. E. (2006). A single second messenger: several possible cellular
responses depending on distinct subcellular pools. Circ Res 99:790-792.

Bouchard, H., Viskov, C. and Garcia-Echeverria, C. (2014). Antibody-drug
conjugates 2 a new wave of cancer drugs. Bioorg Med Chem Lett 24:5357-5363.

Bourdeau, A., Dube, N. and Tremblay, M. L. (2005). Cytoplasmic protein tyrosine
phosphatases, regulation and function: the roles of PTP1B and TC-PTP. Curr Opin Cell
Biol 17:203-209.

Boz, A., Evliyaoglu, O., Yildirim, M., Erkan, N. and Karaca, B. (2005). The value of
serum zinc, copper, ceruloplasmin levels in patients with gastrointestinal tract cancers.
Turk J Gastroenterol 16:81-84.

Brill, L. M., Xiong, W., Lee, K. B., Ficarro, S. B., Crain, A., Xu, Y., Terskikh, A. et al.
(2009). Phosphoproteomic analysis of human embryonic stem cells. Cell Stem Cell
5:204-213.

Brown, K. H., Peerson, J. M., Rivera, J. and Allen, L. H. (2002). Effect of supplemental
zinc on the growth and serum zinc concentrations of prepubertal children: a meta-
analysis of randomized controlled trials. Am J Clin Nutr 75:1062-1071.

Bruinsma, J. J., Jirakulaporn, T., Muslin, A. J. and Kornfeld, K. (2002). Zinc ions and
cation diffusion facilitator proteins regulate Ras-mediated signaling. Dev Cell 2:567-
578.

Bruttel, V. S. and Wischhusen, J. (2014). Cancer stem cell immunology: key to
understanding tumorigenesis and tumor immune escape? Front Immunol 5:360.

Buntzel, J., Bruns, F., Glatzel, M., Garayev, A., Mucke, R., Kisters, K., Schafer, U. et al.
(2007). Zinc concentrations in serum during head and neck cancer progression.
Anticancer Res 27:1941-1943.

Cannell, M. B. and Soeller, C. (1997). Numerical analysis of ryanodine receptor
activation by L-type channel activity in the cardiac muscle diad. Biophys J 73:112-122.

Chaipan, C., Kobasa, D., Bertram, S., Glowacka, 1., Steffen, I., Tsegaye, T. S., Takeda,
M. et al. (2009). Proteolytic activation of the 1918 influenza virus hemagglutinin. J Virol
83:3200-3211.

Chang, E. T., Hedelin, M., Adami, H. O., Gronberg, H. and Balter, K. A. (2004). Re:
Zinc supplement use and risk of prostate cancer. J Natl Cancer Inst 96:1108; author
reply 1108-1109.

269



9. References

Chaudhry, A. A., Warthan, M. M., Pariser, R. J. and Hood, A. F. (2008). Acquired
acrodermatitis enteropathica secondary to alcoholism. Cutis 82:60-62.

Chen, P., Chakraborty, S., Mukhopadhyay, S., Lee, E., Paoliello, M. M., Bowman, A. B.
and Aschner, M. (2015). Manganese homeostasis in the nervous system. J Neurochem
134:601-610.

Cheng, H. C., Qi, R. Z., Paudel, H. and Zhu, H. J. (2011). Regulation and function of
protein kinases and phosphatases. Enzyme Res 2011:794089.

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

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

Choi, K. H., Basma, H., Singh, J. and Cheng, P. W. (2005). Activation of CMV
promoter-controlled glycosyltransferase and beta -galactosidase glycogenes by
butyrate, tricostatin A, and 5-aza-2'-deoxycytidine. Glycoconj J 22:63-69.

Chowanadisai, W., Lonnerdal, B. and Kelleher, S. L. (2006). Identification of a mutation
in SLC30A2 (ZnT-2) in women with low milk zinc concentration that results in transient
neonatal zinc deficiency. J Biol Chem 281:39699-39707.

Christensen, J., Agger, K., Cloos, P. A,, Pasini, D., Rose, S., Sennels, L., Rappsilber,
J. et al. (2007). RBP2 belongs to a family of demethylases, specific for tri-and
dimethylated lysine 4 on histone 3. Cell 128:1063-1076.

Clifford, M. A., Athar, W., Leonard, C. E., Russo, A., Sampognaro, P. J., Van der Goes,
M. S., Burton, D. A. et al. (2014). EphA7 signaling guides cortical dendritic
development and spine maturation. Proc Natl Acad Sci U S A 111:4994-4999.

Cohen, P. (2002). The origins of protein phosphorylation. Nat Cell Biol 4:E127-130.

Coleman, J., Inukai, M. and Inouye, M. (1985). Dual functions of the signal peptide in
protein transfer across the membrane. Cell 43:351-360.

Colvin, R. A., Bush, A. |, Volitakis, 1., Fontaine, C. P., Thomas, D., Kikuchi, K. and
Holmes, W. R. (2008). Insights into Zn2+ homeostasis in neurons from experimental
and modeling studies. Am J Physiol Cell Physiol 294:C726-742.

Colvin, R. A., Holmes, W. R., Fontaine, C. P. and Maret, W. (2010). Cytosolic zinc
buffering and muffling: their role in intracellular zinc homeostasis. Metallomics 2:306-
317.

Corniola, R. S., Tassabehji, N. M., Hare, J., Sharma, G. and Levenson, C. W. (2008).
Zinc deficiency impairs neuronal precursor cell proliferation and induces apoptosis via
p53-mediated mechanisms. Brain Res 1237:52-61.

Coulthard, L. R., White, D. E., Jones, D. L., McDermott, M. F. and Burchill, S. A.
(2009). p38(MAPK): stress responses from molecular mechanisms to therapeutics.
Trends Mol Med 15:369-379.

Cousins, R. J., Liuzzi, J. P. and Lichten, L. A. (2006). Mammalian zinc transport,
trafficking, and signals. J Biol Chem 281:24085-24089.

270



9. References

Cuadrado, A. and Nebreda, A. R. (2010). Mechanisms and functions of p38 MAPK
signalling. Biochem J 429:403-417.

Cunha, S. F. D., Goncalves, G. A. P., Marchini, J. S. and Roselino, A. M. F. (2012).
Acrodermatitis due to zinc deficiency after combined vertical gastroplasty with
jejunoileal bypass: case report. Sao Paulo Medical Journal 130:330-335.

Dai, C. and Gu, W. (2010). p53 post-translational modification: deregulated in
tumorigenesis. Trends Mol Med 16:528-536.

Dalton, T. P., He, L., Wang, B., Miller, M. L., Jin, L., Stringer, K. F., Chang, X. Q. et al.
(2005). Identification of mouse SLC39A8 as the transporter responsible for cadmium-
induced toxicity in the testis. Proc Natl Acad Sci U S A 102:3401-3406.

Danbolt, N. and Closs, K. (1942). Acrodermatitis enteropathica. Acta Derm Venereol
23:127-169.

Dani, V., Goel, A., Vaiphei, K. and Dhawan, D. K. (2007). Chemopreventive potential of
zinc in experimentally induced colon carcinogenesis. Toxicol Lett 171:10-18.

Darnell, J. E., Jr. (1997). STATs and gene regulation. Science 277:1630-1635.
David, R. (2012). Antimicrobials: Why zinc is bad for bacteria. Nat Rev Micro 10:4-4.

de Benoist, B., Darnton-Hill, I., Davidsson, L. and Fontaine, O. (2007). Report of a
WHO/UNICEF/IAEA/IZINCG interagency meeting on zinc status indicators, held in
IAEA headquarters, Vienna, December 9, 2005 - Foreword. Food and Nutrition Bulletin
28:5401-S402.

de Poorter, J. J., Lipinski, K. S., Nelissen, R. G., Huizinga, T. W. and Hoeben, R. C.
(2007). Optimization of short-term transgene expression by sodium butyrate and
ubiquitous chromatin opening elements (UCOES). J Gene Med 9:639-648.

Decker, T. and Kovarik, P. (2000). Serine phosphorylation of STATs. Oncogene
19:2628-2637.

Delgoffe, G. M. and Vignali, D. A. (2013). STAT heterodimers in immunity: A mixed
message or a unique signal? JAKSTAT 2:e23060.

Dereeper, A., Guignon, V., Blanc, G., Audic, S., Buffet, S., Chevenet, F., Dufayard, J.
F. et al. (2008). Phylogeny.fr: robust phylogenetic analysis for the non-specialist.
Nucleic Acids Res 36:W465-4609.

Devarajan, E. and Huang, S. (2009). STAT3 as a Central Regulator of Tumor
Metastases. Current Molecular Medicine 9:626-633.

Dhawan, D. K. and Chadha, V. D. (2010). Zinc: a promising agent in dietary
chemoprevention of cancer. Indian J Med Res 132:676-682.

Dinkel, H., Chica, C., Via, A., Gould, C. M., Jensen, L. J., Gibson, T. J. and Diella, F.

(2011). Phospho.ELM: a database of phosphorylation sites--update 2011. Nucleic
Acids Res 39:D261-267.

271



9. References

Ehsani, S., Salehzadeh, A., Huo, H., Reginold, W., Pocanschi, C. L., Ren, H., Wang, H.
et al. (2012). LIV-1 ZIP ectodomain shedding in prion-infected mice resembles cellular
response to transition metal starvation. J Mol Biol 422:556-574.

Elgueta, R., Benson, M. J., de Vries, V. C., Wasiuk, A., Guo, Y. and Noelle, R. J.
(2009). Molecular mechanism and function of CD40/CD40L engagement in the immune
system. Immunol Rev 229:152-172.

Elomaa, O., Pulkkinen, K., Hannelius, U., Mikkola, M., Saarialho-Kere, U. and Kere, J.
(2001). Ectodysplasin is released by proteolytic shedding and binds to the EDAR
protein. Human Molecular Genetics 10:953-962.

Endo, M. (2009). Calcium-induced calcium release in skeletal muscle. Physiol Rev
89:1153-1176.

Eom, J. W, Lee, J. M., Koh, J. Y. and Kim, Y. H. (2016). AMP-activated protein kinase
contributes to zinc-induced neuronal death via activation by LKB1 and induction of Bim
in mouse cortical cultures. Mol Brain 9:14.

Ewing, R. M., Chu, P., Elisma, F., Li, H., Taylor, P., Climie, S., McBroom-Cerajewski, L.
et al. (2007). Large-scale mapping of human protein-protein interactions by mass
spectrometry. Mol Syst Biol 3:89.

Falasca, M. (2010). PI3K/Akt signalling pathway specific inhibitors: a novel strategy to
sensitize cancer cells to anti-cancer drugs. Curr Pharm Des 16:1410-1416.

Falchuk, K. H., Fawcett, D. W. and Vallee, B. L. (1975). Role of zinc in cell division of
Euglena gracilis. J Cell Sci 17:57-78.

FAO/WHO. (2002). Zinc.FAO/WHO expert consultation on human vitamin and mineral
requirements. Rome, pp. 257-270.

Farguharson, M. J., Al-Ebraheem, A., Geraki, K., Leek, R., Jubb, A. and Harris, A. L.
(2009). Zinc presence in invasive ductal carcinoma of the breast and its correlation with
oestrogen receptor status. Phys Med Biol 54:4213.

Fashner, J., Ericson, K. and Werner, S. (2012). Treatment of the common cold in
children and adults. Am Fam Physician 86:153-159.

Ferbeyre, G. and Moriggl, R. (2011). The role of Stat5 transcription factors as tumor
suppressors or oncogenes. Biochim Biophys Acta 1815:104-114.

Fink, K. and Grandvaux, N. (2013). STAT2 and IRF9: Beyond ISGF3. JAKSTAT
2:e27521.

Fong, L. Y., Nguyen, V. T. and Farber, J. L. (2001). Esophageal cancer prevention in
zinc-deficient rats: rapid induction of apoptosis by replenishing zinc. J Natl Cancer Inst
93:1525-1533.

Ford, L. E. and Podolsky, R. J. (1970). Regenerative calcium release within muscle
cells. Science 167:58-59.

Forero, A., Burris Ill, H., LoRusso, P., Specht, J., Miller, K., Mita, M., Liu, M. C. et al.

eds. (2014). SGN-LIV1A: A phase 1 trial evaluating a novel antibody-drug conjugate in
patients with LIV-1-positive breast cancer [abstract]. Proceedings of the Thirty-Seventh

272



9. References

Annual CTRC-AACR San Antonio Breast Cancer Symposium. San Antonio, TX.
Cancer Res.

Fraker, P. J. (2005). Roles for cell death in zinc deficiency. J Nutr 135:359-362.

Franz-Wachtel, M., Eisler, S. A., Krug, K., Wahl, S., Carpy, A., Nordheim, A.,
Pfizenmaier, K. et al. (2012). Global detection of protein kinase D-dependent
phosphorylation events in nocodazole-treated human cells. Mol Cell Proteomics
11:160-170.

Frederickson, C. J., Koh, J. Y. and Bush, A. I. (2005). The neurobiology of zinc in
health and disease. Nat Rev Neurosci 6:449-462.

Friday, B. B. and Adjei, A. A. (2008). Advances in targeting the Ras/Raf/MEK/Erk
mitogen-activated protein kinase cascade with MEK inhibitors for cancer therapy. Clin
Cancer Res 14:342-346.

Fujioka, M. and Lieberman, I. (1964). A Zn++ requirement for synthesis of
deoxyribonucleic acid by rat liver. J Biol Chem 239:1164-1167.

Fukunaka, A., Suzuki, T., Kurokawa, Y., Yamazaki, T., Fujiwara, N., Ishihara, K.,
Migaki, H. et al. (2009). Demonstration and characterization of the heterodimerization
of ZnT5 and ZnT6 in the early secretory pathway. J Biol Chem 284:30798-30806.

Gee, K. R,, Zhou, Z. L., Qian, W. J. and Kennedy, R. (2002). Detection and imaging of
zinc secretion from pancreatic beta-cells using a new fluorescent zinc indicator. J Am
Chem Soc 124:776-778.

Geiser, J., Venken, K. J., De Lisle, R. C. and Andrews, G. K. (2012). A mouse model of
acrodermatitis enteropathica: loss of intestine zinc transporter ZIP4 (Slc39a4) disrupts
the stem cell niche and intestine integrity. PLoS Genet 8:€1002766.

Girijashanker, K., He, L., Soleimani, M., Reed, J. M., Li, H., Liu, Z., Wang, B. et al.
(2008). Slc39al14 gene encodes ZIP14, a metal/bicarbonate symporter: similarities to
the ZIP8 transporter. Mol Pharmacol 73:1413-1423.

Gnad, F., Gunawardena, J. and Mann, M. (2011). PHOSIDA 2011: the
posttranslational modification database. Nucleic Acids Res 39:D253-260.

Gnad, F., Ren, S., Cox, J., Olsen, J. V., Macek, B., Oroshi, M. and Mann, M. (2007).
PHOSIDA (phosphorylation site database): management, structural and evolutionary
investigation, and prediction of phosphosites. Genome Biol 8:R250.

Gonzalez, A., Peters, U., Lampe, J. W. and White, E. (2009). Zinc intake from
supplements and diet and prostate cancer. Nutr Cancer 61:206-215.

Guerinot, M. L. (2000). The ZIP family of metal transporters. Biochim Biophys Acta
1465:190-198.

Gullberg, M. and Andersson, A.-C. (2010). Visualization and quantification of protein-
protein interactions in cells and tissues. Nat Methods.

Gumulec, J., Masarik, M., Adam, V., Eckschlager, T., Provaznik, I. and Kizek, R.

(2014). Serum and tissue zinc in epithelial malignancies: a meta-analysis. PLoS One
9:€99790.

273



9. References

Gupta, S. K., Singh, S. P. and Shukla, V. K. (2005). Copper, zinc, and Cu/Zn ratio in
carcinoma of the gallbladder. J Surg Oncol 91:204-208.

Haase, H. and Maret, W. (2005). Protein tyrosine phosphatases as targets of the
combined insulinomimetic effects of zinc and oxidants. Biometals 18:333-338.

Haase, H. and Rink, L. (2014a). Multiple impacts of zinc on immune function.
Metallomics 6:1175-1180.

Haase, H. and Rink, L. (2014b). Zinc signals and immune function. Biofactors 40:27-
40.

Hain, K. O., Colin, D. J., Rastogi, S., Allan, L. A. and Clarke, P. R. (2016). Prolonged
mitotic arrest induces a caspase-dependent DNA damage response at telomeres that
determines cell survival. Sci Rep 6:26766.

Hambidge, K. M. and Krebs, N. F. (2007). Zinc deficiency: a special challenge. J Nutr
137:1101-1105.

Hambidge, M. (2000). Human zinc deficiency. J Nutr 130:1344S-1349S.

Hanahan, D. and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144:646-674.

Hardie, D. G. (2015). AMPK: positive and negative regulation, and its role in whole-
body energy homeostasis. Curr Opin Cell Biol 33:1-7.

Hazan-Halevy, I., Harris, D., Liu, Z., Liu, J., Li, P., Chen, X., Shanker, S. et al. (2010).
STAT3 is constitutively phosphorylated on serine 727 residues, binds DNA, and
activates transcription in CLL cells. Blood 115:2852-2863.

He, B., You, L., Uematsu, K., Xu, Z., Lee, A. Y., Matsangou, M., McCormick, F. et al.
(2004). A monoclonal antibody against Wnt-1 induces apoptosis in human cancer cells.
Neoplasia 6:7-14.

He, L., Girijjashanker, K., Dalton, T. P., Reed, J., Li, H., Soleimani, M. and Nebert, D.
W. (2006). ZIP8, member of the solute-carrier-39 (SLC39) metal-transporter family:
characterization of transporter properties. Mol Pharmacol 70:171-180.

Heim, M. H., Kerr, I. M., Stark, G. R. and Darnell, J. E. (1995). Contribution of STAT
SH2 groups to specific interferon signaling by the Jak-STAT pathway. Science
267:1347-1349.

Henkes, M., van der Kuip, H. and Aulitzky, W. E. (2008). Therapeutic options for
chronic myeloid leukemia: focus on imatinib (Glivec, Gleevectrade mark). Ther Clin
Risk Manag 4:163-187.

Hirano, T., Murakami, M., Fukada, T., Nishida, K., Yamasaki, S. and Suzuki, T. (2008).
Roles of zinc and zinc signaling in immunity: zinc as an intracellular signaling molecule.
Adv Immunol 97:149-176.

Hiscox, S., Morgan, L., Barrow, D., Dutkowski, C., Wakeling, A. and Nicholson, R. I.
(2004). Tamoxifen resistance in breast cancer cells is accompanied by an enhanced
motile and invasive phenotype: Inhibition by gefitinib (Iressa’, ZD1839). Clin Exp
Metastas 21:201-212.

274



9. References

Hiscox, S., Morgan, L., Green, T. P., Barrow, D., Gee, J. and Nicholson, R. I. (2006).
Elevated Src activity promotes cellular invasion and maotility in tamoxifen resistant
breast cancer cells. Breast Cancer Res Treat 97:263-274.

Ho, E. and Ames, B. N. (2002). Low intracellular zinc induces oxidative DNA damage,
disrupts p53, NFkappa B, and AP1 DNA binding, and affects DNA repair in a rat glioma
cell line. Proc Natl Acad SciU S A 99:16770-16775.

Ho, E., Courtemanche, C. and Ames, B. N. (2003). Zinc deficiency induces oxidative
DNA damage and increases p53 expression in human lung fibroblasts. J Nutr
133:2543-2548.

Ho, Y., Samarasinghe, R., Knoch, M. E., Lewis, M., Aizenman, E. and DeFranco, D. B.
(2008). Selective inhibition of mitogen-activated protein kinase phosphatases by zinc
accounts for extracellular signal-regulated kinase 1/2-dependent oxidative neuronal cell
death. Mol Pharmacol 74:1141-1151.

Hoch, E., Lin, W., Chai, J., Hershfinkel, M., Fu, D. and Sekler, I. (2012). Histidine
pairing at the metal transport site of mammalian ZnT transporters controls Zn2+ over
Cd2+ selectivity. Proc Natl Acad Sci U S A 109:7202-7207.

Hofmann, K. and Baron, M. D. (1996). BOXSHADE 3.21: Pretty Printing and Shading
of Multiple-Alignment files [Online]. Available at:
http://www.ch.embnet.org/software/BOX form.html [Accessed: 6th November 2015].

Hogstrand, C., Kille, P., Ackland, M. L., Hiscox, S. and Taylor, K. M. (2013). A
mechanism for epithelial-mesenchymal transition and anoikis resistance in breast
cancer triggered by zinc channel ZIP6 and STAT3 (signal transducer and activator of
transcription 3). Biochem J 455:229-237.

Hogstrand, C., Kille, P., Nicholson, R. I. and Taylor, K. M. (2009). Zinc transporters and
cancer: a potential role for ZIP7 as a hub for tyrosine kinase activation. Trends Mol
Med 15:101-111.

Hojyo, S., Miyai, T., Fujishiro, H., Kawamura, M., Yasuda, T., Hijikata, A., Bin, B. H. et
al. (2014). Zinc transporter SLC39A10/ZIP10 controls humoral immunity by modulating
B-cell receptor signal strength. Proc Natl Acad Sci U S A 111:11786-11791.

Hong, B., Li, H., Zhang, M., Xu, J., Lu, Y., Zheng, Y., Qian, J. et al. (2014). p38 MAPK
inhibits breast cancer metastasis through regulation of stromal expansion. Int J Cancer.

Hooper, N. M. (1994). Families of zinc metalloproteases. FEBS Lett 354:1-6.

Horn, H., Schoof, E. M., Kim, J., Robin, X., Miller, M. L., Diella, F., Palma, A. et al.
(2014). KinomeXplorer: an integrated platform for kinome biology studies. Nat Methods
11:603-604.

Hornbeck, P. V., Kornhauser, J. M., Tkachev, S., Zhang, B., Skrzypek, E., Murray, B.,
Latham, V. et al. (2012). PhosphoSitePlus: a comprehensive resource for investigating
the structure and function of experimentally determined post-translational modifications
in man and mouse. Nucleic Acids Res 40:D261-270.

Hornbeck, P. V., Zhang, B., Murray, B., Kornhauser, J. M., Latham, V. and Skrzypek,

E. (2015). PhosphoSitePlus, 2014: mutations, PTMs and recalibrations. Nucleic Acids
Res 43:D512-520.

275



9. References

Huang, d. W., Sherman, B. T. and Lempicki, R. A. (2009). Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc 4:44-57.

Huang, L. and Kirschke, C. P. (2007). A di-leucine sorting signal in ZIP1 (SLC39A1)
mediates endocytosis of the protein. FEBS J 274:3986-3997.

Huang, L., Kirschke, C. P. and Zhang, Y. (2006). Decreased intracellular zinc in human
tumorigenic prostate epithelial cells: a possible role in prostate cancer progression.
Cancer Cell Int 6:10.

Huang, L., Kirschke, C. P., Zhang, Y. and Yu, Y. Y. (2005). The ZIP7 gene (Slc39a7)
encodes a zinc transporter involved in zinc homeostasis of the Golgi apparatus. J Biol
Chem 280:15456-15463.

Humphrey, S. J., James, D. E. and Mann, M. (2015). Protein Phosphorylation: A Major
Switch Mechanism for Metabolic Regulation. Trends Endocrinol Metab 26:676-687.

Huppa, J. B. and Davis, M. M. (2003). T-cell-antigen recognition and the immunological
synapse. Nat Rev Immunol 3:973-983.

llouz, R., Kaidanovich, O., Gurwitz, D. and Eldar-Finkelman, H. (2002). Inhibition of
glycogen synthase kinase- E\ ELYDOHQW ]JLQF LRQV L@inedKkW LQW
action of zinc. Biochem Biophys Res Commun 295:102-106.

Inoki, K., Kim, J. and Guan, K. L. (2012). AMPK and mTOR in cellular energy
homeostasis and drug targets. Annu Rev Pharmacol Toxicol 52:381-400.

lorns, E., Drews-Elger, K., Ward, T. M., Dean, S., Clarke, J., Berry, D., El Ashry, D. et
al. (2012). A new mouse model for the study of human breast cancer metastasis. PLoS
One 7:e47995.

Izawa, D. and Pines, J. (2015). The mitotic checkpoint complex binds a second CDC20
to inhibit active APC/C. Nature 517:631-634.

Jain, N., Zhang, T., Fong, S. L., Lim, C. P. and Cao, X. (1998). Repression of Stat3
activity by activation of mitogen-activated protein kinase (MAPK). Oncogene 17:3157-
3167.

Jain, N., Zhang, T., Kee, W. H., Li, W. and Cao, X. (1999). Protein kinase C delta
associates with and phosphorylates Stat3 in an interleukin-6-dependent manner. J Biol
Chem 274:24392-24400.

Jenkitkasemwong, S., Wang, C. Y., Coffey, R., Zhang, W., Chan, A., Biel, T., Kim, J. S.
et al. (2015). SLC39A14 Is Required for the Development of Hepatocellular Iron
Overload in Murine Models of Hereditary Hemochromatosis. Cell Metabolism 22:138-
150.

Jeong, J., Walker, J. M., Wang, F., Park, J. G., Palmer, A. E., Giunta, C., Rohrbach, M.
et al. (2012). Promotion of vesicular zinc efflux by ZIP13 and its implications for
spondylocheiro dysplastic Ehlers-Danlos syndrome. Proc Natl Acad Sci U S A
109:E3530-3538.

Jin, R., Bay, B., Tan, P. and Tan, B. K. (1999). Metallothionein expression and zinc
levels in invasive ductal breast carcinoma. Oncol Rep 6:871-875.

276



9. References

Johnson, H. A. (1994). On the clinical significance of the S-phase fractions of tumors.
Ann Clin Lab Sci 24:431-435.

Jones, H. E., Goddard, L., Gee, J. M., Hiscox, S., Rubini, M., Barrow, D., Knowlden, J.
M. et al. (2004). Insulin-like growth factor-I receptor signalling and acquired resistance
to gefitinib (ZD1839; Iressa) in human breast and prostate cancer cells. Endocr Relat
Cancer 11:793-814.

Kagara, N., Tanaka, N., Noguchi, S. and Hirano, T. (2007). Zinc and its transporter
ZIP10 are involved in invasive behavior of breast cancer cells. Cancer Sci 98:692-697.

Kaler, P. and Prasad, R. (2007). Molecular cloning and functional characterization of
novel zinc transporter rZip10 (Slc39a10) involved in zinc uptake across rat renal brush-
border membrane. Am J Physiol Renal Physiol 292:F217-229.

Kambe, T. and Andrews, G. K. (2009). Novel proteolytic processing of the ectodomain
of the zinc transporter ZIP4 (SLC39A4) during zinc deficiency is inhibited by
acrodermatitis enteropathica mutations. Mol Cell Biol 29:129-139.

Kambe, T., Suzuki, T., Nagao, M. and Yamaguchi-lwai, Y. (2006). Sequence Similarity
and Functional Relationship Among Eukaryotic ZIP and CDF Transporters. Genomics
Proteomics Bioinformatics 4:1-9.

Kambe, T., Tsuji, T., Hashimoto, A. and Itsumura, N. (2015). The Physiological,
Biochemical, and Molecular Roles of Zinc Transporters in Zinc Homeostasis and
Metabolism. Physiol Rev 95:749-784.

Karn, T., Metzler, D., Ruckhaberle, E., Hanker, L., Gatje, R., Solbach, C., Ahr, A. et al.
(2010). Data-driven derivation of cutoffs from a pool of 3,030 Affymetrix arrays to
stratify distinct clinical types of breast cancer. Breast Cancer Res Treat 120:567-579.

Kasper, G., Weiser, A. A., Rump, A., Sparbier, K., Dahl, E., Hartmann, A., Wild, P. et
al. (2005). Expression levels of the putative zinc transporter LIV-1 are associated with a
better outcome of breast cancer patients. Int J Cancer 117:961-973.

Kavurma, M. M. and Khachigian, L. M. (2003). Sp1l inhibits proliferation and induces
apoptosis in vascular smooth muscle cells by repressing p21WAF1/Cipl transcription
and cyclin D1-Cdk4-p21WAF1/Cipl complex formation. J Biol Chem 278:32537-32543.

Kawachi, M., Kobae, Y., Mimura, T. and Maeshima, M. (2008). Deletion of a histidine-
rich loop of AtMTP1, a vacuolar Zn(2+)/H(+) antiporter of Arabidopsis thaliana,
stimulates the transport activity. J Biol Chem 283:8374-8383.

Kay, A. R. and Taéth, K. (2008). Is zinc a neuromodulator? Sci Signal 1:re3.

Keshava Prasad, T. S., Goel, R., Kandasamy, K., Keerthikumar, S., Kumar, S.,
Mathivanan, S., Telikicherla, D. et al. (2009). Human Protein Reference Database--
2009 update. Nucleic Acids Res 37:D767-772.

Kettenbach, A. N., Schweppe, D. K., Faherty, B. K., Pechenick, D., Pletnev, A. A. and
Gerber, S. A. (2011). Quantitative phosphoproteomics identifies substrates and
functional modules of Aurora and Polo-like kinase activities in mitotic cells. Sci Signal
4:rs5.

Kikuchi, K., Komatsu, K. and Nagano, T. (2004). Zinc sensing for cellular application.
Curr Opin Chem Biol 8:182-191.

277



9. References

Kim, A. M., Vogt, S., O'Halloran, T. V. and Woodruff, T. K. (2010). Zinc availability
regulates exit from meiosis in maturing mammalian oocytes. Nat Chem Biol 6:674-681.

Kim, H. and Baumann, H. (1997). The carboxyl-terminal region of STAT3 controls gene
induction by the mouse haptoglobin promoter. J Biol Chem 272:14571-14579.

Kim, H. S., Park, I., Cho, H. J., Gwak, G., Yang, K., Bae, B. N., Kim, K. W. et al. (2012).
Analysis of the potent prognostic factors in luminal-type breast cancer. J Breast Cancer
15:401-406.

Kim, Y. H., Kim, E. Y., Gwag, B. J., Sohn, S. and Koh, J. Y. (1999). Zinc-induced
cortical neuronal death with features of apoptosis and necrosis: mediation by free
radicals. Neuroscience 89:175-182.

Kinexus  Bioinformatics  Corporation.  PhosphoNET: Human  Phospho-Site
KnowledgeBase [Online]. Available at: http://www.phosphonet.ca [Accessed: 15th
August 2015].

King, J. C. (2011). Zinc: an essential but elusive nutrient. Am J Clin Nutr 94:679S-
684S.

King, J. C., Shames, D. M. and Woodhouse, L. R. (2000). Zinc homeostasis in
humans. J Nutr 130:1360S-1366S.

Kitabayashi, C., Fukada, T., Kanamoto, M., Ohashi, W., Hojyo, S., Atsumi, T., Ueda, N.
et al. (2010). Zinc suppresses Th1l7 development via inhibition of STAT3 activation. Int
Immunol 22:375-386.

Kloth, M. T., Catling, A. D. and Silva, C. M. (2002). Novel activation of STAT5b in
response to epidermal growth factor. J Biol Chem 277:8693-8701.

Knowlden, J. M., Hutcheson, I. R., Jones, H. E., Madden, T., Gee, J. M., Harper, M. E.,
Barrow, D. et al. (2003). Elevated levels of epidermal growth factor receptor/c-erbB2
heterodimers mediate an autocrine growth regulatory pathway in tamoxifen-resistant
MCEF-7 cells. Endocrinology 144:1032-1044.

Kolonel, L. N., Yoshizawa, C. N. and Hankin, J. H. (1988). Diet and prostatic cancer: a
case-control study in Hawaii. Am J Epidemiol 127:999-1012.

Kong, B. Y., Duncan, F. E., Que, E. L., Kim, A. M., O'Halloran, T. V. and Woodruff, T.
K. (2014). Maternally-derived zinc transporters ZIP6 and ZIP10 drive the mammalian
oocyte-to-egg transition. Mol Hum Reprod 20:1077-1089.

Kornreich, B. G. (2007). The patch clamp technique: principles and technical
considerations. J Vet Cardiol 9:25-37.

Kotlikoff, M. I. (2003). Calcium-induced calcium release in smooth muscle: the case for
loose coupling. Prog Biophys Mol Biol 83:171-191.

Krause, M. and Gautreau, A. (2014). Steering cell migration: lamellipodium dynamics
and the regulation of directional persistence. Nat Rev Mol Cell Biol 15:577-590.

Krezel, A. and Maret, W. (2006). Zinc-buffering capacity of a eukaryotic cell at
physiological pZn. J Biol Inorg Chem 11:1049-1062.

278



9. References

Kristal, A. R., Stanford, J. L., Cohen, J. H., Wicklund, K. and Patterson, R. E. (1999).
Vitamin and mineral supplement use is associated with reduced risk of prostate cancer.
Cancer Epidem Biomar 8:887-892.

Kumar, P., Lal, N. R., Mondal, A. K., Mondal, A., Gharami, R. C. and Maiti, A. (2012).
Zinc and skin: a brief summary. Dermatol Online J 18:1.

Kumar, R. and Prasad, R. (1999). Purification and characterization of a major zinc
binding protein from renal brush border membrane of rat. Biochim Biophys Acta
1419:23-32.

Kumar, R. and Prasad, R. (2000). Functional characterization of purified zinc
transporter from renal brush border membrane of rat. Biochim Biophys Acta 1509:429-
439.

Kumanovics, A., Poruk, K. E., Osborn, K. A., Ward, D. M. and Kaplan, J. (2006). YKE4
(YILO23C) encodes a bidirectional zinc transporter in the endoplasmic reticulum of
Saccharomyces cerevisiae. J Biol Chem 281:22566-22574.

Kutmon, M., Riutta, A., Nunes, N., Hanspers, K., Willighagen, E. L., Bohler, A., Mélius,
J. et al. (2016). WikiPathways: capturing the full diversity of pathway knowledge.
Nucleic Acids Res 44:D488-494.

Kiry, S., Dréno, B., Bézieau, S., Giraudet, S., Kharfi, M., Kamoun, R. and Moisan, J. P.
(2002). Identification of SLC39A4, a gene involved in acrodermatitis enteropathica. Nat
Genet 31:239-240.

LaBaer, J., Garrett, M. D., Stevenson, L. F., Slingerland, J. M., Sandhu, C., Chou, H.
S., Fattaey, A. et al. (1997). New functional activities for the p21 family of CDK
inhibitors. Genes Dev 11:847-862.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature 227:680-685.

Lai, Z. W., Petrera, A. and Schilling, O. (2015). Protein amino-terminal modifications
and proteomic approaches for N-terminal profiling. Curr Opin Chem Biol 24:71-79.

Lansdown, A. B., Mirastschijski, U., Stubbs, N., Scanlon, E. and Agren, M. S. (2007).
Zinc in wound healing: theoretical, experimental, and clinical aspects. Wound Repair
Regen 15:2-16.

Larner, F., Woodley, L. N., Shousha, S., Moyes, A., Humphreys-Williams, E.,
Strekopytov, S., Halliday, A. N. et al. (2015). Zinc isotopic compositions of breast
cancer tissue. Metallomics 7:112-117.

Lawrenson, J. G. and Grzybowski, A. (2015). Controversies in the use of nutritional
supplements in ophthalmology. Curr Pharm Des.

Lee, S., Chanoit, G., Mcintosh, R., Zvara, D. A. and Xu, Z. (2009). Molecular
mechanism underlying Akt activation in zinc-induced cardioprotection. Am J Physiol
Heart Circ Physiol 297:H569-575.

Leitzmann, M. F., Stampfer, M. J., Wu, K. N., Colditz, G. A., Willett, W. C. and

Giovannucci, E. L. (2003). Zinc supplement use and risk of prostate cancer. J Natl
Cancer 1 95:1004-1007.

279



9. References

Lemaire, K., Ravier, M. A., Schraenen, A., Creemers, J. W., Van de Plas, R., Granvik,
M., Van Lommel, L. et al. (2009). Insulin crystallization depends on zinc transporter
ZnT8 expression, but is not required for normal glucose homeostasis in mice. Proc Natl
Acad Sci U S A 106:14872-14877.

Li, Y. and Maret, W. (2009). Transient fluctuations of intracellular zinc ions in cell
proliferation. Exp Cell Res 315:2463-2470.

Lichten, L. A. and Cousins, R. J. (2009). Mammalian zinc transporters: nutritional and
physiologic regulation. Annu Rev Nutr 29:153-176.

Lieberman, I., Abrams, R., Hunt, N. and Ove, P. (1963). Levels of Enzyme Activity and
Deoxyribonucleic Acid Synthesis in Mammalian Cells Cultured from the Animal. J Biol
Chem 238:3955-3962.

Lim, C. P. and Cao, X. (1999). Serine phosphorylation and negative regulation of Stat3
by JNK. J Biol Chem 274:31055-31061.

Lim, Y. P. (2005). Mining the tumor phosphoproteome for cancer markers. Clin Cancer
Res 11:3163-3169.

Lin, W., Chai, J., Love, J. and Fu, D. (2010). Selective electrodiffusion of zinc ions in a
Zrt-, Irt-like protein, ZIPB. J Biol Chem 285:39013-39020.

Lindgvist, A., Rodriguez-Bravo, V. and Medema, R. H. (2009). The decision to enter
mitosis: feedback and redundancy in the mitotic entry network. J Cell Biol 185:193-202.

Liuzzi, J. P., Aydemir, F., Nam, H., Knutson, M. D. and Cousins, R. J. (2006). Zipl14
(Slc39al14) mediates non-transferrin-bound iron uptake into cells. Proc Natl Acad Sci U
S A 103:13612-13617.

Lizio, M., Harshbarger, J., Shimoji, H., Severin, J., Kasukawa, T., Sahin, S.,
Abugessaisa, |. et al. (2015). Gateways to the FANTOMS5 promoter level mammalian
expression atlas. Genome Biol 16:22.

Lodish, H., Berk, A., Zipursky, S. L., Matsudaira, P., Baltimore, D. and Darnell, J.
(2000). Hierarchical Structure of Proteins. [Online]. New York: W. H. Freeman.
Available at: http://www.ncbi.nim.nih.gov/books/NBK21581 [Accessed: 12th November
2015].

Loh, S. N. (2010). The missing zinc: p53 misfolding and cancer. Metallomics 2:442-
449,

Lowe, N. M., Fekete, K. and Decsi, T. (2009). Methods of assessment of zinc status in
humans: a systematic review. Am J Clin Nutr 89:2040S-2051S.

Lu, P. J., Sundquist, K., Baeckstrom, D., Poulsom, R., Hanby, A., Meier-Ewert, S.,
Jones, T. et al. (1999). A novel gene (PLU-1) containing highly conserved putative
DNA/chromatin binding motifs is specifically up-regulated in breast cancer. J Biol Chem
274:15633-15645.

Lue, H. W,, Yang, X., Wang, R., Qian, W., Xu, R. Z., Lyles, R., Osunkoya, A. O. et al.
(2011). LIV-1 promotes prostate cancer epithelial-to-mesenchymal transition and
metastasis through HB-EGF shedding and EGFR-mediated ERK signaling. PLoS One
6:€27720.

280



9. References

Luk, S. C.-W,, Siu, S. W.-F., Lai, C.-K., Wu, Y.-J. W. and Pang, S.-F. (2009). Cell Cycle
Arrest by a Natural Product via G2/M Checkpoint. Int J Med Sci 2:64-69.

Lépez-Otin, C. and Bond, J. S. (2008). Proteases: multifunctional enzymes in life and
disease. J Biol Chem 283:30433-30437.

Macdonald, J. B., Connolly, S. M. and DiCaudo, D. J. (2012). Think Zinc Deficiency:
Acquired Acrodermatitis Enteropathica Due to Poor Diet and Common Medications.
Archives of Dermatology 148:961-963.

MacDonald, R. S. (2000). The role of zinc in growth and cell proliferation. J Nutr
130:1500S-1508S.

Madden, T. (2002). The BLAST Sequence Analysis Tool. In: McEntyre, J. and Ostell, J.
eds. The NCBI Handbook [Internet]. Maryland: National Center for Biotechnology
Information (US).

Manning, D. L., Daly, R. J., Lord, P. G., Kelly, K. F. and Green, C. D. (1988). Effects of
oestrogen on the expression of a 4.4 kb mRNA in the ZR-75-1 human breast cancer
cell line. Mol Cell Endocrinol 59:205-212.

Manning, D. L., McClelland, R. A., Gee, J. M., Chan, C. M., Green, C. D., Blamey, R.
W. and Nicholson, R. I. (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:1462-1468.

Manning, D. L., McClelland, R. A., Knowlden, J. M., Bryant, S., Gee, J. M., Green, C.
D., Robertson, J. F. et al. (1995). Differential expression of oestrogen regulated genes
in breast cancer. Acta Oncol 34:641-646.

Manning, D. L., Robertson, J. F., Ellis, I. O., Elston, C. W., McClelland, R. A., Gee, J.
M., Jones, R. J. et al. (1994). Oestrogen-regulated genes in breast cancer: association
of pLIV1 with lymph node involvement. Eur J Cancer 30A:675-678.

Manning, G., Whyte, D. B., Martinez, R., Hunter, T. and Sudarsanam, S. (2002). The
protein kinase complement of the human genome. Science 298:1912-1934.

Maret, W. (2008). Metallothionein redox biology in the cytoprotective and cytotoxic
functions of zinc. Exp Gerontol 43:363-369.

Maret, W. (2013). Zinc biochemistry: from a single zinc enzyme to a key element of life.
Adv Nutr 4:82-91.

Margalioth, E. J., Schenker, J. G. and Chevion, M. (1983). Copper and zinc levels in
normal and malignant tissues. Cancer 52:868-872.

Marino, G., Eckhard, U. and Overall, C. M. (2015). Protein Termini and Their
Modifications Revealed by Positional Proteomics. ACS Chem Biol 10:1754-1764.

Martin-Lagos, F., Navarro-Alarcon, M., Terres-Martos, C., Lopez, G. d. I. S. H. and
Lopez-Martinez, M. C. (1997). Serum copper and zinc concentrations in serum from
patients with cancer and cardiovascular disease. Sci Total Environ 204:27-35.

Matsuura, W., Yamazaki, T., Yamaguchi-lwali, Y., Masuda, S., Nagao, M., Andrews, G.
K. and Kambe, T. (2009). SLC39A9 (ZIP9) regulates zinc homeostasis in the secretory

281



9. References

pathway: characterization of the ZIP subfamily | protein in vertebrate cells. Biosci
Biotechnol Biochem 73:1142-1148.

McCall, K. A., Huang, C. and Fierke, C. A. (2000). Function and mechanism of zinc
metalloenzymes. J Nutr 130:1437S-1446S.

McCloy, R. A., Rogers, S., Caldon, C. E., Lorca, T., Castro, A. and Burgess, A. (2014).
Partial inhibition of Cdk1 in G 2 phase overrides the SAC and decouples mitotic events.
Cell Cycle 13:1400-1412.

Meggio, F. and Pinna, L. A. (2003). One-thousand-and-one substrates of protein
kinase CK2? FASEB J 17:349-368.

Memon, A. U., Kazi, T. G., Afridi, H. ., Jamali, M. K., Arain, M. B., Jalbani, N. and
Syed, N. (2007). Evaluation of zinc status in whole blood and scalp hair of female
cancer patients. Clin Chim Acta 379:66-70.

Meyer, F., Galan, P., Douville, P., Bairati, I., Kegle, P., Bertrais, S., Estaquio, C. et al.
(2005). Antioxidant vitamin and mineral supplementation and prostate cancer
prevention in the SU.VI.MAX trial. Int J Cancer 116:182-186.

Meyer, R. D., Srinivasan, S., Singh, A. J., Mahoney, J. E., Gharahassanlou, K. R. and
Rahimi, N. (2011). PEST motif serine and tyrosine phosphorylation controls vascular
endothelial growth factor receptor 2 stability and downregulation. Mol Cell Biol
31:2010-2025.

Mihaylova, M. M. and Shaw, R. J. (2011). The AMPK signalling pathway coordinates
cell growth, autophagy and metabolism. Nat Cell Biol 13:1016-1023.

Milon, B., Wu, Q., Zou, J., Costello, L. C. and Franklin, R. B. (2006). Histidine residues
in the region between transmembrane domains Ill and IV of hZipl are required for zinc
transport across the plasma membrane in PC-3 cells. Biochimica Et Biophysica Acta-
Biomembranes 1758:1696-1701.

Miyai, T., Hojyo, S., Ikawa, T., Kawamura, M., Irié, T., Ogura, H., Hijikata, A. et al.
(2014). Zinc transporter SLC39A10/ZIP10 facilitates antiapoptotic signaling during early
B-cell development. Proc Natl Acad SciU S A 111:11780-11785.

Moore, S. F., van den Bosch, M. T., Hunter, R. W., Sakamoto, K., Poole, A. W. and

Hers, I. (2013). Dual regulation of glycogen synthase kinase 3 (*6. . E\ SURWHLQ
NLQDVH & 3.& . DQG $NW S{PRRERWMHGVKQRABILQ Q .,,E DF
granule secretion in platelets. J Biol Chem 288:3918-3928.

Mori, H., Tomari, T., Koshikawa, N., Kajita, M., Itoh, Y., Sato, H., Tojo, H. et al. (2002).
CD44 directs membrane-type 1 matrix metalloproteinase to lamellipodia by associating
with its hemopexin-like domain. EMBO J 21:3949-3959.

Morina, F., Jovanovic, L., Mojovic, M., Vidovic, M., Pankovic, D. and Veljovic
Jovanovic, S. (2010). Zinc-induced oxidative stress in Verbascum thapsus is caused by
an accumulation of reactive oxygen species and quinhydrone in the cell wall. Physiol
Plant 140:209-224.

Moynahan, E. J. (1974). Letter: Acrodermatitis enteropathica: a lethal inherited human
zinc-deficiency disorder. Lancet 2:399-400.

282



9. References

Mulay, I. L., Roy, R., Knox, B. E., Suhr, N. H. and Delaney, W. E. (1971). Trace-metal
analysis of cancerous and noncancerous human tissues. J Natl Cancer Inst 47:1-13.

Naidu, M. S., Suryakar, A. N., Swami, S. C., Katkam, R. V. and Kumbar, K. M. (2007).
Oxidative stress and antioxidant status in cervical cancer patients. Indian J Clin
Biochem 22:140-144.

Nakamura, N., Rabouille, C., Watson, R., Nilsson, T., Hui, N., Slusarewicz, P., Kreis, T.
E. et al. (1995). Characterization of a cis-Golgi matrix protein, GM130. J Cell Biol
131:1715-1726.

Nelson, D. L. and Cox, M. M. (2013). Biological membranes and
transport.CourseSmart International E-Book for Principles of Biochemistry. 6th ed.
Palgrave Macmillan, pp. 385-432.

Nimmanon, T. and Taylor, K. M. (2015). Cellular Zinc Signalling Is Triggered by CK2.
In: Ahmed, K. and Issinger, O.-G. and Szyszka, R. (eds.) Protein Kinase CK2 Cellular
Function in Normal and Disease States. Switzerland: Springer International Publishing,
pp. 141-157.

Nordle Gilliver, A., Griffin, S. and Harris, M. (2010). Identification of a novel
phosphorylation site in hepatitis C virus NS5A. J Gen Virol 91:2428-2432.

Noseda, M., Chang, L., McLean, G., Grim, J. E., Clurman, B. E., Smith, L. L. and
Karsan, A. (2004). Notch activation induces endothelial cell cycle arrest and
participates in contact inhibition: role of p21Cipl repression. Mol Cell Biol 24:8813-
8822.

Notredame, C., Higgins, D. G. and Heringa, J. (2000). T-Coffee: A novel method for
fast and accurate multiple sequence alignment. J Mol Biol 302:205-217.

Ochs, H. D. and Smith, C. I. (1996). X-linked agammaglobulinemia. A clinical and
molecular analysis. Medicine (Baltimore) 75:287-299.

Ohana, E., Hoch, E., Keasar, C., Kambe, T., Yifrach, O., Hershfinkel, M. and Sekler, I.
(2009). Identification of the Zn2+ binding site and mode of operation of a mammalian
Zn2+ transporter. J Biol Chem 284:17677-17686.

Ohashi, K., Nagata, Y., Wada, E., Zammit, P. S., Shiozuka, M. and Matsuda, R. (2015).
Zinc promotes proliferation and activation of myogenic cells via the PI3K/Akt and ERK
signaling cascade. Exp Cell Res 333:228-237.

Olsen, J. V., Vermeulen, M., Santamaria, A., Kumar, C., Miller, M. L., Jensen, L. J.,
Gnad, F. et al. (2010). Quantitative phosphoproteomics reveals widespread full
phosphorylation site occupancy during mitosis. Sci Signal 3:ra3.

Ortega, C. E., Seidner, Y. and Dominguez, I. (2014). Mining CK2 in cancer. PLoS One
9:e115609.

Oteiza, P. I. (2012). Zinc and the modulation of redox homeostasis. Free Radic Biol
Med 53:1748-1759.

Palacios-Moreno, J., Foltz, L., Guo, A., Stokes, M. P., Kuehn, E. D., George, L., Comb,

M. et al. (2015). Neuroblastoma tyrosine kinase signaling networks involve FYN and
LYN in endosomes and lipid rafts. PLoS Comput Biol 11:€1004130.

283



9. References

Pandey, N. R., Vardatsikos, G., Mehdi, M. Z. and Srivastava, A. K. (2010). Cell-type-
specific roles of IGF-1R and EGFR in mediating Zn2+-induced ERK1/2 and PKB
phosphorylation. J Biol Inorg Chem 15:399-407.

Passerini, A., Andreini, C., Menchetti, S., Rosato, A. and Frasconi, P. (2007).
Predicting zinc binding at the proteome level. BMC Bioinformatics 8:39.

Peinado, H., Olmeda, D. and Cano, A. (2007). Snail, Zeb and bHLH factors in tumour
progression: an alliance against the epithelial phenotype? Nat Rev Cancer 7:415-428.

Perfettini, J. L., Castedo, M., Nardacci, R., Ciccosanti, F., Boya, P., Roumier, T.,
Larochette, N. et al. (2005). Essential role of p53 phosphorylation by p38 MAPK in
apoptosis induction by the HIV-1 envelope. J Exp Med 201:279-289.

Peters, C. and Brown, S. (2015). Antibody-drug conjugates as novel anti-cancer
chemotherapeutics. Biosci Rep 35.

Phanstiel, D. H., Brumbaugh, J., Wenger, C. D., Tian, S., Probasco, M. D., Bailey, D.
J., Swaney, D. L. et al. (2011). Proteomic and phosphoproteomic comparison of human
ES and iPS cells. Nat Methods 8:821-827.

Pinna, L. A. (1990). Casein kinase 2: an 'eminence grise' in cellular regulation?
Biochim Biophys Acta 1054:267-284.

Pinto, A. C., Ades, F., de Azambuja, E. and Piccart-Gebhart, M. (2013). Trastuzumab
for patients with HER2 positive breast cancer: delivery, duration and combination
therapies. Breast 22 Suppl 2: S152-155.

Pocanschi, C. L., Ehsani, S., Mehrabian, M., Wille, H., Reginold, W., Trimble, W. S,
Wang, H. et al. (2013). The ZIP5 ectodomain co-localizes with PrP and may acquire a
PrP-like fold that assembles into a dimer. PLoS One 8:e72446.

Podar, D., Scherer, J., Noordally, Z., Herzyk, P., Nies, D. and Sanders, D. (2012).
Metal selectivity determinants in a family of transition metal transporters. J Biol Chem
287:3185-3196.

Prasad, A. S., Halsted, J. A. and Nadimi, M. (1961). Syndrome of iron deficiency
anemia, hepatosplenomegaly, hypogonadism, dwarfism and geophagia. Am J Med
31:532-546.

Prasad, A. S., Miale, A., Jr., Farid, Z., Sandstead, H. H., Schulert, A. R. and Darby, W.
J. (1963). Biochemical studies on dwarfism, hypogonadism, and anemia. Arch Intern
Med 111:407-428.

Puente, X. S., Sanchez, L. M., Overall, C. M. and L6pez-Otin, C. (2003). Human and
mouse proteases: a comparative genomic approach. Nat Rev Genet 4:544-558.

Pépulo, H., Lopes, J. M. and Soares, P. (2012). The mTOR signalling pathway in
human cancer. Int J Mol Sci 13:1886-1918.

Qin, H. R., Kim, H. J., Kim, J. Y., Hurt, E. M., Klarmann, G. J., Kawasaki, B. T.,
Duhagon Serrat, M. A. et al. (2008). Activation of signal transducer and activator of
transcription 3 through a phosphomimetic serine 727 promotes prostate tumorigenesis
independent of tyrosine 705 phosphorylation. Cancer Res 68:7736-7741.

284



9. References

Qin, Y., Miranda, J. G., Stoddard, C. I., Dean, K. M., Galati, D. F. and Palmer, A. E.
(2013). Direct comparison of a genetically encoded sensor and small molecule
indicator: implications for quantification of cytosolic Zn(2+). ACS Chem Biol 8:2366-
2371.

Radivojac, P., Baenziger, P. H., Kann, M. G., Mort, M. E., Hahn, M. W. and Mooney, S.
D. (2008). Gain and loss of phosphorylation sites in human cancer. Bioinformatics
24:i241-247.

Ramakrishna, S., Suresh, B., Lim, K. H., Cha, B. H., Lee, S. H., Kim, K. S. and Baek,
K. H. (2011). PEST motif sequence regulating human NANOG for proteasomal
degradation. Stem Cells Dev 20:1511-1519.

Rawlings, J. S., Rosler, K. M. and Harrison, D. A. (2004). The JAK/STAT signaling
pathway. J Cell Sci 117:1281-1283.

Rawlings, N. D., Waller, M., Barrett, A. J. and Bateman, A. (2014). MEROPS: the
database of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids Res
42:D503-509.

Rechsteiner, M. and Rogers, S. W. (1996). PEST sequences and regulation by
proteolysis. Trends Biochem Sci 21:267-271.

Reeder, N. L., Kaplan, J., Xu, J., Youngquist, R. S., Wallace, J., Hu, P., Juhlin, K. D. et
al. (2011). Zinc pyrithione inhibits yeast growth through copper influx and inactivation of
iron-sulfur proteins. Antimicrob Agents Chemother 55:5753-5760.

Rhodes, D. R., Yu, J., Shanker, K., Deshpande, N., Varambally, R., Ghosh, D.,
Barrette, T. et al. (2004). ONCOMINE: a cancer microarray database and integrated
data-mining platform. Neoplasia 6:1-6.

Roesch, A., Fukunaga-Kalabis, M., Schmidt, E. C., Zabierowski, S. E., Brafford, P. A.,
Vultur, A., Basu, D. et al. (2010). A temporarily distinct subpopulation of slow-cycling
melanoma cells is required for continuous tumor growth. Cell 141:583-594.

Rogers, L. D. and Overall, C. M. (2013). Proteolytic post-translational modification of
proteins: proteomic tools and methodology. Mol Cell Proteomics 12:3532-3542.

Rogers, S., Wells, R. and Rechsteiner, M. (1986). Amino acid sequences common to
rapidly degraded proteins: the PEST hypothesis. Science 234:364-368.

Roohani, N., Hurrell, R., Kelishadi, R. and Schulin, R. (2013). Zinc and its importance
for human health: An integrative review. J Res Med Sci 18:144-157.

Rosner, M., Schipany, K. and Hengstschlager, M. (2013). Merging high-quality
biochemical fractionation with a refined flow cytometry approach to monitor
nucleocytoplasmic protein expression throughout the unperturbed mammalian cell
cycle. Nat Protoc 8:602-626.

Rubin, C. I. and Atweh, G. F. (2004). The role of stathmin in the regulation of the cell
cycle. J Cell Biochem 93:242-250.

Ruttkay-Nedecky, B., Nejdl, L., Gumulec, J., Zitka, O., Masarik, M., Eckschlager, T.,

Stiborova, M. et al. (2013). The role of metallothionein in oxidative stress. Int J Mol Sci
14:6044-6066.

285



9. References

Sadeghian, G., Ziaei, H. and Nilforoushzadeh, M. A. (2011). Treatment of localized
psoriasis with a topical formulation of zinc pyrithione. Acta Dermatovenerol Alp
Pannonica Adriat 20:187-190.

Sandler, V. M. and Barbara, J. G. (1999). Calcium-induced calcium release contributes
to action potential-evoked calcium transients in hippocampal CA1 pyramidal neurons. J
Neurosci 19:4325-4336.

Sandoval, A., Oviedo, N., Tadmouri, A., Avila, T., De Waard, M. and Felix, R. (2006).
Two PEST-like motifs regulate Ca2+/calpain-mediated cleavage of the CaVbeta3
subunit and provide important determinants for neuronal Ca2+ channel activity. Eur J
Neurosci 23:2311-2320.

Sassoon, |. and Blanc, V. (2013). Antibody-drug conjugate (ADC) clinical pipeline: a
review. Methods Mol Biol 1045:1-27.

Satoh, M., Kondo, Y., Mita, M., Nakagawa, |., Naganuma, A. and Imura, N. (1993).
Prevention of carcinogenicity of anticancer drugs by metallothionein induction. Cancer
Res 53:4767-4768.

Sauve, D. M., Anderson, H. J., Ray, J. M., James, W. M. and Roberge, M. (1999).
Phosphorylation-induced rearrangement of the histone H3 NH2-terminal domain during
mitotic chromosome condensation. J Cell Biol 145:225-235.

Schindler, C. and Darnell, J. E., Jr. (1995). Transcriptional responses to polypeptide
ligands: the JAK-STAT pathway. Annu Rev Biochem 64:621-651.

Schindler, C., Shuai, K., Prezioso, V. R. and Darnell, J. E., Jr. (1992). Interferon-
dependent tyrosine phosphorylation of a latent cytoplasmic transcription factor. Science
257:809-813.

Schmitt-Ulms, G., Ehsani, S., Watts, J. C., Westaway, D. and Wille, H. (2009).
Evolutionary descent of prion genes from the ZIP family of metal ion transporters. PLoS
One 4:e7208.

Schneider, C. A., Rasband, W. S. and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25
years of image analysis. Nat Methods 9:671-675.

Schneider, J., Ruschhaupt, M., Buness, A., Asslaber, M., Regitnig, P., Zatloukal, K.,
Schippinger, W. et al. (2006). ldentification and meta-analysis of a small gene
expression signature for the diagnosis of estrogen receptor status in invasive ductal
breast cancer. Int J Cancer 119:2974-2979.

Schnitt, S. J. (2010). Classification and prognosis of invasive breast cancer: from
morphology to molecular taxonomy. Mod Pathol 23 Suppl 2: S60-64.

Schuringa, J. J., Jonk, L. J., Dokter, W. H., Vellenga, E. and Kruijer, W. (2000).
Interleukin-6-induced STAT3 transactivation and Ser727 phosphorylation involves Vav,
Rac-1 and the kinase SEK-1/MKK-4 as signal transduction components. Biochem J
347 Pt 1:89-96.

Schwartz, J. R., Bacon, R. A., Shah, R., Mizoguchi, H. and Tosti, A. (2013).
Therapeutic efficacy of anti-dandruff shampoos: a randomized clinical trial comparing
products based on potentiated zinc pyrithione and zinc pyrithione/climbazole. Int J
Cosmet Sci 35:381-387.

286



9. References

Schwingshackl, L., Hoffmann, G., Buijsse, B., Mittag, T., Stelmach-Mardas, M., Boeing,
H., Gottschald, M. et al. (2015). Dietary supplements and risk of cause-specific death,
cardiovascular disease, and cancer: a protocol for a systematic review and network
meta-analysis of primary prevention trials. Syst Rev 4:34.

Sciaky, N., Presley, J., Smith, C., Zaal, K. J., Cole, N., Moreira, J. E., Terasaki, M. et al.
(1997). Golgi tubule traffic and the effects of brefeldin A visualized in living cells. J Cell
Biol 139:1137-1155.

Sengupta, T. K., Talbot, E. S., Scherle, P. A. and Ivashkiv, L. B. (1998). Rapid
inhibition of interleukin-6 signaling and Stat3 activation mediated by mitogen-activated
protein kinases. Proc Natl Acad Sci U S A 95:11107-11112.

Shao, H., Xu, X., Mastrangelo, M. A, Jing, N., Cook, R. G., Legge, G. B. and Tweardy,
D. J. (2004). Structural requirements for signal transducer and activator of transcription
3 binding to phosphotyrosine ligands containing the YXXQ motif. J Biol Chem
279:18967-18973.

6KDUPD . "6RX]D 5 & 7\DQRYD 6 6F-KDBDE &R[ :L @QAZ

Mann, M. (2014). Ultradeep human phosphoproteome reveals a distinct regulatory
nature of Tyr and Ser/Thr-based signaling. Cell Rep 8:1583-1594.

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

Shi, X., Zhang, H., Paddon, H., Lee, G., Cao, X. and Pelech, S. (2006).
Phosphorylation of STAT3 serine-727 by cyclin-dependent kinase 1 is critical for
nocodazole-induced mitotic arrest. Biochemistry 45:5857-5867.

Shiina, T., Hosomichi, K., Inoko, H. and Kulski, J. K. (2009). The HLA genomic loci
map: expression, interaction, diversity and disease. J Hum Genet 54:15-39.

Shiromizu, T., Adachi, J., Watanabe, S., Murakami, T., Kuga, T., Muraoka, S. and
Tomonaga, T. (2013). Identification of missing proteins in the neXtProt database and
unregistered phosphopeptides in the PhosphoSitePlus database as part of the
Chromosome-centric Human Proteome Project. J Proteome Res 12:2414-2421.

Slamenova, D. and Gabelova, A. (1980). The effects of sodium azide on mammalian
cells cultivated in vitro. Mutat Res 71:253-261.

Smeenk, L., van Heeringen, S. J., Koeppel, M., Gilbert, B., Janssen-Megens, E.,
Stunnenberg, H. G. and Lohrum, M. (2011). Role of p53 serine 46 in p53 target gene
regulation. PLoS One 6:e17574.

Sussman, D., Smith, L. M., Anderson, M. E., Duniho, S., Hunter, J. H., Kostner, H.,
Miyamoto, J. B. et al. (2014). SGN-LIV1A: a novel antibody-drug conjugate targeting
LIV-1 for the treatment of metastatic breast cancer. Mol Cancer Ther 13:2991-3000.

Sutherland, E., Robison, G. and Butcher, R. (1968). Some aspects of the biological role
of adenosine 3', 5'-monophosphate (cyclic AMP). Circulation 37:279-306.

Suzuki, A. and Endo, T. (2002). Ermelin, an endoplasmic reticulum transmembrane
protein, contains the novel HELP domain conserved in eukaryotes. Gene 284:31-40.

287



9. References

Suzuki, T., Ishihara, K., Migaki, H., Ishihara, K., Nagao, M., Yamaguchi-lwai, Y. and
Kambe, T. (2005). Two different zinc transport complexes of cation diffusion facilitator
proteins localized in the secretory pathway operate to activate alkaline phosphatases in
vertebrate cells. J Biol Chem 280:30956-30962.

Takeda, A., Nakamura, M., Fuji, H. and Tamano, H. (2013). Synaptic Zn(2+)
homeostasis and its significance. Metallomics 5:417-423.

Tanaka, N., Fujiwara, T., Tomioka, R., Kramer, U., Kawachi, M. and Maeshima, M.
(2015). Characterization of the histidine-rich loop of arabidopsis vacuolar membrane
zinc transporter AtMTP1 as a sensor of zinc level in the cytosol. Plant Cell Physiol
56:510-519.

Tanaka, N., Kawachi, M., Fujiwara, T. and Maeshima, M. (2013). Zinc-binding and
structural properties of the histidine-rich loop of Arabidopsis thaliana vacuolar
membrane zinc transporter MTP1. FEBS Open Bio 3:218-224.

Taniguchi, M., Fukunaka, A., Hagihara, M., Watanabe, K., Kamino, S., Kambe, T.,
Enomoto, S. et al. (2013). Essential role of the zinc transporter ZIP9/SLC39A9 in
regulating the activations of Akt and Erk in B-cell receptor signaling pathway in DT40
cells. PLoS One 8:e58022.

Tawfic, S., Yu, S., Wang, H., Faust, R., Davis, A. and Ahmed, K. (2001). Protein kinase
CK2 signal in neoplasia. Histol Histopathol 16:573-582.

Taylor, J. T., Zeng, X. B., Pottle, J. E., Lee, K., Wang, A. R., Yi, S. G, Scruggs, J. A. et
al. (2008a). Calcium signaling and T-type calcium channels in cancer cell cycling.
World J Gastroenterol 14:4984-4991.

Taylor, K. M., Gee, J. M. W. and Kille, P. (2011). Zinc and Cancer. In: Rink, L. (ed.)
Zinc in Human Health. Vol. 76. Amsterdam: IOS Press, pp. 283-304.

Taylor, K. M., Hiscox, S., Nicholson, R. I., Hogstrand, C. and Kille, P. (2012). Protein
kinase CK2 triggers cytosolic zinc signaling pathways by phosphorylation of zinc
channel ZIP7. Sci Signal 5:rall.

Taylor, K. M., Morgan, H. E., Johnson, A., Hadley, L. J. and Nicholson, R. I. (2003).
Structure-function analysis of LIV-1, the breast cancer-associated protein that belongs
to a new subfamily of zinc transporters. Biochem J 375:51-59.

Taylor, K. M., Morgan, H. E., Johnson, A. and Nicholson, R. I. (2004). Structure-
function analysis of HKE4, a member of the new LIV-1 subfamily of zinc transporters.
Biochem J 377:131-139.

Taylor, K. M., Morgan, H. E., Smart, K., Zahari, N. M., Pumford, S., Ellis, I. O.,
Robertson, J. F. et al. (2007). The emerging role of the LIV-1 subfamily of zinc
transporters in breast cancer. Mol Med 13:396-406.

Taylor, K. M., Muraina, ., Brethour, D., Schmitt-Ulms, G., Nimmanon, T., Ziliotto, S.,
Kille, P. et al. (2016). Zinc transporter ZIP10 forms a heteromer with ZIP6 which
regulates embryonic development and cell migration. Biochem J.

Taylor, K. M. and Nicholson, R. I. (2003). The LZT proteins; the LIV-1 subfamily of zinc
transporters. Biochim Biophys Acta 1611:16-30.

288



9. References

Taylor, K. M., Vichova, P., Jordan, N., Hiscox, S., Hendley, R. and Nicholson, R. 1.
(2008b). ZIP7-mediated intracellular zinc transport contributes to aberrant growth factor
signaling in antihormone-resistant breast cancer Cells. Endocrinology 149:4912-4920.

The UniProt Consortium. (2015). UniProt: a hub for protein information. Nucleic Acids
Res 43:D204-212.

Thery, M. and Bornens, M. (2008). Get round and stiff for mitosis. HFSP J 2:65-71.

Thiery, J. P., Acloque, H., Huang, R. Y. and Nieto, M. A. (2009). Epithelial-
mesenchymal transitions in development and disease. Cell 139:871-890.

Thornton, J. K., Taylor, K. M., Ford, D. and Valentine, R. A. (2011). Differential
subcellular localization of the splice variants of the zinc transporter ZnT5 is dictated by
the different C-terminal regions. PLoS One 6:€23878.

Tong, J., Taylor, P., Peterman, S. M., Prakash, A. and Moran, M. F. (2009). Epidermal
growth factor receptor phosphorylation sites Ser991 and Tyr998 are implicated in the
regulation of receptor endocytosis and phosphorylations at Ser1039 and Thr1041. Mol
Cell Proteomics 8:2131-2144.

Tozlu, S., Girault, I., Vacher, S., Vendrell, J., Andrieu, C., Spyratos, F., Cohen, P. et al.
(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 13:1109-1120.

Trzaskowski, B., Adamowicz, L. and Deymier, P. A. (2008). A theoretical study of
zinc(ll) interactions with amino acid models and peptide fragments. J Biol Inorg Chem
13:133-137.

Turk, B. (2006). Targeting proteases: successes, failures and future prospects. Nat
Rev Drug Discov 5:785-799.

Unno, J., Masamune, A., Hamada, S. and Shimosegawa, T. (2014). The zinc
transporter LIV-1 is a novel regulator of stemness in pancreatic cancer cells. Scand J
Gastroenterol 49:215-221.

Unno, J., Satoh, K., Hirota, M., Kanno, A., Hamada, S., Ito, H., Masamune, A. et al.
(2009). LIV-1 enhances the aggressive phenotype through the induction of epithelial to
mesenchymal transition in human pancreatic carcinoma cells. Int J Oncol 35:813-821.

Valentine, R. A., Jackson, K. A., Christie, G. R., Mathers, J. C., Taylor, P. M. and Ford,
D. (2007). ZnT5 variant B is a bidirectional zinc transporter and mediates zinc uptake in
human intestinal Caco-2 cells. J Biol Chem 282:14389-14393.

Vallee, B. L. and Galdes, A. (1984). The metallobiochemistry of zinc enzymes. Adv
Enzymol Relat Areas Mol Biol 56:283-430.

van Vugt, M. A. and Medema, R. H. (2005). Getting in and out of mitosis with Polo-like
kinase-1. Oncogene 24:2844-2859.

Vasquez, R. J., Howell, B., Yvon, A. M., Wadsworth, P. and Cassimeris, L. (1997).

Nanomolar concentrations of nocodazole alter microtubule dynamic instability in vivo
and in vitro. Mol Biol Cell 8:973-985.

289



9. References

Vidyasagar, A., Wilson, N. A. and Djamali, A. (2012). Heat shock protein 27 (HSP27):
biomarker of disease and therapeutic target. Fibrogenesis Tissue Repair 5:7.

Wagner, E. F. and Nebreda, A. R. (2009). Signal integration by JNK and p38 MAPK
pathways in cancer development. Nat Rev Cancer 9:537-549.

Walker, C. L., Taneja, S., LeFevre, A., Black, R. E. and Mazumder, S. (2015).
Appropriate Management of Acute Diarrhea in Children Among Public and Private
Providers in Gujarat, India: A Cross-Sectional Survey. Glob Health Sci Pract 3:230-
241.

Walker, S. R., Xiang, M. and Frank, D. A. (2014). Distinct roles of STAT3 and STAT5 in
the pathogenesis and targeted therapy of breast cancer. Mol Cell Endocrinol 382:616-
621.

Walsh, C. T., Garneau-Tsodikova, S. and Gatto, G. J. (2005). Protein posttranslational
modifications: the chemistry of proteome diversifications. Angew Chem Int Ed Engl
44:7342-7372.

Wang, C. Y., Jenkitkasemwong, S., Duarte, S., Sparkman, B. K., Shawki, A,
Mackenzie, B. and Knutson, M. D. (2012). ZIP8 Is an Iron and Zinc Transporter Whose
Cell-surface Expression Is Up-regulated by Cellular Iron Loading. J Biol Chem
287:34032-34043.

Wang, K., Zhou, B., Kuo, Y. M., Zemansky, J. and Gitschier, J. (2002). A novel
member of a zinc transporter family is defective in acrodermatitis enteropathica. Am J
Hum Genet 71:66-73.

Wang, N., Chen, W., Linsel-Nitschke, P., Martinez, L. O., Agerholm-Larsen, B., Silver,
D. L. and Tall, A. R. (2003). A PEST sequence in ABCAL1 regulates degradation by
calpain protease and stabilization of ABCAL by apoA-I. J Clin Invest 111:99-107.

Wang, X., Chen, M., Zhou, J. and Zhang, X. (2014). HSP27, 70 and 90, anti-apoptotic
proteins, in clinical cancer therapy (Review). Int J Oncol 45:18-30.

Watson, J. V., Chambers, S. H. and Smith, P. J. (1987). A pragmatic approach to the
analysis of DNA histograms with a definable G1 peak. Cytometry 8:1-8.

Watts, J. C., Huo, H., Bai, Y., Ehsani, S., Jeon, A. H., Won, A. H., Shi, T. et al. (2009).
Interactome analyses identify ties of PrP and its mammalian paralogs to
oligomannosidic N-glycans and endoplasmic reticulum-derived chaperones. PLoS
Pathog 5:€1000608.

Weber, C., Schreiber, T. B. and Daub, H. (2012). Dual phosphoproteomics and
chemical proteomics analysis of erlotinib and gefitinib interference in acute myeloid
leukemia cells. J Proteomics 75:1343-1356.

Wei, L., Liu, T. T., Wang, H. H., Hong, H. M., Yu, A. L., Feng, H. P. and Chang, W. W.
(2011). Hsp27 participates in the maintenance of breast cancer stem cells through
regulation of epithelial-mesenchymal transition and nuclear factor- % Breast Cancer
Res 13:R101.

Wei, Y., Yu, L. L., Bowen, J., Gorovsky, M. A. and Allis, C. D. (1999). Phosphorylation

of histone H3 is required for proper chromosome condensation and segregation. Cell
97:99-109.

290



9. References

Wen, Z., Zhong, Z. and Darnell Jr, J. E. (1995). Maximal activation of transcription by
statl and stat3 requires both tyrosine and serine phosphorylation. Cell 82:241-250.

Wessells, K. R. and Brown, K. H. (2012). Estimating the global prevalence of zinc
deficiency: results based on zinc availability in national food supplies and the
prevalence of stunting. PLoS One 7:e50568.

Wieringa, F. T., Dijkhuizen, M. A., Fiorentino, M., Laillou, A. and Berger, J. (2015).
Determination of zinc status in humans: which indicator should we use? Nutrients
7:3252-3263.

Wilson, M., Hogstrand, C. and Maret, W. (2012). Picomolar concentrations of free
zinc(ll) ions regulate receptor protein-W\URVLQH SKRVSKDW BiMHhemDFWLY L
287:9322-9326.

Wong, S. H., Zhao, Y., Schoene, N. W,, Han, C. T., Shih, R. S. and Lei, K. Y. (2007).
Zinc deficiency depresses p21 gene expression: inhibition of cell cycle progression is
independent of the decrease in p21 protein level in HepG2 cells. Am J Physiol Cell
Physiol 292:C2175-2184.

Woodier, J., Rainbow, R. D., Stewart, A. J. and Pitt, S. J. (2015). Intracellular Zinc
Modulates Cardiac Ryanodine Receptor-mediated Calcium Release. J Biol Chem
290:17599-17610.

Wu, F., Wang, P., Zhang, J., Young, L. C., Lai, R. and Li, L. (2010). Studies of
phosphoproteomic changes induced by nucleophosmin-anaplastic lymphoma kinase
(ALK) highlight deregulation of tumor necrosis factor (TNF)/Fas/TNF-related apoptosis-
induced ligand signaling pathway in ALK-positive anaplastic large cell lymphoma. Mol
Cell Proteomics 9:1616-1632.

Wu, X., Tang, J. and Xie, M. (2015). Serum and hair zinc levels in breast cancer: a
meta-analysis. Sci Rep 5:12249.

Xiong, Y., Luo, D. J., Wang, X. L., Qiu, M., Yang, Y., Yan, X., Wang, J. Z. et al. (2015).
Zinc binds to and directly inhibits protein phosphatase 2A in vitro. Neurosci Bull
31:331-337.

Xu, B. E., Lee, B. H., Min, X., Lenertz, L., Heise, C. J., Stippec, S., Goldsmith, E. J. et
al. (2005). WNK1: analysis of protein kinase structure, downstream targets, and
potential roles in hypertension. Cell Res 15:6-10.

Yamanaka, Y., Matsugano, S., Yoshikawa, Y. and Orino, K. (2016). Binding Analysis of
Human Immunoglobulin G as a Zinc-Binding Protein. Antibodies 5:13.

Yamane, K., Tateishi, K., Klose, R. J., Fang, J., Fabrizio, L. A., Erdjument-Bromage,
H., Taylor-Papadimitriou, J. et al. (2007). PLU-1 is an H3K4 demethylase involved in
transcriptional repression and breast cancer cell proliferation. Mol Cell 25:801-812.

Yamasaki, S., Sakata-Sogawa, K., Hasegawa, A., Suzuki, T., Kabu, K., Sato, E.,
Kurosaki, T. et al. (2007). Zinc is a novel intracellular second messenger. J Cell Biol
177:637-645.

Yamashita, S., Miyagi, C., Fukada, T., Kagara, N., Che, Y. S. and Hirano, T. (2004).

Zinc transporter LIVI controls epithelial-mesenchymal transition in zebrafish gastrula
organizer. Nature 429:298-302.

201



9. References

Yanagisawa, H. (2008). Zinc deficiency and clinical practice--validity of zinc
preparations. Yakugaku Zasshi 128:333-339.

Yohannan, S., Faham, S., Yang, D., Whitelegge, J. P. and Bowie, J. U. (2004). The
evolution of transmembrane helix kinks and the structural diversity of G protein-coupled
receptors. Proc Natl Acad Sci U S A 101:959-963.

Yu, H., Lee, H., Herrmann, A., Buettner, R. and Jove, R. (2014). Revisiting STAT3
signalling in cancer: new and unexpected biological functions. Nature Reviews Cancer
14:736-746.

Yu, M., Lee, W. W., Tomar, D., Pryshchep, S., Czesnikiewicz-Guzik, M., Lamar, D. L.,
Li, G. et al. (2011). Regulation of T cell receptor signaling by activation-induced zinc
influx. J Exp Med 208:775-785.

Yu, Y., Wu, A., Zhang, Z., Yan, G., Zhang, F., Zhang, L., Shen, X. et al. (2013).
Characterization of the GufA subfamily member SLC39A11/Zip11 as a zinc transporter.
J Nutr Biochem 24:1697-1708.

Zahradnikova, A. and Zahradnik, I. (1999). Analysis of calcium-induced calcium
release in cardiac sarcoplasmic reticulum vesicles using models derived from single-
channel data. Biochim Biophys Acta 1418:268-284.

Zhang, Y., Bharadwaj, U., Logsdon, C. D., Chen, C., Yao, Q. and Li, M. (2010). ZIP4
regulates pancreatic cancer cell growth by activating IL-6/STAT3 pathway through zinc
finger transcription factor CREB. Clin Cancer Res 16:1423-1430.

Zhao, J., Bertoglio, B. A., Gee, K. R. and Kay, A. R. (2008). The zinc indicator FluoZin-
3 is not perturbed significantly by physiological levels of calcium or magnesium. Cell
Calcium 44:422-426.

Zhao, L., Chen, W., Taylor, K. M., Cai, B. and Li, X. (2007). LIV-1 suppression inhibits
HelLa cell invasion by targeting ERK1/2-Snail/Slug pathway. Biochem Biophys Res
Commun 363:82-88.

Zhao, N., Zhang, A. S., Worthen, C., Knutson, M. D. and Enns, C. A. (2014). An iron-
regulated and glycosylation-dependent proteasomal degradation pathway for the
plasma membrane metal transporter ZIP14. Proc Natl Acad SciU S A 111:9175-9180.

Zhou, B. P., Deng, J., Xia, W., Xu, J., Li, Y. M., Gunduz, M. and Hung, M. C. (2004).
Dual regulation of Snail by GSK-3beta-mediated phosphorylation in control of
epithelial-mesenchymal transition. Nat Cell Biol 6:931-940.

Zhou, H., Di Palma, S., Preisinger, C., Peng, M., Polat, A. N., Heck, A. J. and
Mohammed, S. (2013). Toward a comprehensive characterization of a human cancer
cell phosphoproteome. J Proteome Res 12:260-271.

Zhou, W., Chen, H. and Zhang, L. (2009a). The PcG protein hPc2 interacts with the N-
terminus of histone demethylase JARID1B and acts as a transcriptional co-repressor.
BMB Rep 42:154-159.

Zhou, X. W., Winblad, B., Guan, Z. and Pei, J. J. (2009b). Interactions between

glycogen synthase kinase 3beta, protein kinase B, and protein phosphatase 2A in tau
phosphorylation in mouse N2a neuroblastoma cells. J Alzheimers Dis 17:929-937.

292



9. References

Zhu, Z. Y. and Karlin, S. (1996). Clusters of charged residues in protein three-
dimensional structures. Proc Natl Acad Sci U S A 93:8350-8355.

Zhuang, X. L., Northup, J. K. and Ray, K. (2012). Large Putative PEST-like Sequence
Motif at the Carboxyl Tail of Human Calcium Receptor Directs Lysosomal Degradation
and Regulates Cell Surface Receptor Level. Journal of Biological Chemistry 287:4165-
4176.

293



